
1 

Tempering of an additively manufactured microsegregated hot-work tool steel: a 

high-temperature synchrotron X-ray diffraction study 

 

Eduardo B. Fonseca1, Julian D. Escobar2, André H.G. Gabriel1, Giovani G. Ribamar2, 

Torben Boll3,4, Éder S.N. Lopes1,* 

1 School of Mechanical Engineering, University of Campinas (UNICAMP), 13083-860, 

Campinas, SP, Brazil 

2 Metallurgical and Materials Engineering Department, University of São Paulo (POLI-

USP), 05508-010, São Paulo, SP, Brazil 

3 Institute for Applied Materials (IAM-WK), Karlsruhe Institute of Technology (KIT), 

Hermann-von-Helmholtz-Platz 1, D-76344 Eggenstein-Leopoldshafen, Germany 

4 Karlsruhe Nano Micro Facility (KNMFi), Karlsruhe Institute of Technology (KIT), 

Hermann-von-Helmholtz-Platz 1, D-76344 Eggenstein-Leopoldshafen, Germany 

 

*Corresponding author: esnlopes@unicamp.br 

 

Abstract 

Rapidly solidified microstructures, produced by concentrated heat sources, have gained 

increasing attention due to the widespread expansion of additive manufacturing 

techniques. In laser powder bed fusion of tool steels, the as-built microstructure consists 

of a microsegregated network of cell-like walls decorated with retained austenite (RA). 

This inhomogeneous elemental distribution leads to phase transformation sequences 

dictated by local – instead of global – equilibrium. This work uses synchrotron X-ray 

diffraction to study the kinetics of retained austenite decomposition during tempering of 

a microsegregated as-built AISI H13 tool steel. The RA decomposition products are also 

characterized by hardness tests, scanning electron microscopy, and atom probe 

tomography. Present results evidence the formation of high temperature para-

equilibrium (T < 650°C) or equilibrium (T ≥ 650°C) microstructures. The para-equilibrium 

microstructural path evidences isothermally stable RA, which transforms into fresh 

martensite upon cooling due to carbon depletion. However, the cell-like 

microsegregation arrangement is retained due to insufficient homogenization of 

substitutional elements. The equilibrium microstructural path results in isothermal 

transformation of RA into ferrite + carbides, as well as dissolution of the cell-like 
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microsegregation structure. These results provide insights towards the understanding 

and development of optimized heat treatment cycles appropriate for such increasingly 

common inhomogeneous microstructures. The results are relevant not only to laser 

powder bed fusion, but also to other localized melting/remelting processes with 

associated high cooling rates. 

 

Keywords: powder bed fusion, AISI H13, atom probe tomography, retained austenite, 

martensite, heat treatment 

 

1. Introduction 

Hot-work tool steels are employed to manufacture molds and dies for applications 

in die casting, forging, and injection molding [1,2]. One of the most employed grades is 

the AISI H13 tool steel, which typically contains substantial additions of Cr (5 wt.%), Mo 

(1.3-1.4 wt.%), V (1 wt.%), and C (0.3-0.4 wt.%) for high-temperature microstructural 

stability, as well as carbide precipitation, essential for secondary hardening. Recently, 

the demand for complex geometries, shorter lead time, and cleaner production have 

stimulated the use of additive manufacturing (AM) over conventional forming and 

subtractive technologies [3–5]. Furthermore, AM allows strategic design of molds and 

dies with cooling channels that follow the tool’s profile, a methodology known as 

conformal cooling [3,6,7]. Consequently, faster and more uniform heat extraction can be 

achieved, which results in increased productivity and better quality of injected parts. 

The use of concentrated heat sources for AM produces a unique thermal history 

and consequently a microstructure which drastically differs from the one produced by the 

conventional and well-stablished manufacturing routes. For example, after laser powder 

bed fusion (L-PBF), the as-built microstructure consists of a highly segregated 

cellular/dendritic solidification structure, which promotes stabilization of circa 20 %-vol. 

of retained austenite (RA) at cell walls [8–11]. In wrought AISI H13, the amount of RA 

after quenching depends on the chemical composition, austenitizing temperature, and 

cooling rate [12,13]. However, the microstructure for tooling applications typically 

contains little if any RA to ensure dimensional stability of the finished parts [14]. 

The complete transformation of RA during tempering is essential in conventional 

hot-work tool steels to improve wear resistance, mechanical properties, and to provide 

adequate dimensional stability [15]. The thermal stability of this unconventional RA in 

H13 tool steels is therefore expected to be very high due to the strong segregation of Cr 

and Mo, initially added to the steel to guarantee high temperature stability [1,14]. Hence, 
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there is a current open challenge in the metallurgical field to reassess the heat treatment 

sequences of such highly segregated microstructures produced by additive 

manufacturing. Particularly, topics such as the evolution of microsegregation and the 

sequence of phase transformations (RA decomposition, martensite tempering, and 

carbide precipitation) should be revisited. 

Typical heat treatment of wrought hot-work tool steels consists of austenitizing, 

quenching and tempering cycles, which tailor the mechanical properties to the 

application. The as-quenched microstructure is predominantly martensitic, with RA and 

carbides. The high defect density and carbon supersaturation of martensite provide the 

driving force for microstructural evolution during tempering, which is typically categorized 

into stages according to the alloying and the temperature at which the phenomena occur 

[14]. At room temperature and up to 200°C, short-range diffusion of carbon atoms to 

dislocations and martensite boundaries promotes clustering, a phenomenon known as 

autotempering [1,16,17]. Between 100–200°C, transition carbides precipitate within 

martensite as very fine particles, and are generally not associated to substitutional 

alloying elements, because of their sluggish diffusion at such temperature range [18]. At 

higher temperatures, carbide precipitation increases, forming fine and dispersed 

particles, which promote secondary hardening. As carbide precipitation consumes 

carbon, martensite loses tetragonality but retains its lath or plate morphology, being 

identified as tempered martensite. Above circa 600°C, in a stage called overtempering, 

carbides coalesce, and martensite laths or plates coarsen, while the dislocation density 

is reduced by recovery and recrystallization, if there is sufficient strain energy [1,19]. 

Simultaneously to the evolution of martensite, retained austenite also undergoes 

decomposition. Although RA can transform to mixtures of ferrite and carbides during 

tempering, in high alloyed tool steels, it remains stable during tempering and transforms 

to martensite on cooling [1]. Based on CCT and TTT diagrams [8,20], austenite 

decomposition to ferrite and carbides occurs above 600–700°C, while martensitic 

transformation takes place below the martensite start (Ms) temperature, in the 300–

350°C range. Martensite formation is associated to carbide precipitation from austenite 

during tempering, which consumes carbon and locally increases the Ms temperature [14]. 

Up to date, most of the research efforts on additively manufactured AISI H13 tool 

steel have focused on applying conventional heat treatment routes designed for wrought 

material. Krell et al. evaluated several processing routes, including base plate preheating 

during L-PBF and post-processing heat treatments [8]. It was observed that RA 

decomposed after direct tempering at 500°C for 2h, and that the solidification structure 

only dissolved after tempering at 700°C for 2h. Both phenomena were attributed to the 
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poor mobility of heavier alloying elements. Åsberg et al. performed more complex heat 

treatment routes, with stress-relief, austenitization, quenching, and double tempering 

steps [21]. As a result, a microstructural similar to the conventional wrought material was 

obtained. However, high strength and ductility were only obtained when hot isostatic 

pressing was performed prior to austenitization. On the other hand, Yan et al. 

demonstrated that a change in the tempering temperature can result in a high-strength 

(600°C, 2h) or high-ductility (700°C, 2h) condition [22]. Previously mentioned works 

studied heat treatment routes of as-built microsegregated AISI H13 tool steel via post 

mortem methodologies. Alternatively, Deirmina et al. employed dilatometry and 

differential scanning calorimetry (DSC) to evaluate the transformations taking place 

during heat treatment [10]. It is suggested that carbides precipitate from RA during direct 

tempering, thus reducing the content of alloying elements, which promotes the 

martensitic transformation upon cooling. Simultaneously, martensite desaturation takes 

place, accompanied by the precipitation of secondary carbides. Although DSC and 

dilatometry are well-established techniques to evaluate phase transformations, the 

simultaneous effects of different phases can hardly be distinguished. Direct tempering 

without prior austenitization and quenching in parts produced by AM has shown potential 

to increase strength and fracture toughness, while still maintaining elevated ductility (thus 

increasing tool life) due to microstructural refinement during processing [22–25]. 

However, the unique as-built microstructure requires additional investigation to 

understand the transformation pathways upon different heat treatment routes, 

particularly regarding RA evolution. 

So far, it has been clarified that RA in additively manufactured AISI H13 tool steel 

is abundant [8,9], even applying base plate preheating during deposition [26]. Also, it is 

accepted that RA is detrimental to tool service life not only because of its low mechanical 

strength and resistance to wear, but also because its transformation into martensite 

during operation may cause cracking or distortion [10,27]. Innovative heat treatment 

cycles can be used to favor the RA transformation into martensite. Lerchbacher et al. 

proposed reducing the dwell time of the first tempering cycle to promote the martensitic 

transformation, thus improving the impact toughness [13]. Subsequent tempering cycles 

could be used to achieve the desired performance. To this point, hypotheses have been 

made about the sequence of RA decomposition, carbide precipitation, and evolution of 

lattice defects [10,12,22], but these heavily rely on post mortem analyses, besides 

dilatometry and DSC tests. Time-resolved phase-specific techniques are thus 

fundamental to unveil the processes of RA decomposition and microstructural evolution 
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of the martensitic matrix, optimizing heat treatment routes for as-built hot-work tool steels 

showing a poorly homogeneous microstructure. 

In this work, the authors propose a multimodal approach involving compositional 

and microstructural characterization to detail the phase transformations during the first 

cycle of tempering of a microsegregated hot-work tool steel. High-temperature in-situ 

synchrotron X-ray diffraction is used to directly explore the decomposition of RA (RA → 

martensite + carbides, or RA → ferrite + carbides) and the tempering of martensite (M' 

→ ferrite + carbides). Microstructural analyses address the microsegregation and 

secondary precipitation via scanning electron microscopy (SEM) and compositional 

analyses by atom probe tomography (APT). Our observations set a basis for 

understanding the microstructural pathways (equilibrium or para-equilibrium) during the 

thermal response of these novel microsegregated microstructures commonly obtained 

in AM processes. 

 

2. Materials and methods 

2.1. AM deposition 

Specimens for this study were produced by laser powder bed fusion using an 

OmniSint-160 AM machine (Omnitek) equipped with Yb:YAG fiber laser with maximum 

power of 400 W. AISI H13 tool steel powder was processed under Ar atmosphere, 

resulting in an O2 level below 700 ppm during processing (Southland Sensing OMD-

501D analyzer), using parameters determined in a previous study [11]: laser power of 

172 W, scan speed of 700 mm/s, hatch space of 80 µm, and layer thickness of 30 µm. 

Scan strategy consisted of 5-mm strokes and a pattern rotation of 32° between layers. 

Baseplate preheating was not applied. The chemical composition of the AISI H13 powder 

purchased from Carpenter Additive is presented in Table 1. 

 

Table 1. Chemical composition of the AISI H13 tool steel powder used in this study and 

the standard composition. 

 Fe C Cr V Mo Mn Si 

Powder [at.%] Bal. 1.64 5.71 1.08 0.78 0.34 2.02 

Powder [wt.%] Bal. 0.36 5.44 1.01 1.37 0.34 1.04 

Standard [wt.%] Bal. 0.32–0.40 5.13–5.25 1.0 1.33–1.40 --- 1.0 
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2.2. Ex-situ heat treatments 

Heat treatments were performed in cylindrical specimens with 5 mm in diameter 

and 10 mm in height, which were built with their longitudinal axis parallel to the build 

direction. Heat treatment routes consisted of direct tempering in air in an electric 

resistance furnace at 550, 575, 600, 625, and 650°C for 1h.  

 

2.3. Microstructural characterization 

As-built and tempered specimens were sectioned in half (mid-length) for 

metallography and prepared using conventional grinding and polishing techniques, using 

1 µm diamond paste and 0.02 µm colloidal silica. Finally, samples were etched with 5% 

Nital solution and analyzed in SEM using a ThermoFischer Quanta 650 and etched with 

Vilella’s reagent and analyzed in a Zeiss Evo MA 15. Scanning transmission electron 

microscopy (STEM) was performed on a thin lamella extracted from the as-built 

specimen using focused ion beam (FIB) lift-out procedure in a ThermoFisher Helios 

NanoLab 660. High-angle annular dark-field (HAADF-STEM) analysis was performed in 

a JEOL JEM-2100F microscope operating at an accelerating voltage of 200 kV. Vickers 

hardness tests were performed on polished surfaces using a LECO LMV-50V automatic 

tester, with a load of 0.3 kgf for 15 s. At least 18 measurements were performed in each 

sample, and average values are presented along with a confidence interval of 95%. 

 

2.4. In-situ heat treatments 

2.4.1. Apparatus 

High-temperature in-situ synchrotron X-ray diffraction (HTXRD) analyses were 

performed on bowtie specimens (dimensions provided in Supplementary Material Fig. 

S1) built in XZY orientation. The surface was polished with 1 µm diamond paste prior to 

characterization. The experiments were performed at the X-ray Thermo-Mechanical 

Scattering (XTMS) experimental station of the Brazilian Synchrotron Light Laboratory 

(LNLS/CNPEM). A beam energy of 12 keV (1.033202 Å) illuminated an area of 2 x 0.5 

mm on the specimen’s surface (schematically shown in Supplementary Material Fig. S1). 

The installation consisted of an X-ray diffraction beamline working in reflection mode, 

coupled with a Gleeble 3S50 thermomechanical simulator and a heavy-duty goniometer, 

where X-ray detectors were mounted. The thermomechanical simulator controlled the 

specimen temperature via type-K thermocouples discharge-welded to the center of the 

reduced section. The collected X-ray diffraction data allowed time-resolved tracking of 
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phase transformations along a predetermined heat treatment. The programmed thermal 

cycles were similar to the ex-situ furnace heat treatments and are schematically 

described in Fig. 1.  

 

2.4.2. Measurement conditions 

Specimens were heated to isothermal tempering temperatures at a constant rate 

of 0.833°C/s and held for 4200 s, followed by cooling to room temperature at a rate of 

3°C/s, which simulates forced-air cooling conditions. During heating and isothermal 

plateau, specimens were kept under vacuum. Upon cooling, the chamber was filled with 

argon gas to achieve the desired cooling rate. A continuous heating (CH) experiment 

was conducted from room temperature up to 950°C to evaluate the temperature-

dependent RA stability in the subcritical and intercritical fields. 

X-ray diffraction was collected in two modes: continuous and full scan. A 

schematic representation of the X-ray diffraction collection modes is indicated in Fig. 1. 

Full scans were acquired before heating the specimen (as-built full scan), by the end of 

the isothermal plateau (full scan before cooling), and after cooling the specimens to room 

temperature. These were performed by moving the goniometer in a step-by-step fashion 

to obtain a broad diffractogram including the FCC-phase (γ-austenite) {111}, {200}, {220}, 

{311}, {222}, {400}, {331}, {420}, and {422} peaks and the BCC-phase (α-ferrite and M'-

martensite) {110}, {200}, {211}, {220}, {310}, {222}, and {321} peaks. 

 On the other hand, continuous scans were collected with the goniometer in a 

fixed position, observing a smaller 2θ range, including the FCC-phase {111}, {200}, and 

{220} and the BCC-phase {110} and {200} peaks, thus allowing faster sampling rates. 

During heating and cooling, fast diffraction sampling was conducted with an exposure 

time of 6.0 s; while during the isothermal plateau, the exposure time was 66.7 s. A 

continuous acquisition sequence was used, allowing for less than 0.5 s of read-out time 

within consecutive measurements. A 2D detector (Rayonix SX165) was used to acquire 

the diffraction patterns during the tempering cycles at 550, 580, and 600°C and during 

the CH experiment. The tempering cycle conducted at 650°C involved two linear 

detectors (Mythen-1K), with exposure time of 10.3 s between consecutive collections. 
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Fig. 1. Heat treatment cycles studied during high-temperature in-situ synchrotron X-ray 

diffraction. The X-ray collection modes and the sequence of X-ray data collection are 

shown in the lower panel of the figure. The tempering time of 4200 s corresponds to 3600 

s in continuous acquisition mode and 600 s for a full-scan acquisition. CH: continuous 

heating. 

 

2.4.3. Data processing 

The 2D detector files were processed using Dracon, a MatLab-based software 

developed for users of the XTMS beamline. The process consisted of calibrating the 

detector and sample positions, and integrating the 2D Debye-Scherrer rings in the 

azimuthal angle to obtain typical intensity versus diffraction angle plots. Calibration was 

performed with Y2O3 powder, measured using the same acquisition setup. The 

diffractograms were processed using automatic profile fitting tools for large-scale batch 

processing, allowing the fitting and subsequent extraction of peak position, area under 

the peak, and full width at half maximum (FWHM) of the available BCC- and FCC-phase 

peaks.  

For each measured sample, lattice parameters and FWHM values were 

normalized by the corresponding initial as-built values. Thus, a/a0 and FWHM/FWHM0 

values are reported. The BCC {110} and FCC {111} peaks are partially convoluted, and 

therefore were not considered for lattice parameter or FWHM analysis. Instead, the BCC 

ferrite/martensite {200} and FCC retained/reverted austenite {200} peaks were used. The 
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volume fraction of austenite was calculated using the Averbach–Cohen method, as 

described in [28–30]. 

 

2.5. Atom Probe Tomography 

APT was carried out to study the elemental distributions in the as-built condition 

and after tempering at 575°C for 1h in furnace. Tips for APT were obtained by cutting 

the cylindrical specimens into 0.3 x 0.3 x 10 mm wires using a wire saw, which were then 

clamped to a copper holder. The wires were electropolished in two steps, first to form a 

neck and the final step to form the tip by separating both ends. Hence, the APT tips were 

obtained from the mid-length of the cylindrical specimens. The first electropolishing step 

was performed using a solution of 10%-vol. perchloric acid in acetic acid and a potential 

of 13–17 V between the wire sample and the counter electrode platinum ring. The final 

electropolishing step was performed using a solution of 2%-vol. perchloric acid in acetic 

acid and a potential of 14–15 V between the wire sample and a flat platinum counter 

electrode. 

A CAMECA LEAP 4000X HR was used in laser mode with a pulse rate of 100–

200 kHz, pulse energy of 50 pJ, tip temperature of 50 K, and detection rate of 0.5–1.0%. 

Tip reconstruction and analysis were performed in IVAS software, version 3.6.14. At least 

three tips were analyzed for each condition. Carbon-based isosurfaces were calculated 

to highlight martensite/RA interfaces. Additionally, 2D concentration heat maps were 

constructed from cubic regions of interest (ROIs) with 25 nm thickness. Local 

compositional analyses at the RA and martensite portions of the microstructure were 

performed after deconvolution of overlapping peaks in the mass spectrum, such as 12C+ 

and 12C12C++ at 12 Da, and 12C12C+ and 12C12C12C12C++ at 24 Da. Deconvolution of 

overlapping peaks was performed based on the natural abundance of the isotopes and 

taking into account the peaks of 13C+ at 13 Da, 12C13C++ at 12.5 Da, 12C13C+ at 25 Da, and 

12C12C12C13C++ at 24.5 Da. Cluster analyses were performed in the martensitic regions 

of the APT tips using the tenth nearest neighbor distributions for C, V, Cr, and Mo. 

 

3. Results 

3.1. Microstructural characterization before and after tempering 

The microstructure of the as-built and furnace heat-treated samples are shown in 

Fig. 2, along with their corresponding Vickers hardness. The microstructure of the as-

built sample is a result of fast solidification during AM and consists of a cellular/dendritic 
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solidification structure, which is effectively revealed by the Nital etch. Martensite was the 

main microconstituent, and noticeable martensitic blocks are indicated by the yellow 

arrows in the insert images obtained with Vilella’s etch (inserts in Fig. 2). RA is also 

present and preferably found at cell walls, as reported in the literature [8,10,11], leading 

to an as-built hardness of 564 ± 13 HV. Lath martensite can be observed in the STEM-

HAADF images in Fig. 3, along with small carbides. Carbide precipitation has been 

reported in AM of tool steels due to element partitioning, particularly C, Cr, V, and Mo 

[11,21,31]. 

The cellular/dendritic solidification structure is retained after tempering at 550 and 

575°C, while it partially degenerates after tempering at 600 and 625°C. At 650°C, the 

solidification structure is mostly erased, while the remaining cell walls become thinner. 

The martensite blocks (indicated by yellow arrows in Fig. 2) observed in the as-built 

condition and in the tempered specimens between 550 and 625°C are no longer visible 

in the specimen tempered at 650°C. Moreover, the presence of carbides (red arrows in 

Fig. 2) indicates that overtempered martensite is the main microconstituent of the 

specimen tempered at 650°C. Carbides are also found along prior cell walls, and grain 

boundaries are decorated with a carbide network. An overall increase in hardness was 

observed after tempering in the range between 550 and 625°C, achieving a peak of 651 

± 5 HV at 575°C. At 650°C, a considerable decrease in hardness to 487 ± 3 HV occurred, 

which is below the hardness of the as-built condition. The tempering curve is provided in 

the Supplementary Material, Fig. S2. 
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Fig. 2. Micrographs obtained by SEM-SE and Vickers hardness (HV0.3/15) values of the 

(a) as-built (AB) and (b-f) tempered specimens at (b) 550°C, (c) 575°C, (d) 600°C, (e) 

625°C, (f) 650°C. Low magnification images: Nital etch, high magnification inserts: 

Vilella’s etch. Yellow arrows: martensite blocks, red arrows: carbides. 
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Fig. 3. (a) Bright field and (b) HAADF-STEM images of the as-built AISI H13 tool steel 

showing martensite laths and carbides. 

 

3.2. High-temperature in-situ heat treatments 
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Representative diffractograms obtained in the HTXRD experiments are 

presented in the Supplementary Material in Fig. S3. Based on previous characterization 

[11], the as-built BCC peaks are initially regarded as martensite peaks, thus assuming 

that ferrite formation during L-PBF is either negligible or absent. Carbide peaks were not 

identified in the diffractograms due to limitations of the XRD technique regarding the 

volume fraction of carbides, assumed to be below 2%-vol. Thus, carbides were not 

considered in the phase fraction calculations. 

 

3.2.1. Decomposition of RA during heating stages 

Fig. 4a-b show the temperature- and time-resolved evolution of the austenite 

volume fraction, respectively, obtained from HTXRD. The starting volume fraction of RA 

ranged between 20 and 26%-vol. among 5 analyzed samples. Slight decrease in RA 

occurs in all cases during the heating stage of the tempering cycles, as shown in Fig. 4a. 

Additionally, sluggish decomposition of RA occurs upon continuous heating up to 743°C, 

followed by a fast decrease, reaching a minimum of 17%-vol. near 840°C. Above this 

temperature, sharp austenitization occurs, indicating that the microstructure has reached 

the intercritical range (Ac1 – Ac3). The equilibrium Ae1 and Ae3 temperatures for the AISI 

H13 tool steel are expected at 865°C and 904°C, respectively, according to ThermoCalc 

calculations using the TCFE9 database. The experimental results show anticipated 

austenitization and delayed complete austenitization compared to thermodynamic 

equilibrium conditions. 

 

 

Fig. 4. Evolution of the austenite volume fraction in as-built AISI H13 tool steel measured 

by HTXRD during different tempering cycles: (a) temperature-resolved, and (b) time-

resolved austenite dissolution. Hollow symbols are experimentally retrieved points. 
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Continuous lines were obtained after smoothing the experimental points by a weighted 

moving average method. Solid symbols correspond to full scan measurements. A time 

offset in (b) was applied so that isothermal plateau begins at zero seconds. CH: 

continuous heating. Error bars are indicated in each graph. 

 

3.2.2. Decomposition of RA during isothermal and cooling stages 

As seen in Fig. 4b, no significant variation in the fraction of RA occurs during the 

isothermal plateau within 550–600°C. However, complete decomposition of RA (RA → 

ferrite + carbides) happens within the first 600 s of the isothermal plateau at 650°C. The 

remaining stable RA at the end of the isothermal cycles within 550–600°C transforms 

into martensite during the cooling stage, as indicated by the vertical arrows in Fig. 4a. 

The higher the tempering temperature, the higher the Ms temperature, which is indicated 

in Table 2.  

The fraction of tempered martensite can be estimated from the microstructural 

balance at the end of the isothermal plateau (100% – RA); while the fraction of fresh 

martensite (Mfresh) can be determined as the difference between RA before cooling and 

RA after cooling. Therefore, the microstructures after tempering consist in a matrix of 

80% tempered martensite and increasing fractions of fresh martensite as the tempering 

temperature increases. A summary of the volume fraction of RA before tempering, right 

before cooling and after cooling is shown in Table 2, as well as the volume fraction of 

tempered and fresh martensite, and the Ms temperature. The Ms temperature was 

experimentally determined by the intersection of the two tangents, and it corresponds to 

the transformation temperature of the RA at each tempering cycle. After tempering at 

650°C, ferrite and carbides (volume fractions not shown in the table) are observed 

instead of fresh martensite due to the complete isothermal decomposition of RA. 

 

Table 2. Phase quantification of RA, tempered martensite and fresh martensite 

calculated from full scan measurements. The Ms temperature was retrieved from the 

cooling curves in Fig. 4 and the error was calculated from the data dispersion 

Tempering 
temperature 

[°C] 

Austenite [%-vol.] 
Tempered 
Martensite 

[%-vol.] 

Fresh 
Martensite 

[%-vol.] 

Ms 

[°C] As-built 
Before 
cooling 

After 
cooling 

550 24 20 6 80 14 260 ± 16 
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580 24 20 3 80 17 328 ± 17 

600 24 20 2 80 18 347 ± 18 

650 20 0 0 80 0 --- 

 

3.2.3. Evolution of lattice parameter and FWHM of martensite and RA 

Fig. 5 shows the evolution of the lattice parameters of martensite and RA, based 

on the BCC {200} and FCC {200} peaks, respectively. During heating and cooling, 

thermal expansions and contractions, respectively, are responsible for the linear 

behavior in the lattice parameters of martensite (Fig. 5a) and RA (Fig. 5c). Small 

deviations from linearity, associated to the onset of phase transformations, are observed 

right before reaching the isothermal stage, especially above 550°C. A clear non-linear 

lattice parameter reduction for martensite and RA can be noticed during continuous 

heating, especially between 550 and 743°C, indicating carbon depletion for both phases. 

During the isothermal plateau of the tempering cycles, the reduction in the lattice 

parameters of martensite (Fig. 5b) and RA (Fig. 5d) accelerates as the tempering 

temperature is increased. For example, the martensite lattice parameter drops to an 

almost constant value in the first 600 s at 650°C, while complete decomposition of RA 

simultaneously occurs. However, at 550°C, the reduction of the lattice parameters of 

both phases is more gradual and continuous, and within 1h of isothermal holding the 

martensite lattice parameter does not reach the values observed in the 650°C tempering 

experiment. These net reductions in lattice parameter of both phases can be associated 

with compositional evolution, i.e., carbon depletion of martensite and RA. Additionally, 

during cooling from 550–600°C tempering, the points of deviation from linearity of RA, 

i.e., lattice parameter increment, are consistent with the Ms temperatures, indicated by 

vertical arrows in Fig. 5c. 
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Fig. 5. Lattice parameter evolution retrieved from the {200} peaks of (a-b) 

martensite/ferrite and (c-d) RA during the tempering cycles of an AISI H13 tool steel in 

the as-built condition. Temperature-resolved (a, c) and time-resolved (b, d) calculations 

are provided. Hollow symbols are experimentally retrieved points. Continuous lines were 

obtained after smoothing the experimental points by a weighted moving average method. 

Solid symbols correspond to full scan measurements. A time offset in (b) was applied for 

the isothermal plateau to begin at zero seconds. CH: continuous heating. Error bars are 

indicated in each graph. 

 

The evolution of the FWHM of the BCC {200} and FCC {200} peaks, during the 

tempering cycles, is shown in Fig. 6. The FWHM of martensite (Fig. 6a) and RA (Fig. 6c) 

during the heating stage remain constant until approximately 450°C, followed by a 

modest reduction before reaching the isothermal temperatures. The CH cycle shows 

continuous reduction in the FWHM as a function of temperature between 550 and 900°C. 

Total peak refinements of 70–80%, compared to the normalized value (from 1.0 to 0.3–

0.2), are achieved for both phases near 965°C. Similar FWHM values for martensite are 
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observed at the end of the isothermal stage after tempering at 650°C (Fig. 6b). These 

reductions in FWHM can be rationalized as the process of effective microstructural 

softening, via reduction of the dislocation density of both phases through recovery or 

recrystallization, if the material still stores sufficient energy  [1,10,18,32]. 

During tempering at 550–600°C, more extensive and faster reductions in FWHM 

of martensite are observed as the tempering temperature increases. However, RA shows 

little additional reduction in FWHM (Fig. 6d) since most of it occurs during the heating 

stage. Upon cooling, the FWHM of martensite remains constant until the Ms temperature 

is reached. Afterwards, peak widening occurs again due to the convolution of fresh 

martensite (with a high dislocation density) and the tempered martensite matrix (with a 

reduced dislocation density). 

Contrasting, the austenite shows continuous peak widening as soon as the 

cooling stage initiates, indicating that RA is in a highly unstable condition after tempering. 

Three phenomena can explain this. First, as the martensitic matrix cools down, it induces 

higher strain in the soft austenite phase due to different thermal expansion coefficients. 

Second, when Ms is reached, the expansion associated to martensitic transformation 

further strains the remaining austenite. The last phenomenon is related to the X-ray 

diffraction technique itself. As the austenite volume fraction decreases – and thus the 

RA grain size decreases – due to martensitic transformation, the peaks in X-ray 

diffraction become less intense and wider, further increasing FWHM. 
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Fig. 6. FWHM evolution retrieved from the {200} peaks of (a-b) martensite/ferrite and (c-

d) RA during the tempering cycles of an AISI H13 tool steel in the as-built condition. 

Temperature-resolved (a, c) and time-resolved (b, d) calculations are provided. Hollow 

symbols are experimentally retrieved points. Continuous lines were obtained after 

smoothing the experimental points every 10-points by a weighted moving average 

method. A time offset in (b) was applied so that isothermal plateau to begin at zero 

seconds. CH: continuous heating. Error bars are indicated in each graph. 

 

3.3. APT compositional analysis of martensite and RA 

3.3.1. Elemental distribution in the as-built condition 

Fig. 7 displays 2D concentration profiles of C, Cr, V, Mo, Mn, and Fe relative to 

the microstructures in the as-built condition (a, b) and after tempering at 550°C (c). The 

as-built microstructure is characterized by a very heterogeneous distribution of the 

alloying elements. The upper part of the tip shows a C, Cr, V, Mo, and Mn richer region, 

here associated to a cell wall in agreement with other previous results in literature 

[10,11,24,33]. This region is interpreted as a highly segregated RA due to its high C 
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content (above 3 at.%) and its preferential position at a cell wall. Representative 

reconstructions of APT tips for the as-built and tempered conditions are shown in Fig. 

S4 in the Supplementary Material with the C isosurfaces outlining the interface between 

RA and martensite. 

Outside the cell walls, the martensite matrix exhibits an average C concentration 

below 1 at.%. Within the martensitic structure, other mid-carbon features (average C 

contents around 1–2 at.%) can be distinguished, for example, by the presence of parallel 

interfaces, potentially associated to lath interfaces or grain boundaries [17]. For example, 

Fig. 7b shows a 90°-rotation of the bottom region of Fig. 7a, in which black arrows 

highlight two C-rich parallel features. These features contain slightly higher 

concentrations of C, Cr, V, and Mo. Additionally, small globular V aggregates, marked 

by the black arrow in Fig. 7a, suggest the onset of VC clustering in the as-built 

microstructure. 

 

3.3.2. Elemental distribution after tempering at 575°C 

The compositional evolution after tempering at 575°C (Fig. 2c), which produced 

the maximum secondary hardening, is particularly interesting. The elemental 

distributions of C, Cr, V, Mo, Mn, and Fe are shown in Fig. 7c. Near the apex of the tip 

(top region of the 2D concentration profiles) clusters of C, Cr, V, and Mo are visible within 

the low C tempered martensite. Just below this region, a cluster-free region is also 

present. The cluster-free M'-(1) and cluster-rich M'-(2) regions might correspond to 

martensite laths formed at different temperatures [34]. 

A prior RA region (rich in Cr, V, Mo, and Mn) at a non-solubilized cell wall (Fig. 

2c) can also be observed. Interestingly, the C distribution inside this region is 

heterogeneous. Regions with C concentration above 4 at.% are most likely portions of 

residual RA (approximately 3%-vol.), while the regions with lower C concentrations are 

related to fresh martensite, product of RA decomposition. Fewer RA grains are found in 

the tempered APT tips due to the reduced RA volume fraction after tempering, as 

indicated in Table 2. Two interfaces near the bottom of the tip (highlighted in the Mn 

concentration profile) show local spikes of C, Cr, V, Mo, and Mn. These interfaces are 

assumed to be martensite/RA boundaries [35,36]. 

Table 3 shows the chemical composition of the RA, M', Mfresh, M'-(1) and M'-(2) 

by positioning ROIs within these regions followed by peak deconvolution analysis. Each 

region listed in Table 3 is identified in Fig. 7a and c. These compositions were used to 

estimate the Ms transformation temperature using the extended equation proposed by 
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Barbier [37]. Although the Ms of RA in the as-built and tempered conditions are above 

room temperature, RA remained in the evaluated specimens, indicating that the 

martensite finish temperature (Mf) is still below room temperature. 

A much higher Ms temperature is expected for the as-built martensite 

composition, indicating that transformation potentially takes place at circa 408°C during 

cooling from L-PBF. In the tempered sample, the compositions of RA and Mfresh are very 

similar except for the C content. As a result, the Ms temperature of Mfresh is higher than 

that of RA, which has a higher C content. The Ms for regions M'-(1) and M'-(2) correspond 

to the transformation that took place during L-PBF and they are consistent with the 

values obtained for martensite in the as-built condition and for Mfresh in the tempered 

condition. 
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Fig. 7. Atom probe tomography compositional analysis (at.%) presented by 2-D 

concentration profile heat-maps obtained from: (a-b) two orthogonal rotations of an ROI 
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in the as-built sample, and (c) sample tempered at 575°C. M': martensite, RA: retained 

austenite, Mfresh: fresh martensite. Notice (b) corresponds to the orthogonal rotation of 

the bottom region of (a). Concentrations are in at.%. ROI dimensions for the as-built case 

were 25 x 55 x 570 nm³. ROI dimensions for the tempered condition were 25 x 75 x 440 

nm³. 

 

Table 3. Chemical composition (at.%) and Ms temperature of retained austenite (RA) and 

martensite regions as indicated in Fig. 7. Compositions were calculated after peak 

deconvolution using ROIs in the as-built and tempered samples. 

Sample ROI 

Composition [at.%] 
Ms 
[°C] 

Fe C Cr V Mo Mn Si 

As-built 

RA 
Bal. 

3.71±
0.03 

7.16±
0.02 

1.44±
0.01 

0.87±
0.01 

0.42±
0.01 

1.98±
0.01 

134 

M' 
Bal. 

0.53±
0.01 

5.47±
0.01 

0.97±
0.01 

0.58±
0.01 

0.31±
0.01 

2.23±
0.08 

408 

Tempered 
575°C 

RA 
Bal. 

3.91±
0.02 

7.46±
0.03 

1.45±
0.01 

0.88±
0.01 

0.45±
0.01 

1.97±
0.02 

119 

Mfresh 
Bal. 

0.55±
0.02 

7.57±
0.03 

1.49±
0.01 

0.87±
0.02 

0.44±
0.01 

1.88±
0.04 

383 

M'-(1) 
Bal. 

0.42±
0.01 

5.68±
0.01 

1.01±
0.01 

0.62±
0.01 

0.34±
0.01 

2.19±
0.10 

416 

M'-(2) 
Bal. 

0.96±
0.01 

5.48±
0.01 

0.94±
0.01 

0.55±
0.01 

0.31±
0.01 

1.98±
0.10 

367 

 

Fig. 8 shows the results of clustering analysis within the martensite matrix using 

the nearest neighbor distribution method for C, V, Cr, and Mo individually. Carbon 

clustering is readily present in the as-built condition and is also observed after tempering, 

as shown in Fig. 8a. The experimental distribution for V, depicted in Fig. 8b, evidences 

a small deviation from the random distribution in the as-built condition. However, the 

significant shift toward lower d-pair values in the experimental distribution for the 

tempered specimens indicates the onset of V clustering in martensite. Both Cr and Mo 

show negligible clustering in martensite in the as-built and tempered conditions, as 

shown in Fig. 8c and d, respectively. For the specimens with significant clustering, either 

carbon clusters in the as-built and tempered conditions and vanadium clusters in the 
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tempered condition, cluster composition profiles are shown in Fig. S5 in the 

Supplementary Material. While in the as-built condition the C clusters displayed a slight 

increase in V and Cr content, in the tempered condition a significant increase in Cr, V, 

and Mo is observed. The concentration profile of the V clusters in the tempered specimen 

shows an increased content of C, Cr, and Mo inside the clusters. 

 

 

Fig. 8. Nearest neighbor distribution for (a) C, (b) V, (c) Cr, and (d) Mo for representative 

samples in the as-built (AB) and tempered at 575°C (T) conditions. Experimental 

distributions shown as continuous lines and random distribution shown in dashed lines. 

Analyses performed in martensitic regions of the APT tips. 

 

4. Discussion 

Our results clarify that the complex network of microsegregations obtained in the 

as-built condition evolves differently depending on the tempering temperature. Due to 

microsegregation, local equilibrium conditions need to be considered when investigating 
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the phase transformations of as-built microstructures. As suggested by Yan et al., two 

main pathways were identified [22] and are presently correlated to the microsegregated 

structure. Low temperature transformations (T < 650°C) lead to metastable 

decomposition of RA, where RA is isothermally stable but transforms into martensite 

upon cooling, because of RA desaturation during tempering and associated carbide 

precipitation. High temperature transformations (T ≥ 650°C) imply isothermal ferrite 

formation, carbide precipitation and coarsening, and almost complete dissolution of 

microsegregation network. A schematic representation of the microstructural evolution 

is shown in Fig. 9. To better understand the current findings, we propose to discuss three 

critical topics: (i) the microsegregated as-built microstructure, and the thermal 

decomposition (ii) below 650°C, and (iii) above 650°C. 

 

 

Fig. 9. Pathways for tempering of a highly segregated hot-work tool steel obtained by 

additive manufacturing with thermally-stable retained austenite. M': martensite, Mfresh: 

fresh martensite transformed from RA after tempering, M'': overtempered martensite, 

RA: retained austenite, F: ferrite, C: carbide. 

 

4.1. Characterization of the microsegregated microstructure (as-built) 

The as-built microstructure is composed of lath martensite (Fig. 3) and circa 24%-

vol. RA in a cellular/dendritic solidification structure (Fig. 2a), where RA is mainly at the 
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cell walls (schematically shown in Fig. 9). This microsegregated microstructure is 

inherent to tool steels processed by L-PBF, laser cladding, and similar rapid solidification 

processes [8,10,38–40]. APT observations clarify the enrichment of C, Cr, V, and Mo at 

cell walls where RA is stable. This is consistent with results previously obtained by 

simulations and semi-quantitative experimental measurements [8,11,41]. 

The partitioning of elements to RA locally decreases the Ms temperature (Table 

3), preventing the formation of a fully martensitic as-built microstructure, as previously 

stated in the literature [8,25]. The migration of C atoms preferably to lath boundaries 

even in high dislocation density structures is in agreement with previous literature for 

other grades of martensitic steels [17,42]. Fig. 10 shows the equilibrium volume fraction 

of ferrite and austenite as a function of temperature. These thermodynamic calculations 

are presented for experimentally observed compositions (obtained from APT local 

analyses) at (i) as-built cell walls (RA), (ii) as-built cell cores (martensite), (iii) tempered 

cell walls (Mfresh). These results are also compared to the nominal composition 

(solubilized state). The microsegregated microstructure at the cell walls has a complex 

composition, containing both austenite stabilizing (C) and ferrite stabilizing elements (Cr, 

Mo). However, the synergic effect of such complex segregation results in a lower Ae1 

temperature than the solubilized state. Whereas the cell core and the decomposed cell 

wall (Mfresh) both show higher Ae1 temperatures relative to the nominal composition. This 

confirms that microsegregation at cell walls is the cause of RA stabilizing. Carbon 

presents a particularly strong effect in the stabilization of RA. This is especially clarified 

by comparing the Ae1 temperatures of the as-built and tempered (Mfresh) cell walls in Fig. 

10, where the main difference is the strong carbon depletion of the latter. 
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Fig. 10. Equilibrium volume fractions of ferrite and austenite calculated using 

ThermoCalc software and the TCFE9 database. The simulated cell core, cell wall and 

Mfresh cases are based on the measured compositions using APT local compositional 

analysis (Table 3). 

 

4.2. The equilibrium pathway: isothermal decomposition of RA into 

ferrite and carbides 

At 650°C tempering, RA fully decomposes within 600 s in the isothermal plateau, 

as shown by the austenite fraction in Fig. 4b. The decomposition of RA at 650°C is 

consistent with CCT and TTT diagrams reported in the literature, but it occurs at shorter 

times than in the wrought counterparts [8,20]. Simultaneously, the lattice parameters and 

FWHM of austenite and martensite sharply decrease in the beginning of the isothermal 

plateau. The martensitic lattice parameter reaches a steady value after 600 s, which 

suggests that martensite is no longer supersaturated in C. The reduction of the 

martensitic (BCC peaks) FWHM can be explained by two concurrent phenomena: the 

overtempering of martensite, and the transformation of RA into ferrite, which has a lower 

dislocation density than martensite. Thus, as the RA transforms into ferrite, FWHM has 

the convoluted effects of the low-dislocation-density ferrite and the high-dislocation-

density martensite. Simultaneously, overtempering of martensite is responsible for stress 

relaxation, and dislocation rearrangement [27,43], also promoting a reduction of FWHM 

as the martensite laths coarsen. Both the transformation of RA into ferrite and the 
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overtempering of martensite are accompanied by the precipitation and coarsening of 

carbides. The resultant microstructure is characterized by ferrite (transformed from RA), 

and coarsened lath martensite (due to martensite overtempering) and carbides, as 

observed by SEM in Fig. 2f. Similar microstructures were also reported in L-PBF samples 

tempered at 650°C for 2h [44] and 5h [45]. These phenomena contribute to the hardness 

decrease at 650°C tempering. The complete decomposition of RA is accompanied by 

the dissolution of the solidification structure [8,32], which contributes to the decrease in 

hardness relative to the other tempered specimens, since the cell walls limit dislocation 

movement by a dislocation trapping and retention mechanism [22,46,47]. As a result, the 

hardness of the samples tempered at 650°C was the lowest among the analyzed 

samples. The 650°C tempering represents the microstructural evolution of the as-built 

microstructure toward the equilibrium condition. 

 

4.3. The para-equilibrium pathway: isothermal RA stability with 

martensitic transformation upon cooling 

It has been suggested that during tempering of additively manufactured tool 

steels, RA decomposition and secondary carbide precipitation from martensite occur 

simultaneously at 600°C [10]. Our direct observations via HTXRD show that during 

tempering within 550–600°C, RA remains stable during the isothermal plateau and 

undergoes martensitic transformation upon cooling, as suggested in [22,23,25,27,44]. 

However, it should be noted that both substructural (FWHM) and compositional (lattice 

parameter) evolution can take place isothermally. The substructural evolution can be 

interpreted as the degree of recovery (dislocation annihilation); while the compositional 

evolution is associated to carbon mobility. 

Regarding substructural evolution, Deirmina et al. analyzed a sintered AISI H13 

and suggested volumetric recovery starting at 400°C [48]. Nanesa et al. indicated that 

volumetric recovery occurred at tempering temperatures between 250–500°C, but also 

stated that the temperature interval can vary with chemical composition [49]. Our phase-

specific analysis indicate that recovery occurs in both RA and the martensitic matrix, 

especially above 500°C, as observed by the onset of FWHM reduction in both phases 

(Fig. 6a and c). Upon cooling, the FWHM of RA strongly increases, highlighting that this 

metastable isothermal condition is strongly dependent on temperature. 

Simultaneously, the RA lattice parameter reduction in the isothermal plateau (Fig. 

5c) suggests a decrease in the content of alloying elements dissolved in RA, as predicted 

by the relationship between lattice parameter and chemical composition [50]. Our APT 
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observations in Table 3 show that the decomposed RA (namely Mfresh) shows a similar 

composition relative to the as-built RA, except for carbon depletion. This result indicates 

that diffusion of substitutional alloying elements is negligible, thus lattice parameter 

obtained by HTXRD data can be correlated to carbon content. As substitutional alloying 

elements are assumed to have negligible mobility, para-equilibrium was the term 

employed to describe such pathway. However, no assertions are made regarding the 

chemical potential of the elements in RA and martensite. It can be stated that C depletion 

in RA during the isothermal plateau is responsible for locally increasing the Ms 

temperature [13], thus leading to martensitic transformation upon cooling. The C 

depletion in RA due to carbide precipitation during tempering is a known mechanism for 

promoting martensitic transformation in wrought tool steels [14]. 

A significant increase in hardness is expected due to RA transformation into fresh 

martensite. However, hardness depends on the complex interaction between martensitic 

transformation, secondary hardening, and prior martensite tempering. Despite the higher 

fraction of fresh martensite after tempering at 600°C (Table 2), the final Vickers hardness 

is lower than that of samples tempered at 550 or 575°C. During tempering, carbide 

precipitation, as well as nano-sized C and V clustering occurs (Fig. 8). This leads to a 

strong secondary hardening effect, especially at 575°C, most likely due to dislocation 

pinning by the Orowan mechanism. Carbon clustering has been observed in martensitic 

steels due to autotempering [16,51]. Our data shows C clustering in the as-built 

condition, followed by additional strengthening of C and V clustering tendencies after 

tempering at 575°C. The detected C and V clusters also show enrichment in Cr and Mo, 

which suggests that these nano-sized regions are related to the onset of nucleation of 

other complex carbides. Besides V-rich MC, the most common carbides in AISI H13 tool 

steel are V-rich M8C7, Cr-rich M23C6 and M7C3, and Mo-rich M6C and M2C [52,53]. 

Detailed information regarding cluster compositional analysis is shown in the 

Supplementary Material (Fig. S5). As clusters and carbides form, alloying elements are 

consumed from the supersaturated martensitic matrix, reducing the lattice parameter. At 

higher tempering temperatures (600 and 625°C), martensite laths and carbides slightly 

coarsen, martensite supersaturation further reduces, and dislocation density declines, 

leading to a decrease in hardness [27,44]. 

A large fraction of RA remains stable during continuous heating, even above 

650°C. Between 550 and 743°C, the thermal expansion of the austenitic lattice 

parameter (Fig. 5c) is outweighed by the compositional evolution, i.e., C depletion. Above 

743°C, the volume fraction of austenite slightly decreases, but not completely. This 

indicates the important role of microsegregation on the generation of a metastable 



29 

transition state, which leads to a sluggish dissolution of RA and to delayed nucleation of 

ferrite. 

 

5. Conclusions 

The phase transformation kinetics associated with the decomposition of the cell-

like microsegregated microstructure of an additively manufactured AISI H13 tool steel is 

investigated in this work. Time- and temperature-resolved quantification of retained 

austenite (RA) was obtained during in-situ tempering cycles using synchrotron X-ray 

diffraction. The RA decomposition products were characterized via scanning electron 

microscopy and atom probe tomography. Multi-modal microstructural analysis clarified 

that the cellular/dendritic solidification structure retains 20–26%-vol. of RA due to 

microsegregation of C, Cr, V, and Mo. In-situ characterization allowed us to separate the 

microstructural evolution of this microsegregated microstructure into two decomposition 

paths: para-equilibrium (T < 650°C) and equilibrium (T ≥ 650°C). 

Throughout the para-equilibrium pathway (T < 650°C), the fraction of RA remains 

mostly unchanged at high temperature, but undergoes martensitic transformation during 

cooling due to C depletion induced by secondary carbides precipitation. Yet, a residual 

presence of RA (2–6%-vol.) remains stable at room temperature after tempering for 1h. 

No significant dissolution of the microsegregation network is observed during low 

temperature tempering (550–575°C). Secondary hardening occurs due to incipient 

carbide precipitation and nanometric clustering of C and V. C clusters, already found in 

the as-built condition due to autotempering, became enriched with Cr, V, and Mo after 

tempering. In the higher tempering temperature range (600–625°C), the solidification 

structure partially dissolves, and hardness decreases due to carbide coarsening and 

martensite recovery. 

The equilibrium pathway (T ≥ 650°C) allows direct high temperature 

decomposition of RA into ferrite and coarse carbides within the first 600 s of the 

isothermal soaking at 650°C. Temperature-assisted enhanced diffusivity leads to an 

overtempered microstructure, where the coarsening of martensite laths, coalescence of 

carbides, reduction of the dislocation density, and dissolution of the microsegregated cell 

walls promote softening. 

These results are useful for the design of novel heat treatment routes that can be 

more appropriate for microsegregated microstructures. For example, fast single-step 

tempering cycles (at least 10 minutes at 650°C) will provide soft and overtempered 

martensite with complete dissolution of RA. Contrasting, low temperature tempering (1h 
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at 575°C) will produce secondary hardened microstructures containing large quantities 

of fresh martensite. This offers the potential for custom microstructural design for high 

toughness or high wear resistance applications, respectively. As it is usual for tool steels, 

multiple tempering cycles are necessary, especially to temper any fresh martensite. 

Thus, subsequent tempering cycles need to be assessed for industrial applications. 
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Supplementary Material 

 

Fig. S1. Bow tie specimens produced by L-PBF and used in high-temperature in-situ 

synchrotron X-ray diffraction (HTXRD) experiments. BD: build direction; RD: recoater 

direction; TD: transverse direction. Dimensions in mm. 
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Fig. S2. Tempering curve of the AISI H13 tool steel produced by L-PBF. Heat treatments 

were performed in an electric resistance furnace for 1h. AB: as-built. 
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Fig. S3. Representative diffractograms obtained in HTXRD experiments for the 

tempering heat treatments at (a) 550, (b) 580, (c) 600, and (d) 650°C. 
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Fig. S4. Atom probe tomography ion maps and carbon isosurfaces for representative 

samples of (a) as-built, and (b) tempered at 575°C AISI H13 tool steel. M': martensite, 

RA: retained austenite. 
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Fig. S5. Cluster concentration profiles for carbon clusters in (a) as-built and (b) tempered 

at 575°C conditions, and (c) for vanadium clusters in the tempered condition. Cluster 

search performed in martensitic regions of the APT tips. The distance in the composition 

profiles is normalized so that 0 corresponds to the center of the clusters, and 1 to the 

outer surface of the clusters; values larger than 1 correspond to the martensitic matrix. 

 


