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ABSTRACT 
 
The integration of topology optimization (TO) and additive manufacturing (AM) has the potential 
to revolutionize modern design and manufacturing. However, few instances of manufactured 
optimized designs are documented, and even fewer examples of experimentally-tested designs are 
available. The lack of validation combined with the influence of AM process on material properties 
leaves a gap in our understanding of process-microstructure-property relationships that is essential 
for developing holistic design optimization frameworks. In this work, a functional design was 
topologically optimized and fabricated using both directed energy deposition (DED) and selective 
laser melting (SLM) methods. This is the first direct comparison of these AM methods in the 
context of TO. Mechanical properties of SS316L and the optimized components in as-fabricated 
and heat-treated conditions were investigated under uniaxial displacement-controlled tensile 
loading and compared to finite element modeling (FEM) predictions. Optimized samples provided 
regions of both compressive and tensile loading in the test specimen. Experimental results showed 
the FEM predictions to be conservative. Microstructural analysis revealed that this difference is 
due to refined microstructures formed during the additive manufacturing process that strengthen 
the material in regions with high stress levels. Moreover, SLM samples showed higher yield 
strength compared to DED samples due to a more refined grain size and denser dislocation 
structures. TO results are sensitive to the AM method, post-processing conditions, and differences 
in mechanical properties. Thus, a TO for AM framework can be best optimized with the 
incorporation of microstructure features to account for localized microstructural variations in 
fabricated components.  
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1. Introduction 

1.1. Motivation 

Additive manufacturing (AM) can allow fabrication of designs that were previously impossible 
using conventional methods. AM technology has evolved as the manufacturing sector's adoption 
rate has grown by 80% since 2016 [1]. Benson et al. [2] investigated the improvement rate of AM 
technology based on the number of approved patents and determined that it is on an exponential 
growth rate, particularly with respect to manufacturing time and cost [3]. The increasing popularity 
of AM has also revitalized topology optimization (TO) [4]. TO is a mathematical technique in 
which material from a model of a structural component is selectively altered or removed to reduce 
weight while maintaining mechanical integrity or satisfying a geometrical constraint. Most 
geometrically complex designs generated by TO can only be manufactured through AM methods. 
As a result, TO is receiving growing attention among design engineers who are seeking to leverage 
the advantages of AM. Some of the recent attempts in design for AM (DfAM) include overhang-
free designs which reduce or eliminate the need for support structures [5,6], diversified TO 
methods for porous metal structures [7], design with AM-induced anisotropy considerations [8,9], 
and microstructure control with TO [4]. However, resulting models are seldom manufactured and 
tested; see [10–12] for exceptions. This lack of experimental validation leaves a gap in our 
understanding of AM process-structure-properties-performance (PSPP) relationship and how it 
influences design optimization paradigms. More importantly, this knowledge gap prevents us from 
achieving a holistic design paradigm that couples design optimization with materials and process 
capabilities of AM [13].    

This work aims to bridge the gap between design optimization and AM communities by 
realizing the light-weighting capabilities of TO through experimental validation of optimal 
designs. For the first time, this work directly compares the mechanical performance of topology 
optimized functional parts, manufactured via selective laser melting (SLM) and directed energy 
deposition (DED). We discuss the microstructure differences and similarities of both AM methods 
and their contribution to mechanical performance of TO parts. Furthermore, we provide insight 
into how novel AM microstructures influence the mechanical properties that are essential in TO 
and how this understanding should inform the decision-making in DfAM. Finally, a quantitative 
connection between AM method, microstructure, and mechanical properties is established to 
explain the discrepancies between the finite element modeling (FEM) and the experimental results. 

1.2. TO for AM 

SLM and DED each provide advantages over conventional processes. SLM is used for the 
freedom in design offered due to its high precision and capability to create support structures for 
overhanging surfaces [14]. DED offers limited geometrical design freedom, since it cannot create 
overhanging features and the minimum feature size is up to ten times larger than that in SLM [14]. 
However, powder deposition in DED allows for instantaneous or gradual modification of the 
deposited composition, resulting in the ability to manufacture compositionally graded structures 
or high-throughput testing of new alloys in different designs [15–18]. Functional grading has the 
potential to allow for an additional layer of complexity in design optimization. For example, 
Mirzendehdel and Suresh [19] showed that multi-material TO can yield stiffer designs for a given 
volume fraction of material compared to single-material TO. Therefore, the ability to manufacture 
load-bearing, functional parts with DED allows us to take advantage of the unique mechanical, 
metallurgical and functionally graded properties of DED.  



Variability in AM machines and the dependence of mechanical properties on microstructure 
mean that mechanical performance of a part can largely vary depending on the type of AM unit as 
well as what set of parameters or post-processing methods are used [20–24]. The mechanical 
response, particularly the yield strength and stiffness, has been shown to vary as a function of build 
orientation, heat-treatment method, and process parameters [25–32]. For example, the documented 
mechanical properties of AM SS316L, shown in Table 1, differ from those of conventionally 
manufactured SS316L and vary significantly between different AM methods. As a result, it is 
possible to compute different optimal topologies for the same design due to variations in the 
Young’s modulus and yield strength. 

Examples of optimal designs are shown in Table 2. These designs are obtained using 
mechanical properties reported in Table 1. For the design obtained from ASTM properties, the 
target volume fraction is not achieved due to significantly lower yield strength. For designs 
obtained from SLM and DED properties, the final topology depends on which mechanical 
properties are selected by the user. These designs signify the need for mechanical properties 
characterization prior to TO. Moreover, the variance in mechanical properties and its influence on 
TO indicates that design optimization solutions should encompass these variations to ensure 
accuracy and robustness. Until such design solutions are available, developing widely applicable 
predictions of mechanical performance for optimized designs fabricated via AM will remain a 
challenge [13].  

1.3.AM microstructure 

The rapid, directional solidification and complex thermal cycling in both SLM and DED 
processes modify microstructural development compared to conventionally-fabricated materials 
[32]. In SLM parts, the synthesis leads to a dense, cellular dislocation microstructure and the 
formation of small precipitates as well as typically high yield strength and ductility [33]. Less is 
known about the microstructure in DED parts, although they have also been shown to exhibit a 
high yield strength [32]. Although the influence of characteristics such as grain size, texture, and 
dislocation structure development on mechanical response have been phenomenologically 
investigated extensively in conventional materials, the physical relationships between the AM 
microstructures and the improved mechanical response are less defined. Several efforts have been 
made to predict the resulting mechanical properties of AM material by microstructure 
characterization [29,33–39]. Currently, these approaches are time consuming, cost prohibitive and 
impractical in an industrial setting. However, they highlight an untapped potential of AM to locally 
control material properties at voxel level whereby AM process, microstructure, and mechanical 
properties can be incorporated in design optimization [13]. Such optimization schemes can 
produce designs that meet requirements with margins, but first, the gap in our understanding of 
PSPP relationship must be filled.   

 
 
 
 
 
 
 
 



Table 1. Comparison of SS316L tensile properties as reported by machine manufacturer with those given in the 
literature. 

Properties Values* 

Manufacturing technique 
SLM   DED 

Machine 
Manufacturer 

Literature 
[22] 

  
Machine 
Manufacturer 

Literature 
[40,41] 

Young’s modulus (E) GPa typ. 185 188 ± 29  - 193 

Ultimate tensile strength (UTS) MPa 640 ± 50 592 ± 69  799 685 ± 66 

Yield strength (Y) MPa 530 ± 60 453 ± 54  500 465 ± 78 

Elongation (ε) % 40 ± 15 30 ± 6   50 35 ± 3 

Annealed bar ASTM SS316L: UTS = 485 MPa, Y = 170 MPa, ε = 40% [42]. 

* Values are obtained from as-built tensile samples, pulled perpendicular to build direction (Fig. 1).  

 

Table 2. Examples of possible optimal topologies obtained from select mechanical properties reported in Table 1. 
Volume fraction is defined as the volume of the original design divided by the volume of the final design. 

  
  Mechanical Properties used in TO as reported by 

  ASTM   SLM   DED 

Desired 
% vol. 

fraction 

 50  50  50 

Topology  

 

 

 

 

 

% vol. 
fraction 
achieved 

  32   50   50 

 

Fig. 1. Tensile test specimen geometry and build direction. Dimensions in (mm). 



2. Materials and Methods 

2.1. Mechanical properties characterization 

SS316L is a commonly used material in AM and thus it was chosen for this study. The 
stainless-steel alloy does not experience any solid-state phase transformations during deformation, 
and the alloy is nominally single-phase after manufacture. To characterize the mechanical 
properties of the AM materials, tensile test specimens (Fig. 1) were mechanically ground on both 
sides with sandpaper to 600 grit, then additionally on one side with diamond, alumina, and finally 
0.05 μm colloidal silica grits to minimize the effects of surface roughness and possible mechanical 
damage from electrical discharge machining (EDM) used to remove the samples from the build 
plate. Room temperature tensile tests were performed using an MTS® Sintech load frame with a 
50 kN load cell and 2.20 mV/V sensitivity. Tests were carried out at constant cross-head separation 
rate of 1 mm/min (strain rate of 0.04 s-1) and data were collected at 10 Hz. Strain measurements 
were conducted by digital image correlation (DIC) system provided by Correlated Solutions®. 
Zero-normalized squared difference algorithm was used to calculate the displacement of speckles 
on each sample. Collected data were then translated to longitudinal principal strains. Results were 
used to calculate the mechanical properties of SS316L in the elastic regime, including the Young’s 
modulus and yield strength (calculated based on the 0.2% offset method).  

In mechanical testing of topology-optimized parts, the same procedure was followed as for the 
tensile test specimens; however, to accurately capture part displacement and avoid adding the 
fixture strain to the data set, an MTS extensometer with gauge length of 25 mm and travel range 
of (+12.5, -2.5) mm was used. Details of the tensile test setup are depicted in supplementary 
materials (Fig. S1). Force-displacement data was collected for further analysis.  

2.2. Topology Optimization 

 Three criteria were considered for selecting the suitable case study. First, the part geometry 
should allow the use of a simple test fixture without the need for assembly. Using intricate testing 
fixtures alters the load distribution path throughout the part and can cause premature failure in 
assembled joints [11]. Moreover, complex fixtures can hinder our ability to accurately measure 
force and displacement during testing. Second, the component should be a load-bearing part that 
represents real world scenarios where both compressive and tensile stresses are present.  Third, the 
final topology should be manufacturable via both SLM and DED methods. The clevis part that 
meets the above-mentioned criteria was chosen for optimization. Fig. 2 shows the model’s critical 
dimensions and the selected boundary conditions (BCs). 

The TO algorithm used in this work is Pareto, developed at UW-Madison [43], now 
commercially available (www.sciartsoft.com).  Pareto is a topological-sensitivity based method 
that can generate numerous Pareto-optimal topologies up to a desired volume fraction. Readers are 
referred to [43] and [44] for more details on the Pareto method. The TO problem is posed as below 
and solved with 100,000 hexahedral elements by taking advantage of symmetry.  

��� �                                  (1) 
Ω ⊂ � 
������� �� 
Stress, volume and manufacturing constraints 

 

 



 

Fig. 2. Clevis model with critical dimensions and BCs. 

Where: 

�: Compliance                      (2)  

Ω: Geometry/topology to be computed 

�: Design space 

In order to impose performance (stress) constraints, appropriate yield strengths for SLM and 
DED fabricated parts were determined using standard tensile testing described in section 2.1. In 
addition, an arbitrary volume fraction constraint of 50% was chosen for this case study. Here, the 
volume fraction is defined as the original volume of the design divided by the final volume of the 
design after TO. 

The optimal topologies computed without explicit manufacturing constraints are not 
manufacturable via DED method due to the presence of hollow features. Although these designs 
can be fabricated via SLM, the hollow features prohibit the removal of required support structures, 
making them impractical for SLM as well (Fig. 3(a)). Thus, it was critical to impose manufacturing 
constraints on the problem. A through-cut constraint was applied to ensure that the cross-section 
remained constant along the build direction, eliminating the need for support structures (Fig. 3(b)). 



 

Fig. 3. An example of a topology optimized clevis part without imposing manufacturing constraints (a) and with 
through-cut constraint (b). The TO problem is posed as described in section 2.2.   

2.3. Additive manufacturing 

2.3.1. Selective laser melting 

 An EOS® M290 system was used to manufacture six clevis samples using recommended 
process parameters in Table 3 [45]. It is known that SLM parts exhibit anisotropic behavior based 
on build direction [25], i.e. ultimate tensile strength is lower along the build direction. Therefore, 
samples were fabricated in the orientation perpendicular to the direction of applied force shown in 
Fig. 2 to mitigate the effects of anisotropy in tensile testing. Furthermore, six tensile specimens 
were cut using wire electrical discharge machining (EDM), from rectangular bars manufactured 
using the same build direction relative to the loading direction and process parameter set as 
clevises. Fig. 1 shows the dimensions of these specimens. In both cases, three samples were used 
as-built as a control while the other three were subjected to a heat treatment of 1000°C for 1 hour, 
followed by a water quench. Heat treatment process was in accordance with the procedure 
mentioned in [46]. Heat treatment is commonly used for AM parts to alleviate the effects of 
residual stresses on the mechanical properties [27,47].  

The material used in manufacturing was SS316L powder, particle size less than 60 μm, 
provided by EOS®. Nominal chemical composition of the powder (as supplied) and as-built 
samples are presented in Table 4. Actual chemical compositions were measured with combustion 
infrared detection (C and Si), inert gas fusion (O and N), and direct current plasma emission 
spectroscopy (all others).  

2.3.2. Directed energy deposition 

 An Optomec® laser engineered net shaping (LENS®) MR7 system was used to manufacture 
clevis and tensile testing specimens using the same approach used for the SLM parts. The main 
process parameters used during manufacturing are presented in Table 5. Process-induced 



anisotropy has also been reported for parts manufactured via DED, although it is typically not as 
pronounced as with SLM [28]. The same build orientations used in the SLM approach were used 
for DED parts. Parts were cut off the build plates using wire EDM and rounded ends and holes 
were later machined. Tensile testing specimens were fabricated using the same process parameters 
in Table 5, and the same dimensions as depicted in Fig. 1, except for a thickness of 2.5 mm. The 
same sample size and heat-treatment process was repeated for the DED experiment. SS316L 
powder used for DED process was provided by Carpenter® with particle size range of 45 to 150 
μm. The nominal composition of the DED powder and actual chemical composition of the samples 
are provided in Table 4. 

Table 3. EOS M290 main process parameters for SS316L. 

Parameter Values 

Contour 2 layers 

Laser power  

 Infill 195 W 

 Contour 110 W 

Laser speed  

 Infill 1083 mm/sec 

 Contour 800 mm/sec 

Hatch rotation angle 67° 

Hatch distance 0.09 mm 

Layer thickness 0.02 mm 

Platform temperature 80° C 

 

Table 4. Chemical composition of SS316L. Nominal values are reported by powder manufacturer while actual 
values are measured from as-built samples. All values are in wt%. 

Element 

 SLM   DED 

 Nominal 
Actual 

 Nominal 
Actual 

  Min Max   Min Max 

Fe  Balance Balance  Balance Balance 

Cr  17.000 19.000 18.390  16.000 18.000 18.060 

Ni  13.000 15.000 13.940  10.000 14.000 13.790 

Mo  2.250 3.000 2.860  2.000 3.000 2.860 

C  - 0.030 0.004  - 0.030 0.005 

Mn  - 2.000 1.470  - 2.000 1.580 

Cu  - 0.500 0.002  - - 0.010 

P  - 0.025 0.017  - 0.045 0.008 

S  - 0.010 0.004  - 0.030 0.004 

Si  - 0.750 0.300  - 1.000 0.320 

N  - 0.100 0.065  - - 0.072 

O  - - 0.043  - - 0.037 

H  - - 0.00008  - - - 

Co  - - 0.0036  - - 0.0054 



Al   - - 0.002   - - 0.001 

Table 5. Optomec® LENS MR7 main process parameters for SS316L. 

Parameter Values 

Contour 2 layers 

Contour offset 0.38 mm 

Laser power  
 Infill 275 W 
 Contour 275 W 

Feed rate 508 mm/min 

Hatch rotation angle 67° 

Hatch distance 0.38 mm 

Layer thickness 0.254 mm 

 

2.4. Microstructural characterization 

The influences of processing method and heat treatments on the microstructure were analyzed 
across multiple length scales to include microstructural characteristics known to influence the 
mechanical properties. Grain size and grain morphology were analyzed using scanning electron 
microscopy (SEM) in a Zeiss LEO-1 microscope operated at 3-20 kV accelerating voltage, as well 
as with electron backscatter diffraction (EBSD) in a FEI Helios G4 PFIB CXe with an Elstar™ 
SEM column equipped with an Hikari EBSD camera and accelerating voltage of 230 kV. EBSD 
maps were approximately 1-2 mm x 2-3 mm with step sizes of 1-3 μm. Some specimens were 
sectioned in the undeformed state and mechanically ground, then 3 mm disks were punched out. 
Disks were polished to electron transparency with a Stuers Tenupol twin-jet electropolisher in A2 
electrolyte at -20°C and 17 V for approximately 15 minutes for TEM analysis. TEM samples were 
analyzed in a Tecnai TF-30 S/TEM operated at 300 kV for diffraction contrast imaging and 
diffraction analysis of dislocation structures and crystallography.  

3. Results and analysis 

3.1. Tensile test results 

The data in Table 6 presents the means and standard deviations of mechanical properties of 
SS316 tensile test specimens for SLM and DED. Stress-strain curves are presented in Fig. 4. 
Overall, the effect of heat treatment on both SLM and DED samples were similar with the yield 
strength as the most affected property. After heat treatment, the yield strength dropped by 49% 
and 50% for SLM and DED samples, respectively. Standard deviations indicated that DED 
demonstrated better consistency in mechanical properties in the elastic regime compared to SLM. 
However, the same cannot be said for elongation at failure, where DED showed larger deviations 
compared to SLM. It should be noted that further experiments are needed to confirm this initial 
observation and provide a scientific basis for this conclusion. Nonetheless, all samples indicated 
at least 40% elongation to failure in tension, and this ductility was more than adequate for the 
scope of this work. 



3.2. Clevis TO and mechanical test results 

After mechanical properties characterization, TO was carried out using the reported Young’s 
modulus and yield strength of heat-treated samples in Table 6. The final optimal designs for SLM 
and DED clevises obtained are shown in Table 7. It should be noted that the measured difference 
in Young’s modulus and yield strength between SLM and DED resulted in a subtle difference in 
final designs. A comparison between Fig. 5(a) and Fig. 5(b) revealed that clevis design for SLM 
has 12 reinforcing struts distributed along its arch while clevis design for DED has 10. However, 
for a meaningful comparison, the design shown in Fig. 5(b) was chosen for fabrication using both 
AM methods. 

 

 

 

Fig. 4. Engineering stress-strain curves obtained from tensile test specimens. (a) SLM and (b) DED. 

 



Table 6. Mechanical properties of SS316L, obtained from tensile test specimens. 

    
Young’s 

modulus (E) 
GPa 

Ultimate 
tensile 

strength (UTS) 
MPa 

Yield strength 
(YS) MPa 

Elongation at 
UTS (%) 

Elongation at 
YS (%) 

SLM 
as-built 190 ± 45 671 ± 33 560 ± 25 24 ± 0.8 0.52 ± 0.07 

heat-treated 147 ±32 616 ± 13 377 ± 19 33 ± 0.4 0.48 ± 0.06 

DED 
as-built 198 ± 16 645 ± 10 489 ± 8 52 ± 2 0.47 ± 0.02 

heat-treated 188 ± 12 600 ± 8 325 ± 4 60 ± 6 0.39 ± 0.02 

 

Table 7. Optimal topologies obtained from mechanical properties of heat-treated SS316L reported in Table 6. 

  
  Mechanical Properties used in TO 

  SLM   DED    

Desired 
% vol. 

fraction 

 50  50  

Topology  

 

 

 

 

% vol. 
fraction 
achieved 

  50   50   

 
Artifacts from the TO process were manifested as mesh irregularities, as shown in the inset in 

Fig. 5(b). These irregularities can cause stress concentration and premature failure during testing. 
As of today, fully automated feature-based geometry reconstruction for TO remains an unsolved 
problem [48–51]. Therefore, to alleviate the concerns regarding the mesh irregularities, the design 
shown in Fig. 5(b) was used as a reference to create the design shown in Fig. 5(c) using 
conventional CAD operations. It should be noted that this method of geometry reconstruction is 
limited to standard CAD operations and the resulting features may not fully capture the complexity 
of the original design. However, in this case study, the through-cut constraint simplified the design 
to a level that conventional CAD operations were able to closely capture the features of the original 
design. More importantly, as shown in Fig. 5(d), the maximum von Mises stress occurred on the 
outer surface of the clevis’ arch, and this surface was unaffected during TO. As a result, this critical 
feature was perfectly preserved throughout the geometry reconstruction process. The final optimal 
designs were then manufactured using AM, as shown in Fig. 6.  

 



 

Fig. 5. TO designs based on the mechanical properties of (a) heat-treated DED, and (b) heat-treated SLM. (c) 
Design ‘b’ is reconstructed for AM using conventional CAD operations. (d) Different views of von Mises stress 

distribution. Area where maximum von Mises stress occurred is indicated by the arrow. 

   
Although the optimized design achieved the target of 50% volume fraction, and the same 

model was used to manufacture the samples, the volume of manufactured clevises differed from 
the 50%. The average volume fraction of samples fabricated via SLM was measured at 45.6% 
while the average volume fraction of samples fabricated via DED was measured at 61.8%. The 
difference in the volume of the SLM samples is negligible and can be attributed to machining 
during support structure removal. The difference in the volume of the DED samples can be 
explained by considering the larger laser beam diameter of LENS system (≈ 600 µm) compared to 
EOS system (≈ 80 µm) which can result in oversized features in designs with intricate geometries. 



The resulting force-displacement graphs from clevis tensile tests are shown in Fig. 7. Tests 
were terminated once the extensometer reached its maximum displacement. Heat-treated SLM 
samples yielded at approximately 1500 N, compared to 1950 N for as-built samples. Similarly, 
heat-treated DED samples yielded at approximately 1710 N, compared to 2240 N for as-built 
samples. Results agree with the standard tensile test results wherein the heat-treatment process had 
a similar effect on the yield strength of both DED and SLM samples.  

Finally, the data in Table 8 shows averaged results from the tensile tests against FEM using 
the properties presented in Table 6. Initially, results for DED samples showed larger deviance 
from FEM calculated values compared to SLM. The larger deviation can be attributed to the 
additional volume of the DED samples which increased the experimental yield load. To 
compensate for the increase in volume, the experimental yield loads of the DED samples were 
scaled. Since the thickness of the DED samples (denoted by t in Fig. 2) was kept the same after 
machining, the increase in volume was solely due to a uniform increase in the width (denoted by 
w in Fig. 2). According to basic bending stress calculations, 11.8% increase in width results in 
25% decrease in bending stress, and consequently, the yield load. After applying this adjustment, 
yield loads for both SLM and DED samples showed similar deviations from FEM predictions. 
Scaled yield loads for DED samples are presented in Table 8. 

3.3. Microstructural characterization 

 The microstructures were found to be spatially heterogeneous in 3D and exhibited 
directionality dependence on the laser scan path and AM method. These dependencies are 
illustrated in the simplified schematic shown in Fig. 8 for reference. The following sections will 
frequently refer to this schematic and discuss the microstructural features depicted therein.   

3.3.1. Grain structure in SLM   

The initial grain structures in the tensile test specimens indicated a strong dependence on laser 
scan direction, AM process, and thermal history, as shown in the EBSD maps in Fig. 9. These 
maps are colorized according to the crystallographic orientation aligned with the loading direction 
(vertical in Fig. 9) and the stereographic triangle color key (inset), with grain boundaries indicated 
in black. The as-built SLM structure consisted of grains that were columnar in the build direction, 
as indicated in Fig. 8, but exhibited a “mosaic” structure when viewed in the plane perpendicular 
to the build direction, as shown in Fig. 9(a). The mosaic structure, previously reported in steels 
manufactured using an EOS M270 SLM unit [52], consists of large grains (diameter greater than 
approximately 50 µm) aligned in rows along the laser scanning direction surrounded by small 
grains. Although large grains appeared equiaxed in the scanning plane shown in Fig. 9(a), many 
of the small grains were elongated along the laser scanning direction, yielding an average grain 
aspect ratio of 2.07 in the scanning plane. Grains were 20 μm in diameter on average in the 
scanning plane. Grains were elongated in the build direction, typically reaching 100-400 µm long, 
and extending across multiple layers. The grains appeared organized along the laser scanning 
direction, or 45° to the loading direction in the uniaxial tension specimens, as indicated parallel to 
the dashed lines in Fig. 9(a). There was no strong preferred orientation along the loading direction 
in the SLM as-built material. A <011> texture developed in the build direction (out-of-plane in 
Fig. 9) in the SLM materials but this was not expected to strongly influence the tensile response, 
since there was no texture in the loading direction. 

 



 

Fig. 6. Clevises manufactured via (a) SLM, and (b) DED. Round ends and holes for DED clevises were later 
machined to net shape (c). 

 

Fig. 7. Clevis tensile test results for (a) SLM and (b) DED fabricated samples, with and without heat treatment. 

 

 



Table 8. Comparison of tensile test results with FEM for topology optimized clevises. 

    
FEM yield 
load (N) 

Experimental 
yield load (N) 

Scaled 
experimental 
yield load (a) 

(N) 

Error (b) 
(%) 

SLM 
as-built 1825 1950 - 6.4 

heat-treated 1227 1500 - 18.2 

DED 
as-built 1590 2240 1680 5.7 

heat-treated 1058 1710 1282 21.2 

(a) experimental yield load for DED is scaled to reflect the increased volume of DED 
clevises during manufacturing.  
(b) for DED, the error is based on the difference between the FEM and scaled yield loads.    

 
Heat treatment of the SLM material led to little change in grain size, with an apparent slight 

refinement from 20 µm to approximately 16 μm in diameter on average, Fig. 9(b). No significant 
change in the aspect ratio was observed in the scanning plane, although the mosaic structure 
became less apparent and the laser scanning path was no longer as evident in the final 
microstructure. The SLM microstructures have been shown to persist in annealing treatments up 
to 1200 °C for up to an hour [53–57], indicating high stability against heat treatment. The 
underlying mechanisms responsible this enhanced stability in AM SS316L dislocation structures 
are still not fully understood, and are outside the scope of the current work. The slight refinement 
in grain size was likely a result of recovery processes and the inhibition of grain growth. Recovery 
and reorganization of deformation/dislocation microstructures, which are present in the as-built 
SLM material, can lead to an increased appearance of grain boundaries, as discussed in section 
3.3.5. Despite the changes to the grain morphology, the original texture in the build direction was 
maintained after heat treatment in SLM material.  

3.3.2. Grain structure in DED 

The DED as-built structures consisted of elongated grains aligned approximately 20-30° to the 
laser scan direction, which was oriented approximately 45° to the loading axis, as indicated in Fig. 

Fig. 8. Schematic illustrating laser scanning path, grain structure, and microstructural characteristics for (a) 
SLM and (b) DED fabricated parts. 



9(c) by dashed lines. Within each laser scanning pass, grains were elongated within +/- 10° of the 
scan path, as indicated between the dashed lines in Fig. 9(c). The scan strategy of scanning 45° 
with respect to the sample loading axis, alternating 180° between passes and rotating 90° between 
layers, led to grains being elongated in various directions with respect to the loading axis dependent 
on the local laser scan direction. This directionality was also observed in the build direction, where 
grains were oriented either +45° or -45° with respect to the build direction depending on the layer, 
as shown schematically in Fig. 8(b). Grains exhibited an average aspect ratio of 3.09 in the laser 
scanning plane. Grains were elongated at various angles with respect to the build direction as well, 
in directions that changed depending on the layer, as indicated in Fig. 8. Although many grains 
were elongated, many regions between layers or between scan passes exhibited primarily equiaxed 
grains, as shown in the lower right corner of Fig. 9(c). The average grain diameter for all grains, 
weighted by their respective areas, was approximately 80 μm. No significant texture was observed 
in the DED material. 

 

 

Fig. 9. EBSD orientation maps in the tensile loading direction of initial structures in (a) SLM as-built, (b) SLM heat-
treated, (c) DED as-built, and (d) DED heat-treated tensile specimens, with grain boundaries indicated in black. 
Tensile axis vertical, build direction is out-of-plane. Dashed lines in (c) outline the edges of one laser scan path. 

Color online. 

Heat treatment induced a significant increase in grain size, such that the average was 
approximately 140 μm, and a reduction in grain elongation, with an average aspect ratio of 2.14. 

3.3.3. Comparison of response to heat treatment in SLM vs DED 

 The increase in grain size observed in DED material compared to the reduction observed in 
SLM material for the same heat treatment is considered to be a reflection of the microstructural 



differences. Differences between the initial dislocation structures likely influenced recovery and 
the formation of new grain boundaries, as discussed in section 3.3.5 and 3.3.6. However, 
differences in the microstructural evolution due to heat treatment are only relevant with respect to 
their influence on the mechanical response of heat-treated material; the mechanism responsible for 
any difference in the thermal stability of dislocation structures is outside the scope of this work. 
Together, these effects could have contributed to the difference in microstructural evolution 
between SLM and DED material subject to the same heat treatment. 

3.3.4. Effects of scan strategy on grain structure 

The influence of scan strategy on microstructure had an additional effect on the clevises due 
to the variations in relatively thinner and thicker sections of the design. EBSD maps of grain 
structures at the base of a strut in the clevis part are shown for SLM and DED as-built materials in 
Fig. 10(a) and (b), respectively. These maps are colorized according to the vertical loading 
direction using the same color key shown in Fig. 9, with grain boundaries traced in black. The 
region from which maps were taken on the clevis parts are shown in the inset; large black regions 
near the top left and lower right corners of Fig. 10(a) and (b) indicate empty space around the strut.  
 In the SLM material, grains were still organized along the laser-scanning path, as indicated 
parallel to the dashed lines in Fig. 10(a). However, the orientation of these rows changed in some 
regions, for example where the upper dashed line curves in Fig. 10(a). Another example is the 
orientation of rows in the thin strut compared to the bulk of the material, see dashed line in the 
lower section of Fig. 10(a). These changes in grain elongation direction were observed most 
frequently near the edges of the specimen, where different printing parameters and different scan 
strategies were used for contours; see Table 3. The dependence of the grain structure and 
elongation on laser scan path indicates an additional factor that may be considered when choosing 
scanning strategies for parts with complex geometries. 

This influence of scan path was even more apparent in the DED parts, where grain alignment 
with the laser scanning path changed within approximately 400 μm of edge of the part. Within 50-
100 µm of the edges, grains became smaller, as highlighted by the dashed lines in Fig. 10(b). The 
scanning strategy also influenced the grain elongation direction in different sections of the part’s 
interior. For example, the grains at the leftmost side of Fig. 10(b) are finer than those in the middle 
of the strut, as indicated by dashed lines. 

3.3.5. Dislocation microstructures in SLM 

At the sub-grain level, microstructures influenced by AM processes were observed. In the SLM 
as-built material, a dislocation structure consisting of elongated, dendritic dislocation cells was 
observed, as shown in the bright-field STEM image in Fig. 11(a) and Fig. 8. Cell walls are 
indicated by dashed lines. The walls consisted of dense, tangled dislocations and tended to lie on 
{001}-type planes when viewed edge-on, as is typical for SLM 316L [33], with average spacing 
approximately 450 nm. The crystallographic directionality of the dislocation cells indicates that 
solidification was dendritic. Si, Mn, and Cr oxide precipitates were observed, typically ranging in 
size from 5-20 nm in diameter, examples of which are indicated by arrows in Fig. 11(a), as reported 
in [59]. In the as-built material, oxides were found to be primarily Si- and Mn-rich. The precipitates 
were observed both in cell interiors and within dislocation walls, although the density of 
precipitates was difficult to determine particularly inside walls due to the local density of 
dislocations. Precipitates frequently appeared to pin dislocations.  



 

 

Fig. 10. EBSD orientation maps of initial structures in (a) SLM as-built and (b) DED as-built clevis parts. Colorized 
according to orientations in the loading direction (vertical). Color online. 

 
Heat treatment of SLM material qualitatively reduced the dislocation density and caused a 

reorganization of dislocation structures. Dislocation walls were observed, but with spacings 
typically ranging from 400-600 nm, slightly larger than that observed for the as-built material, as 
shown in Fig. 11(b). Higher-magnification imaging revealed that walls were qualitatively less 
dense than in the SLM as-built material, such that individual dislocations were more clearly 
defined and less tangled. Dislocation structures in the heat-treated specimens frequently 
corresponded to in-plane rotations of up to 10° between adjacent regions, which exceeds the 
threshold misorientation of 3° used to identify grain boundaries in EBSD mapping. 

An example of these dislocation boundaries is shown in Fig. 11(b), where elongated 
boundaries can be seen aligned diagonally across the image. The diffraction pattern of this region, 
shown in the inset in Fig. 11(b), indicates that over approximately ten of these low-angle 
boundaries, in-plane rotations were measured up to approximately 5.7°. Many of the low-angle 
boundaries appeared to result from incomplete recovery and reorganization of the preexisting 



dislocation structures, such that they remained aligned and elongated. This is consistent with 
observations of the stability of the SLM microstructure against heat treatments below 
approximately 1100 °C [53–57]. 

Dislocation structures within grains, in other words those that were unambiguously not part of 
a grain boundary, in SLM heat-treated material frequently consisted of aligned dislocations with 
fewer tangles than observed in SLM as-built dislocation cells. Example are indicated parallel to 
the dashed lines in Fig. 11(b). Oxide precipitates were larger in the heat-treated material, with sizes 
on the order of 40-60 nm, indicated by the arrows in Fig. 11(b). Precipitates in the heat-treated 
material were found via EDS analysis to be Cr- and Mn-rich oxides without Si- enrichment. 
Frequently, precipitates were surrounded by tangled, pinned dislocations in the heat-treated SLM 
structure.  

3.3.6. Dislocation microstructures in DED 

As-built DED microstructures were qualitatively less refined than as-built SLM structures, as 
shown in Fig. 12. The as-built DED microstructure consisted of large, dendritic dislocation cells 
1-2.5 µm in diameter, delineated by the large dashed line in Fig. 12(a), superimposed on a 
background of smaller, equiaxed dislocation cells with an average diameter approximately 370 nm 
in diameter. The large cell structures consisted of dislocations with Cr segregation and Fe depletion 
in the walls, indicating that they are dendritic, while the small cell structures exhibited uniform 
composition. Although the large, dendritic dislocation walls appeared equiaxed in electron-
transparent foils, FIB machining and SEM analysis indicated that these walls were elongated 
similar to the SLM dislocation cells, but in the foil normal direction (which coincides with the 
build direction). The small dislocation cells with uniform composition were not found to be 
elongated. Both types of DED dislocation structures appeared qualitatively less dense than the cell 
walls in the SLM as-built structure, for example compare the wall indicated by the dashed line in 
Fig. 12(a) with that in Fig. 11(a). Additionally, a significant density of dislocation walls and 
tangles aligned on multiple {111}-type planes were observed, for example parallel to the small, 
straight dashed line in Fig. 11(a). These structures were typically spaced 1-2 µm apart and 
extended across multiple large and small cells. Precipitates were observed throughout the 
microstructure, although more frequently in the walls of the large cells with segregation, and 
ranged in size from 70-200 nm; examples are arrowed in Fig. 12(a). Precipitates in as-built DED 
material were Si- and Mn-rich oxides. 

Heat treatment of the DED material induced a decrease in dislocation density, as shown in the 
image taken across a grain boundary in Fig. 12(b). Dislocations accumulated in the proximity of 
grain boundaries, such that structures were sparser in grain interiors than those shown in Fig. 12(b). 
Dislocation pileups were found on {111}-type planes near grain boundaries, as indicated by the 
dashed lines in Fig. 12(b). These pileups consisted primarily of aligned dislocations with few 
dislocation tangles, although dislocations became more tangled with 1-2 μm of grain boundaries. 
Occasionally, extended dislocations, dislocation dipoles, or nodes were observed. Precipitates 
were less frequently observed, and those that remained ranged from 150-250 nm in size, for 
example as indicated by the arrow in Fig. 12(b). These precipitates were found both in the matrix 
and along grain boundaries and were primarily Mn- and Cr-rich oxides without Si enrichment. 



4. Discussion 

 The influence of AM processing on microstructures has important implications for mechanical 
properties, and consequently TO design. These implications are summarized in Fig. 13 in the form 
of an influence diagram that can help guide the decision-making process in DfAM. The diagram 
depicts the TO for the AM process as a closed loop, where changes in one step can affect the entire 
process. The results from this study indicate that until a holistic optimization framework is 
developed which encompasses all the steps included in Fig. 13, TO for AM must be examined and 
experimentally validated on a case-by-case basis due to the variance in microstructure and overall 
mechanical response. The difficulties in estimating the mechanical response of TO parts from FEM 
and material response based on AM microstructures, and the subsequent need for experimental 
validation, are discussed in the following sections. 



 

Fig. 11. Bright-field diffraction-contrast STEM images of dislocation structures in (a) SLM as-built material, with 
dendritic dislocation cells (dashed lines) and precipitates (arrows), and (b) SLM heat-treated material, with grain 

boundaries extending diagonally from bottom left to upper right, aligned dislocations extending across grain 
boundaries indicated by the dashed lines, and precipitates (arrows). Diffraction pattern inset in (b) with spreading of 

diffraction peaks indicative of 5.7° misorientations between grains. 



 

Fig. 12. Bright-field diffraction-contrast STEM images of dislocation structures in (a) DED as-built material, with 
extended dislocation walls (parallel to the small dashed line), precipitates (arrows), and dendritic dislocation walls 

(outlined by the large dashed line) surrounding small, equiaxed dislocation cells. (b) DED heat-treated material with 
precipitates (arrow), a grain boundary running from top to bottom, and dislocation pileups on {111} planes (parallel 
to the dashed line) near grain boundaries. Inset diffraction patterns in (b) shown for the two grains across the grain 

boundary. 



 

Fig. 13. DfAM decision-making diagram. Arrows indicate the influence of each step on the other. More items can 
be added to each step as our understanding of the process matures. 

4.1. Prediction of yield strength based on analysis of AM microstructures 

The yield strength in a material is an essential input to TO and FEM, but it can be greatly 
influenced by several microstructural features developed during AM, particularly the dislocation 
structures, grain structure, and precipitate distribution. A summary of the microstructural features 
in the different materials is shown in Table 9. Dislocation densities are reported from the literature 
as measured by x-ray diffraction techniques for similar materials and heat treatments [35,60,61]. 
In the SLM heat-treated case, the dislocation density is estimated to be similar to that measured by 
Bronkhorst et al. for heat-treated DED 316L [35]. Experimental line intercept methods in this study 
were consistent with these published values.   
 

 



Table 9. Summary of averaged microstructural features that may influence the yield strength. 

  

Equiaxed 
dislocation 

cell size 
(nm) 

Dendritic 
dislocation 

wall 
spacing 

(nm) 

Dislocation density (m-2) 
Precipitate 
diameter 

(nm) 

Grain 
size 
(µm) 

SLM 
as-built - 450 3.8x1014 [61] 15 20 

heat-treated - - 9x1013 [35] 40 16 

DED 
as-built 370 1750 2.5x1014 [35,60,61] 120 80 

heat-treated - - 9x1013 [35] 200 140 

The potential influences of these different parameters on the yield strength are as follows. First, 
increasing dislocation content increases material yield strength, and the dislocation content in the 
AM materials was shown to be high. The dense, elongated dislocation cells that occur in as-built 
SLM material, as shown in Fig. 11, are well-documented [33,62–64], and the high yield strengths 
observed in SLM SS316L compared to conventional annealed material are frequently attributed to 
the presence of these structures. DED dislocation structures have received less attention in the 
literature but appear to be influential on mechanical response given the differences in mechanical 
response after heat treatment. Although the dislocation density remains high, structures are less 
organized than in SLM material, with less organization of dislocations into cell walls. 
Additionally, in the DED material, although segregation was observed, it did not overlap with all 
dislocation cells, leading to a dual cell structure with two types of walls, one dendritic with 
segregation and one equiaxed with uniform composition. Although outside the scope of this study, 
the additional solid-solution strengthening effect afforded by segregation to some of these walls 
would be expected to contribute to strengthening as well.  

Precipitates can also strengthen the material due to particle hardening effects by presenting 
barriers to dislocation motion [65]. Grain morphology can also impact the mechanical response, 
such that decreasing grain size increases the yield strength according to the well-known Hall-Petch 
effect [65,66]. 

 In order to assess the relative contributions of different microstructural features on the yield 
strength, calculations of the strengthening afforded by each of these microstructural features were 
performed. The effect of dislocation strengthening based on dislocation densities reported for 
similar materials in the literature [35,60,61] was estimated using a forest-hardening model, the 
effect of grain size was calculated via the Hall-Petch effect, and precipitate strengthening due to 
Orowan hardening was calculated, as summarized in Table 10. For SLM as-built material, the 
Hall-Petch effect was calculated treating dislocation cells as the grain size, since the walls have 
been shown to be effective barriers to dislocation motion and such treatment has yielded good 
approximations for others in the literature [33]. For other materials, the combined effects of grain 
size and forest dislocation hardening were used. Particle hardening was estimated for SLM 
material, using estimates of the volume fraction of precipitates as reported in [59]. 

In all cases, this approach led to overestimation of the actual hardening. The differences 
between actual results and microstructurally-based estimates indicate a need to validate the 
mechanical properties of the AM material separately before use in TO models. Not only do the 
microstructures vary substantially between conventional materials and AM materials, but also the 
same heat treatment can have different effects, as observed with grain refinement in SLM material 
and grain growth in DED material subject to the same heat treatment.  



Table 10. Calculated contributions to yield strength based on the Hall-Petch relationship and forest dislocation 
strengthening, and the difference between calculated estimates and measured values. All values are in (MPa).  

  
Hall-Petch 

contribution 
(cell size) 

Hall-Petch 
contribution  
(grain size) 

Dislocation 
density 

contribution 

Particle 
hardening 

Yield based 
on calculated 
contributions 

Actual 
yield 

Δ 

SLM 
as-built 429 - - 65 677 560 117 

heat-
treated 

- 63 180 [35] 36 462 377 85 

DED 
as-built - 28 

300 
[35,60,61] 

- 511 489 22 

heat-
treated 

- 21 180 [35] - 384 325 60 

 
Dislocation density appeared to have the most significant effect on the strengthening, whether 

due to treating the cells as contributing to a Hall-Petch type effect or due to forest hardening. 
Particle hardening was not observed to be significant in the SLM material, due to the relatively 
low overall volume fraction of precipitates.  

Grain boundary strengthening similarly appeared to contribute little to the total strengthening. 
For SLM as-built material, the thin, columnar grains and dislocation cells contribute to an 
enhanced yield strength compared to many conventional recrystallized materials with grain sizes 
on the order of 50-100 μm [33], or for example the DED materials. Upon heat treatment, the 
particular rearrangement of the dislocation structures only slightly influenced the grain structure 
in the SLM materials, although the heat-treated structures were significantly  
different than the preexisting dislocation cells. This suggests that the grain structure was not as 
influential a factor in determining the overall yield strength as the dislocation structures. 

In DED as-built material, the grain size alone fell within the range of about 20-120 μm in 
diameter and is not expected to have significantly influenced yield compared to conventional 
material. The heat treatment of DED material caused grain growth, but the yield strength after heat 
treatment was approximately 67% of the initial yield strength. This is an equivalent yield drop to 
that observed in SLM specimens with heat treatment, even though the grain sizes barely changed 
in the SLM specimens, indicating that grain size had less influence on yield in the AM materials 
than other factors like dislocation structure. Further, this indicates that the dislocation structures 
that developed near grain boundaries in the heat-treated DED material were more influential on 
the mechanical response than the grain boundaries themselves.  

4.2. Additional influence of TO design on strengthening 

The orientation of grain boundaries may influence elastic response in different orientations.   
Since grains in the DED as-built material are elongated in the laser scanning direction, the distance 
between grain boundaries is smaller perpendicular to the scan path than parallel to it, leading to a 
different effective grain size in different directions. If the material is loaded perpendicular to the 
laser scan path, the shorter effective grain size could lead to a greater Hall-Petch strengthening 
effect. This behavior was confirmed recently by Mukherjee [67], who showed that the yield 
strength in DED material loaded in different orientations increased with decreasing effective grain 
size based on the orientation of the scanning direction with respect to the loading direction. This 
result has important implications for TO. Since the laser scan path can affect the effective grain 
size in different regions, as was observed in Fig. 10, the yield strength may change locally within 



the part depending on the local stress state. Since TO parts typically exhibit complex, spatially-
varying stress states due to their complex geometries, the interactions between processing 
parameters, microstructure, and properties is even more complex and difficult to predict, 
necessitating experimental testing prior to TO, as indicated in Fig. 13. This effect may also 
contribute to differences between FEM predictions and actual part performance.  

4.3. Influence of AM on accuracy of FEM predictions  

According to Table 8, clevis samples performed better than FEM predictions in all cases. This 
positive deviance can be explained by considering the effects of process parameters on 
microstructure and the fact that FEM does not account for material anisotropy due to local 
microstructural variations. As indicated in Fig. 10, grain orientation and size are different on 
sample’s periphery due to different scan strategies used to print the outline (shell) of the clevis, 
particularly in DED samples. It so happens that the maximum von Mises stress occurs on the 
sample’s periphery where this microstructure refinement takes place. As a result, samples 
exhibited higher yield loads than FEM predictions. This result was more pronounced for DED 
samples according to Fig. 10. Moreover, the DED clevises had 11.8% more volume than the model 
used in FEM, which if not accounted for, can result in larger deviations from FEM predictions. 
For more accurate results, machine manufacturers can implement scaling factors in their part-
preparation software to correct for this manufacturing induced enlargement.  

4.4. Potential benefits of AM for TO 

Understanding the PSPP relationship within the context of TO has the potential to become a 
powerful tool. Exploiting this relationship may allow manufacturers to: create parts that are better 
suited for tension or compression in different areas of the part (by manipulating texture or grain 
boundary orientation); change the mechanical response by changing laser scan strategy to have 
different grain orientations, elongations, or sizes; and to adjust the microstructure to have 
maximum strength in some areas and maximum ductility in others, all dependent on what is most 
beneficial within the complex stress fields that correspond to these complex geometries. In other 
words, there is opportunity to exceed the current practices of design optimization; to 
simultaneously optimize process parameters, microstructure features, and final topology to achieve 
properties that are locally tailored to specific applications at the voxel level [13,68]. 

5. Conclusions 

 In this paper, topology optimized designs were manufactured using SLM and DED methods 
and their mechanical performance were experimentally compared with FEM. Effects of AM 
method and heat treatment on microstructure were studied and correlated to mechanical properties 
that are essential in TO. Discrepancies between the FEM and experimental results were 
investigated and correlated to process-induced microstructure features in clevis samples. The 
following conclusions can be drawn from the experimental results: 
 Topology optimized clevis samples outperformed the FEM predictions for both SLM and DED 

methods by 6% and 29% in as-built state, and 18% and 38% in heat-treated state, respectively. 
This difference is attributed to changes in the microstructure of the boundary (shell) layers that 
is caused by different scan strategies and process parameters used to fabricate those layers. In 
SLM, grain size and alignment between scan path direction were changed whereas in DED, 
grain size and grain elongation direction were changed. These microstructure alterations 



strengthened regions of the sample where the maximum von Mises stress occurred, resulting 
in higher yield loads. Typical FEM does not consider such manufacturing-induced 
anisotropies, suggesting that more mesoscale-based models would help refine the conservative 
estimates.   

 SLM samples showed higher yield strength compared to DED, and they both showed higher 
yield strength compared to conventionally-made SS316L. The most influential microstructural 
feature in increasing the yield strength proved to be the dislocation structures in both AM 
methods, in as-built and heat-treated states, whereas grain size contribution was not as 
significant. The difference in yield strength between SLM and DED was partially responsible 
for the slight difference in the optimal topologies computed for both AM methods.   

In summary, the topology optimization approach was shown to be sensitive to AM method, process 
parameters and heat treatment. The main differences are attributed to the varied microstructural 
evolutions, illustrating a need for a comprehensive understanding of the PSPP relationships to 
provide holistic design optimization schemes.   
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