
Citation: Andani, M.T.;

Sundararaghavan, V.; Misra, A.

Novel Approach to Grain Boundary

Modification in Stainless and Duplex

Steel L-PBF Components through In

Situ Heat Treatment. Crystals 2023, 13,

1314. https://doi.org/10.3390/

cryst13091314

Academic Editor: Leonhard Hitzler

Received: 31 July 2023

Revised: 17 August 2023

Accepted: 22 August 2023

Published: 29 August 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

crystals

Article

Novel Approach to Grain Boundary Modification in
Stainless and Duplex Steel L-PBF Components through
In Situ Heat Treatment
Mohsen Taheri Andani 1,*, Veera Sundararaghavan 2 and Amit Misra 1,3

1 Department of Materials Science and Engineering, University of Michigan, Ann Arbor, MI 48109, USA
2 Department of Aerospace Engineering, University of Michigan, Ann Arbor, MI 48109, USA
3 Department of Mechanical Engineering, University of Michigan, Ann Arbor, MI 48109, USA
* Correspondence: mtaheri@umich.edu; Tel.: +1-734-763-2445; Fax: +1-734-763-4788

Abstract: Additive manufacturing (AM) has provided new possibilities for improving the grain
boundary properties of metallic components. However, effectively modifying the microstructure,
particularly the grain boundary properties, of laser powder bed fusion (L-PBF) components remains
a challenge. Post-processing methods have shown some success in adjusting grain boundary angles,
but they have limitations when it comes to complex geometries and internal features. In this study,
we propose an innovative in situ heat treatment to control the grain boundary properties of L-PBF
components. A model is proposed to predict the thermal cycle at a single point, and it is validated
through experiments on 2507 super duplex steel and 316L austenitic steel samples. The results
demonstrate that, by applying controlled in situ heat treatment, the dynamic recovery processes can
be influenced, and thereby the grain boundary properties of the manufactured parts can be controlled.
This proposed method improves our understanding of the impact of in situ heat treatment on grain
boundary properties and offers potential for designing and fabricating high-performance L-PBF
components. The findings from this study lay the groundwork for the further exploration of grain
boundary engineering in metallic components using L-PBF. By leveraging in situ heat treatment,
future research can open up new avenues in additive manufacturing, facilitating the production of
advanced and high-quality metallic components.

Keywords: grain boundary engineering; in situ heat treatment; dynamic recovery

1. Introduction

Additive manufacturing (AM) has revolutionized engineering by enabling the produc-
tion of customized parts with unique shapes and desired properties [1–3]. Laser powder
bed fusion (L-PBF) is a widely used AM technique for fabricating metallic components
with precise microstructures and desired characteristics [4–6]. However, achieving precise
control over the microstructure, especially the properties of grain boundaries, in L-PBF
components is still a significant challenge [4].

Grain boundaries play a pivotal role in determining the mechanical and physical
properties of metallic materials [7]. These interfacial defects act as barriers to dislocation
motion, influencing properties such as strength, ductility, and resistance to various forms of
degradation, including corrosion and creep [8]. Recent studies have shown that the nature
and distribution of grain boundaries can significantly affect the performance of metallic
components, especially in advanced manufacturing techniques like L-PBF [9].

Grain boundary engineering (GBE) has emerged as a promising approach to enhancing
the mechanical, chemical, and physical properties of materials in L-PBF components [9–12].
Unlike traditional manufacturing methods and surface laser treatment [13], AM facilitates the
modification of the grain boundary properties layer-by-layer, opening up new opportunities
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for GBE. However, the application of GBE in L-PBF is in its early stages, with limited studies
conducted thus far.

One of the primary challenges in advancing the GBE of L-PBF components is the
need to understand the relationship between process parameters and microstructural
features [14,15]. Currently, our understanding of how these parameters influence grain
boundary properties in L-PBF components is limited. Previous research in AM has primar-
ily focused on post-processing techniques such as heat treatment, hot isostatic pressing,
and surface finishing to modify the microstructure of L-PBF components [16–20]. Al-
though these techniques have shown promise in altering grain boundary properties, they
may not be suitable for complex geometries, highlighting the importance of in-process
microstructure control.

In this study, an innovative in situ heat treatment is proposed to control the grain
boundary properties of L-PBF components. The main objective is to gain a deeper under-
standing of the effects of in situ heat treatment on grain boundary properties and explore its
potential for enhancing the design and manufacturing of high-performance L-PBF compo-
nents, specifically using stainless steel and duplex steel. To achieve this, a model has been
developed to predict the thermal cycles experienced by material points within components
of various shapes. Through experimental validation on 2507 super duplex steel and 316L
austenitic steel samples, the robustness of the proposed method is evaluated. The results
reveal that controlled in situ heat treatment enables us to influence the dynamic recovery
process and effectively control the grain boundary properties of the manufactured parts.
These findings contribute to the advancement of grain boundary engineering in L-PBF and
offer insights for optimizing the manufacturing process of high-performance components.

2. Materials and Method
2.1. Experimental Approach
‚ Materials: In this study, 2507 super duplex steel and 316L austenitic stainless-steel

powders, provided by GKN Additive Inc. (Carlsbad, CA, USA), were used for the
laser powder bed fusion (L-PBF) process. The powders were spherical in shape and
produced using a gas atomization method, ensuring a narrow size distribution and low
levels of impurities. The average particle size of the powder was 50 microns, which is
considered suitable for the L-PBF process. The components were fabricated using the
PANDA L-PBF machine from Open Additive (Beavercreek, OH, USA, equipped with
a 500 W IPG Photonics 1070 nm fiber laser (air cooled)).

‚ Reheat scan technique: To manage thermal cycling in the L-PBF process, a reheat
scan step was implemented after each melting step in the experimental setup. This
additional laser scan raised the temperature of the solidified material to a level slightly
below its melting point. By adjusting parameters such as the laser power and scan
speed, we were able to modify the microstructure and grain boundary properties of
the fabricated samples. In the following section, we provide detailed information on
the specific parameters used and their influence on the microstructure.

‚ Microstructure Analysis: Microstructure analysis was conducted using a Tescan Mira
(California, CA, USA) scanning electron microscope (SEM) that was equipped with an
Electron Backscatter Diffraction (EBSD) EDAX camera. The SEM was operated at a
voltage of 30 kV, a current of 20 nA, and a step size of 1 micron. Prior to EBSD analysis,
the samples were prepared by grinding them with 600–1200 grit SiC sandpaper, followed
by polishing using 1 µm of diamond suspension and 0.04 µm of colloidal silica.

2.2. Thermal Model

In the L-PBF process, each material point undergoes multiple cycles of heating and
cooling during a print due to the laser scan strategy. Figure 1 provides an illustration of
the thermal cycling experienced by material point A. When the laser melts the powder,
rapid heating occurs, raising the temperature above the metal’s melting point. As the laser
moves away, the melt pool cools down quickly. When the laser returns to the nearest point
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in the next hatch spacing (marked as B), the temperature at point A reaches another peak
temperature, this time below the melting point. Subsequent hatch lines do not sufficiently
raise the temperature at location A. However, as the laser moves to the next layer above
material point A, heat is once again transferred to point A through the powder layer. This
scanning process, along with adjacent scans on the top layer, can raise the temperature
of point A above half the melting point again. This thermal cycling pattern is a unique
characteristic of the L-PBF process and directly affects the microstructure at location A.
Thermal cycling can vary from one location to another depending on the laser scan strategy
and geometry, indicating that the microstructure is location-dependent. Understanding
these thermal cycles facilitates a deeper understanding of the microstructures at different
locations within the product.
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Figure 1. Schematic depicting thermal cycling at point A in the L-PBF process: (a) Rapid heating
when the laser melts the powder. (b) Cooling as the laser departs, with a secondary temperature peak
below melting when the laser approaches a neighboring point B. (c) Reintroduction of heat to A as
the laser progresses to an upper layer. (d) A graph showcasing the temperature evolution at point A
against the number of thermal cycles. This process highlights the influence of the laser scan strategy
on the location-specific microstructure variation.

In order to predict the thermal cycle within the hatch or layer thickness, the following
equation is used [7].

T = Tpeak − Gδ (1)

Here, Tpeak represents the melt pool peak temperature, G denotes the thermal gradient,
and δ corresponds to the hatch space/layer thickness.
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The peak temperature, Tpeak, can be calculated using the following formula [10]:

Tpeak =
HnTb
Hmax

n
(2)

where Tb is the boiling temperature, Hmax
n is the maximum heat input before the onset of

evaporation, and the heat input Hn can be calculated using Equation (3) [10].

Hn =
AP

hs
√

πdvD3
(3)

In this equation, A represents the absorptivity, P the laser power, hs the enthalpy at
the melting temperature, d the thermal diffusivity, v the laser scan speed and D the nominal
laser spot size.

Returning to Equation (1), the thermal gradient, G, can be estimated using the
following [21]:

G = 10570
(

P
v

)−0.42
(4)

where P is the laser power and v is the laser scan speed.

2.3. Results and Discussion

Previous studies have confirmed the occurrence of dynamic recovery (DRV) during
these thermal cycles in the L-PBF process, which takes place between half the melting point
and 0.8 times the melting point temperature. DRV leads to the formation of low-angle grain
boundaries (LAGBs), while further temperature increases within the range of 0.8 times
the melting point to the melting point initiate recrystallization processes, resulting in the
formation of high-angle grain boundaries (HAGBs) [7]. To investigate the implications
of these phenomena, an in-depth examination of the process parameters in L-PBF was
conducted to understand their influence on the occurrence of dynamic recovery and the
presence of high-angle grain boundaries in the final parts. The study considered two cases:

(a) Optimization of both the melting and the reheating scans to maximize dynamic recovery.
(b) Utilizing predefined process parameters for the melting scan, selected based on

density analysis, followed by the optimization of the reheating scan.

In case (a), a comprehensive series of tests was conducted to identify the optimal
balance for a higher rate of dynamic recovery. The study involved a large number of
combinations (~25,000 sets) of laser power, speed, and hatch space for the melting track
(Figure 2a). To ensure the integrity and quality of the components, the energy input
for all combinations was strictly controlled within the range of 65 to 80 J

mm3 , calculated
using the formula E = P

V.h.t (P = laser power, v = laser scan speed, h = hatch space, and
t = layer thickness). This specific range was selected based on previous studies that have
shown that such energy density levels can produce fully dense parts. As a result, the
tested parameter combinations were directly applicable to practical production conditions,
ensuring high-quality outcomes. From extensive testing, a specific set of process parameters
(Table 1) was identified, which led to increased dynamic recovery, limited high-angle grain
boundaries, and improved the quality of the L-PBF components. The selected parameters
underwent further rigorous testing, including a significant number of reheating scan
process parameters for each individually optimized melting parameter (Figure 2b). This
additional testing aimed to fine-tune the parameters and determine the optimal case. The
results of this optimization are presented in Table 1. In case (b), a similar optimization
approach was employed, but with a specific focus on the reheating scans (Table 2).
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Figure 2. Process parameter optimization in L-PBF for controlling the occurrence of dynamic recovery
steps at a single point. (a) Parameter matrix exploration of laser power, speed, and hatch space in
L-PBF for improved dynamic recovery. (b) Refinement of optimized parameters through reheating
scan testing in L-PBF for enhanced control of grain boundaries.

Table 1. Optimized process parameters for melting and reheating scans. Each reheating scan is
associated with a corresponding melting scan.

Melting Scan
Parameter Set

Power
(Watt)

Speed
(mm/s)

Hatch Space
(µm)

Energy
J

mm3

Reheating Scan
Parameter Set

Power
(Watt) Speed(mm/s) Hatch Space

(µm)
Energy

J
mm3

1 128 500 80 80 1 70 300 195 30

2 230 900 80 80 2 56 200 200 35

3 358 1400 80 80 3 30 1500 25 20

4 170 800 65 82 4 56 200 200 35

5 300 1400 80 67 5 54 200 175 40

Table 2. Optimized process parameters for reheating scans, based on predefined process parameters
for the melting scan. Parameters for melting scan include power = 310 W, velocity = 1100 mm/s,
hatch space = 90 um, and layer thickness = 40 µm.

Reheating Scan
Parameter Set Power (Watt) Speed

(mm/s)
Hatch Space

(µm)
Energy

J
mm3

1 24 1000 30 20

2 48 2000 30 20

3 26 1100 20 30

4 43 1800 20 30

To examine the impact of the optimized process parameters (both melting and re-
heating scans, case (a)) on grain boundary angles, an experiment was carried out on
2507 super duplex stainless steel. Four samples were printed using the optimized parame-
ters listed in Table 1 (#5): one sample without preheating and three samples with one, two,
and three preheating steps, respectively. This approach aimed to create a diverse range
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of samples for comparison and analysis. Subsequently, Electron Backscatter Diffraction
(EBSD) analysis was performed on each sample to visualize the misorientation angles of
the grain boundaries. The resulting EBSD maps, shown in Figure 3a–d, provided valuable
insights into the microstructural changes resulting from preheating.
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Figure 3. EBSD maps of 2507 duplex stainless-steel samples with varying numbers of reheating scans.
(a) Sample without preheating, (b) Sample with one preheating scan, (c) Sample with two preheating
scans, (d) Sample with three preheating scans. (e) Plot of misorientation angles revealing the relationship
between the number of reheating scans and the occurrence of high-angle grain boundaries.

Interestingly, the examination of the EBSD maps revealed that the grain size and
texture of the samples remained relatively consistent regardless of the number of reheating
scans. This observation suggests that the reheating process had minimal influence on the
grain size and texture. However, a significant finding emerged concerning the number
of very high-angle grain boundaries (>45◦): an increase in the number of reheating scans
corresponded to a decrease in the number of high-angle grain boundaries. This finding
aligns with the initial hypothesis of the study, indicating that controlled increases in
the number of reheating scans lead to higher levels of dynamic recovery, consequently
impacting the angles of the grain boundaries.

To confirm the validity of the optimized parameters in case (b), and evaluate the fea-
sibility of the proposed method for other alloys, similar investigations were carried out on
316L austenitic steel. The first sample was fabricated without any preheating, utilizing the
optimized parameters (Power = 310 W, Velocity = 1100 mm/s, hatch space = 90 µm,
layer thickness = 40 µm). The subsequent three samples were produced using the optimized
reheating scans (Reheating: Power = 26 W, Velocity = 11,000 mm/s, hatch space = 20 µm, layer
thickness = 40 µm, Energy = 30), with one, two, and three reheating scans, respectively.

Figure 4 illustrates the resulting grain structures. Consistent with previous obser-
vations (as shown in Figure 3), no significant changes in the grain size and texture were
observed among the samples. Moreover, Figure 4e highlights a decrease in the grain
boundary angles with an increasing number of optimized preheating scans. This observa-
tion further supports the notion that the proposed optimization method can be applied
regardless of the material composition.
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scans, (d) Sample with three reheating scans. (e) Plot illustrating the relationship between the number
of reheating scans and grain boundary angles.

The observed reduction in high-angle grain boundaries has significant implications
for the mechanical properties of the material, particularly in terms of improved strength
and ductility. High-angle grain boundaries can hinder the movement of dislocations within
the material, leading to increased strength [8]. By reducing the number of high-angle
grain boundaries through controlled reheating scans, we can enhance the overall mechan-
ical performance of the printed components. Future research will aim to gain a deeper
understanding of the relationship between reheating scans and the reduction in grain
boundary angles, and how this relates to the material’s mechanical properties. Specifically,
we will investigate the precise mechanisms through which reheating scans influence grain
boundary angles and how these changes affect the material’s strength, ductility, and other
mechanical characteristics. Moreover, the reproducibility of the proposed method will be a
focal point, with explorations into various compositions and process parameters to ensure
consistent and reliable outcomes. By uncovering these relationships, we will be able to
optimize the parameters of the reheating scan process for additive manufacturing. This
optimization will result in improved control over the grain boundary properties and the
enhanced mechanical performance of the manufactured components.

3. Conclusions

This study investigated the effects of in situ heat treatment on the microstructure
of L-PBF parts made from 316L austenitic steel and 2507 super-duplex stainless steel. A
fundamental understanding of the grain boundaries in metallic materials reveals that these
interfacial defects significantly influence mechanical and physical properties, acting as
barriers to the dislocation motion and impacting aspects such as strength, ductility, and
resistance to degradation forms like corrosion and creep. In the context of the rapidly
evolving field of AM, especially the widely acclaimed L-PBF, achieving precise control over
microstructural characteristics, particularly the properties and nature of grain boundaries,
remains a pivotal challenge. GBE has emerged as a game-changing approach to enhancing
these properties in L-PBF components, with the ability to modify grain boundary properties
layer-by-layer. In this study, our core endeavor was to utilize the promise of GBE through
an innovative in situ heat treatment for L-PBF components. We developed a thermal
model, simulating the thermal cycling experienced by each point during the L-PBF process.
The objective, rooted in the principles of grain boundary engineering, was to maximize
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dynamic recovery and control grain boundary angles. The validation of this model on
the duplex stainless steel showcased a heightened dynamic recovery and a reduction in
high-angle grain boundaries (>45◦). This not only improved the strength and flexibility
of the components, but also signified the potential of in situ heat treatment in the broader
landscape of additive manufacturing. To further cement the reliability and adaptability
of this method, experiments conducted on 316L austenitic steel echoed similar positive
outcomes in grain boundary angles and grain size consistency. The findings of this research
pave the way for an advanced grain boundary engineering approach in L-PBF. They
underscore the need for in-process microstructure control, which could trump traditional
post-processing techniques when dealing with complex geometries. The results also shed
light on the broader potential of in situ heat treatment in additive manufacturing, fortifying
the belief that grain boundary engineering is instrumental in optimizing the manufacturing
process of high-performance components.
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