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Abstract. In powder bed fusion by laser beam melting of metal (PBF-
LB/M), residual stresses form in the fabricated layers and affect the pro-
cess by promoting deformations and cracks. Certain tool steels are es-
pecially prone to such defects. This paper presents a concept to reduce
residual stresses in the PBF-LB/M manufacturing process of H13 tool
steel through selective laser heat treatment, inducing solid-state phase
transformations. These directly influence residual stresses due to the as-
sociated volume change of the crystal lattice. To assess the microstruc-
ture, an eddy current sensor is attached to the coating unit. Local tem-
perature conditions are recorded using a high-speed thermographic
camera. The captured data is translated into models using Bayesian op-
timization and gaussian process regression. Initial results show the suc-
cessful detection of microstructural changes through in-process laser
heat treatments. Subsequently, these measurements and models are uti-
lized determine process parameters for local laser heat treatment. The
targeted outcome is a technology that reduces residual stresses, thereby
minimizing deformations and cracks in additively manufactured com-
ponents.

1 Introduction

In the process of powder bed fusion of metal using a laser beam (PBF-LB/M), residual stresses develop in
the manufactured material layers due to localized melting and solidification processes and the associated plastic
deformations resulting from shrinkage or expansion. These residual stresses negatively impact the manufacturing
process as they promote the formation of deformations and cracks. This formation of residual stresses cannot be
completely avoided. To enable the additive manufacturing process for challenging materials such as H13 tool
steels, the formation of residual stresses must be deliberately controlled.

The formation of residual stresses can be attributed to various factors, including thermal and microstructural
reasons [Fitzpatrick, 2003]. Thermal effects typically cause tensile residual stresses, while solid-state phase trans-
formations can induce compressive residual stresses, as studied by Chen et al. (2021) and Narvan et al. (2021).
This work is based on the hypothesis that these two opposing effects offer potential to introduce compressive and
tensile residual stresses during the manufacturing process.

In the following sections, we will present the state of the art with different approaches to mitigating residual
stress, then outline the approach of this work. After that, we will discuss the first results, including eddy current
measurements and laser heat treatments to modify the microstructure. Finally, a summary and outlook will be
provided.
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2  State of the art

Existing approaches to managing residual stresses can be divided into three groups: pre-process, in-process, and
post-process. Pre-process approaches focus on simulation-based techniques where the CAD model is "pre-de-
formed" according to a simulation of the residual stresses [Afazov et al., 2021; Biegler et al., 2020; and Yaghi et
al., 2019]. This strategy ensures that the parts meet geometric requirements despite subsequent deformations due
to residual stresses. However, these methods are highly complex, requiring detailed simulations of manufacturing
and heat treatment post-processing which is computationally expensive. Additionally, they do not eliminate re-
sidual stresses, hence they do not prevent the formation of cracks.

In the in-process category, several approaches are pursued. The use of high-temperature build chamber heat-
ing involves heating the build chamber to high temperatures to reduce temperature gradients, thereby effectively
decreasing residual stresses [Kaess et al., 2023; Marques et al., 2020]. However, this approach requires specialized
equipment and adapted machine designs. Without jacket heating for the build cylinder, this method is only effec-
tive for the lowest layers and is currently feasible only for small build plates. Additionally, optimizing parameters
such as laser power, scanning speed and layer height can also help minimize residual stresses [Shi et al., 2019;
Kaya et al., 2021; Kaess et al., 2023]. Despite these optimizations, residual stresses cannot be completely elimi-
nated. Another approach named EOS Exposure OT & Smart Fusion involves reducing temperature gradients
through thermographic measurements and adjusting laser power via process control parameters, as demonstrated
by EOS GmbH [Yagmur et al., 2023]. While this method helps homogenize residual stresses, it does not fully
eliminate them.

In the post-process category, various methods are employed after the manufacturing process itself. One com-
mon technique is heat treatment, where diffusion processes and recrystallization during stress relief annealing are
used to reduce residual stresses [Song et al., 2014; Vrancken et al., 2012]. However, heat treatment does not
prevent the formation of cracks and deformations, and it can sometimes cause further deformation. Additionally,
the process is very time-consuming. Another technique is laser shock peening, where a high-energy laser pulse
vaporizes a thin layer, generating a shock wave that plastically deforms the material, thereby inducing compres-
sive residual stresses [Morgano et al., 2020; Hackel et al., 2018]. However, laser shock peening is also time-
consuming and requires specialized equipment.

The existing approaches to managing residual stresses have three main deficiencies: (1) deformations and
cracks can only be limitedly avoided, (2) pre- and post-process approaches are very labor-intensive, and in-pro-
cess approaches often require specialized equipment, and (3) the effect of solid-state phase transformation, as it
occurs in certain tool steels, is hardly considered. Therefore, the current strategies for dealing with residual
stresses are inadequate for challenging materials when processed with existing industrial equipment. To improve
the manufacturing process, the formation of residual stresses must be deliberately controlled.

3 Objective and approach

This approach aims to reduce residual stresses in the PBF-LB/M process using laser heat treatment. This
involves inducing a solid-state phase transformation, which, due to the associated volume change of the crystal
lattice, directly affects the residual stresses. As shown in Figure 1, after manufacturing each layer, compressive
residual stresses can accumulate, leading to deformations and cracks over several layers. The proposed strategy
involves locally applying laser heat treatment to modify the microstructure via solid-state phase transformation,
thus altering the residual stress locally and resulting in a macroscopically stress-free layer. The checkerboard
pattern shown in Figure 1 serves as an illustration, but the precise pattern still needs to be determined.
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Figure 1: Laser heat treatment approach for local microstructure modification in the PBF-LB/M process.

To effectively influence residual stress in additively manufactured parts, it is essential to understand the
current microstructure state after manufacturing each layer and determine the appropriate process parameters for
laser heat treatment. The relationship between the process parameters of laser heat treatment and the resulting
residual stress can be described through a series of interconnected steps: the chosen laser heat treatment parame-
ters influence the temperature profile, which in turn affects the microstructure, ultimately determining the residual
stress. The primary challenges in this endeavor include finding the correct parameters to generate a specific mi-
crostructure that corresponds with the desired residual stress state and managing the complexity of the process
and material behavior.

To address these challenges and capture the necessary relationships, we integrate measurement technologies
into the PBF-LB machine. For monitoring surface temperature, high-speed thermography is employed. This tech-
nigue, however, is only used during the model development phase and is not intended for use in the later stages
of the manufacturing process. For real-time monitoring of the microstructure during the process, eddy current
measurement is a suitable technique, as it is sensitive to microstructural changes in metal surfaces [Sahebalam et
al., 2014]. Unlike other methods such as X-ray diffraction (XRD), which are not feasible for in-process measure-
ment integration, eddy current systems can be integrated into the PBF-LB machine.

These integrated measurement techniques enable the development of models that describe the relationships
between laser heat treatment parameters, temperature profiles and microstructural changes. By leveraging these
models, we aim to manipulate material phases and, consequently, control residual stresses in the manufactured
parts.

As a material, AISI H13 (1.2344) will be used due to its significant solid-state phase transformations. Re-
search by Chen et al. (2021) and Narvan et al. (2021) has demonstrated that these transformations are strongly
influenced by the temperature history during the PBF-LB process, leading to the formation of different micro-
structures. Additionally, this material is extensively used in high-performance applications, providing a substan-
tial amount of comparative data for its material properties.

The implementation plan for this approach is divided into three sections: (1) integration of eddy current
sensor and data processing to determine microstructure during manufacturing, (2) development of process and
material models using Bayesian optimization to determine process parameters for needed laser heat treatment and
(3) performing laser heat treatments inside PBF-LB machine. An overview of the targeted technical implementa-
tion is shown in Figure 2, and is described in detail in the following sections.
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Figure 2: Technical implementation of in-process measurement and laser heat treatment, involving: (1) an eddy cur-
rent sensor on the recoating unit collects data during recoating without new powder and a condition model determines
microstructure composition from the data, (2) a process and material model derives necessary heat treatment parameters,
and (3) laser heat treatment locally modifies the microstructure.

3.1 [Eddy current sensor and microstructure measurement

The eddy current measurement technique utilizes electromagnetic induction to assess material properties
non-destructively. This method involves inducing currents in a conductor, which generate localized magnetic
fields that interact with the material's surface. By analyzing changes in these fields, precise measurements of
conductivity can be carried out. The eddy current measurement technique is sensitive to changes in microstructure
as these influence the electromagnetic properties [Sahebalam et al., 2014].

One of the primary challenges in utilizing eddy current sensors within the PBF-LB/M process is that the
sensor's signal is not solely influenced by the material phase but also by defects such as pores and surface rough-
ness. These additional factors complicate the accurate differentiation of material phases, necessitating a compre-
hensive approach to model development. To address this challenge, a full factorial design for the fabrication of
test specimens is employed. The material chosen for this study is AISI H13, which is subjected to various process
and post-process conditions to create a range of microstructures as well as defect and surface states. The factorial
design includes the following factors: (1) the microstructure, which will be influenced through a controlled heat
treatment process, and the covariates of (2) relative density and (3) surface condition, which will be manipulated
via the PBF-LB process and post-process surface treatment, respectively.

Following the fabrication of these test specimens, data acquisition is carried out. The data collected from
these samples is then used to develop models for the eddy current sensor. The input data for these models consists
of complex numbers, which undergo a process of feature extraction. The output data is the microstructure of the
test specimen surface in terms of retained austenite. Subsequently, regression models are employed to establish
relationships between the extracted features and the presence of retained austenite. These models should enable
precise differentiation between the material phases and be robust against the influence of relative density and
surface properties.
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The final step is to integrate this measuring system into an existing PBF-LB/M machine. For this purpose,
the measuring system is mounted on the coater of the machine, as shown in Figure 2, so that the near-surface
microstructure can be characterized by moving the coater after the production of each layer before and after the
heat treatment process.

3.2 Process and material model

Having integrated an eddy current measurement system to assess the microstructure during manufacturing,
the next step is to actively influence microstructural properties using laser-heat treatment. This requires the de-
velopment of process and material models.

The challenge in laser heat treatment processes lies in the multitude of input variables, such as power, scan
speed, and focus distance, combined with the inherent complexity of material behaviors. These factors signifi-
cantly influence the temperature distribution and the resulting microstructure. The physical modeling of the tem-
perature distribution and phase transformations involved is highly intricate and computationally intensive. Con-
sequently, an empirical substitute model is being developed to address these challenges.
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Figure 3: Approach to learning the process and material model using Bayesian optimization and gauss-
ian process models.

For the development of empirical models, the temperature distribution and microstructure are assessed using
in-process measurement techniques. To measure the temperature distribution accurately, high-speed thermogra-
phy is utilized during the development phase. The resulting microstructure is assessed using the eddy current
sensor, as described in the initial section of this approach. Given the extensive number of input variables, tradi-
tional Design of Experiments (DoE) methodologies become impractical due to the sheer volume of necessary
experiments. Therefore, Bayesian optimization is employed to efficiently navigate the experimental design space
(see Figure 3). The overall methodology can be summarized as follows:

1. Experiment: An experiment (index i) is carried out with a set of process parameters X;, including laser power
(Xj 1), scan speed (X; ), focus distance (X 3), hatch distance (X 4), and hatch strategy (X 5).

2. Measurement: During the experiment, both the resulting microstructure ¥; = f(X;) and temperature distribu-
tion Z; = f(X;) are measured for this specific set of process parameters X;. The temperature distribution Z;
here serves as an auxiliary variable.

1031



3. Training the Gaussian Process Model: The collected data is then used to train a Gaussian process model.
Gaussian process models are advantageous as they account for uncertainty in the predictions they make,
providing a probabilistic framework that is essential for our optimization efforts [Shahriari et al., 2016].

4. Creating an acquisition function to select parameters X;,1 for next experiment: The model's uncertainty is
exploited to develop an acquisition function. This function helps determine the next set of process parameters
for subsequent experiments. The acquisition function is a key component in Bayesian optimization, guiding
the search for optimal conditions [Shahriari et al., 2016].

This process forms an iterative loop, where each cycle involves conducting an experiment, updating the model
with new data, and using the acquisition function to select new parameters. Through this iterative approach, the
underlying relationships between process parameters and outcomes are gradually captured and refined within the
model. By employing this Bayesian optimization approach, we aim to drastically reduce the number of experi-
ments need and be able to precisely identify the necessary process parameters for laser heat treatment to achieve
a desired microstructure. In our study, considering that we have d = 5 input variables, we estimate that approxi-
mately 50 runs will be necessary for an initial Bayesian optimization experiment. This estimation follows the
empirical guideline by Loeppky et al. (2009) that suggests n = 10 d runs to achieve a reasonable level of predic-
tion accuracy.

3.3 Laser heat treatment

This last part of the approach, the laser heat treatment, integrates the results from sections 3.1 and 3.2 and allows
for control over microstructural characteristics. This technique faces several challenges, particularly the feasibility
of its application within a PBF-LB machine. The primary concern is the process parameter window available, as
the laser is typically used for melting material rather than mere heat treatment, and maintaining productivity at
the same time. Additionally, the method's effectiveness in achieving precise local microstructural adjustments is
crucial.

To address these challenges, samples need to be produced and locally adjusted. These samples will be char-
acterized in terms of the possible minimal size of the modified pattern, the transition between different micro-
structural regions, and the depth of laser heat treatment. So far, the primary focus has been on altering the micro-
structure. Moving forward, it is necessary to validate this approach and quantify the reduction in residual stresses.
This will demonstrate its capability to reduce warping and cracking, thus confirming the technique's overall effi-
cacy.

4 Results

The two most crucial prerequisites for the presented approach are the accurate measurement of different
microstructures using the eddy current sensor and the feasibility of in-process laser heat treatment to influence
microstructure. Consequently, the initial steps involve the integration of the sensor and conducting experiments
with laser heat treatment. The outcomes of these steps are detailed below.

4.1 Eddy current sensor

The integration of the eddy current sensor is shown in Figure 4 (a). Here, the measurement system W1 from
the company AMiquam SA is used. The system consists of a wireless acquisition module continuously collecting
data from the sensors, which are attached to the recoating mechanism system, enabling the system to monitor the
process between recoating steps. This setup includes two probes, each of which covers a line when moving over
the build plate area.
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Figure 4: Eddy current measurement in SLM280 HL machine. (a) Integration of AMiquam measurement system and
(b) first measurement using H13 test specimens.

Figure 4 (b) illustrates the first measurements conducted using two H13 bulk material test specimens. For each
test specimen, the half of the surface has laser heat treated. The graphs present the signal phase data from each
sensor probe as they moved over the specimens. The results show an increased signal phase in the heat-treated
areas. The prominent signal change in the marked edge area is attributed to edge effects caused by uneven eddy
current distribution. Overall, these results demonstrate the sensor's capability to accurately detect the change in
microstructure.

4.2 Laser heat treatment in SLM 280 HL. machine

The goal in regard to the laser heat treatment is to develop a strategy that enables laser heat treatment within the
used SLM 280 HL machine using the integrated 400W fiber laser by IPG. The approach involves utilizing the
defocus of the laser to achieve the desired microstructural changes. The experiments were conducted using con-
ventional H13 bulk material, which was turned and ground into specimens with dimensions of ¥30 mm and a
height of 10 mm. The process parameters are indicated in Figure 5.
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Figure 5: Measurements of retained austenite for laser heat-treated H13 specimens.
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Figure 5 presents the relationship between retained austenite and laser power, measured using X-ray diffrac-
tion. The results confirm that by adjusting the laser defocus via the build platform position, it is possible to alter
the microstructural composition of the material using the standard laser in the SLM 280 HL machine. This demon-
strates the feasibility of in-process laser heat treatment to influence microstructure, supporting the overall ap-
proach.

S Summary and outlook

The targeted outcome of this approach is to develop a technology for laser heat treatment in the context of the
Powder Bed Fusion by Laser Beam of Metal (PBF-LB/M) process. This technology aims to enable localized
solid-state phase transformation based on in-process detection of microstructure composition, ultimately reducing
residual stresses in additively manufactured components.

To achieve this, the approach involves qualifying in-process measurement equipment to assess the micro-
structure composition of additively manufactured layers. Using the data obtained from these measurements, pro-
cess and material models for laser heat treatment will be developed. These models will be based on Bayesian
optimization and Gaussian Process models, which will determine the optimal process parameters for local laser
heat treatment aimed at modifying the microstructure in specific regions. The overall goal is to minimize defor-
mations and cracks during the additive manufacturing process, thereby significantly enhancing the quality and
reliability of the manufactured components.

The integration of the eddy current sensor and the initial experiments with laser heat treatment have shown
promising results. The next steps will focus on refining these methods and further evaluating the sensor signals
to build a comprehensive model for assessing microstructure. Based on these findings, detailed process and ma-
terial models will be developed.

In addition to the presented approach, a critical question that still needs consideration is the penetration depth
of the laser heat treatment. Influencing the microstructure in the last manufactured layer alone is insufficient to
impact residual stress throughout the part. The laser heat treatment must penetrate deeply enough so that the
effects, such as changes in microstructure, are not negated by subsequently manufactured layers. This aspect of
the process will require further investigation to ensure effectiveness of the proposed approach in additive manu-
facturing applications.
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