
Acta Materialia 246 (2023) 118713

Available online 19 January 2023
1359-6454/© 2023 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Full length article 

Solidification modes during additive manufacturing of steel revealed by 
high-speed X-ray diffraction 

Hans-Henrik König a, Niklas Holländer Pettersson a, A. Durga a,1, Steven Van Petegem b,*, 
Daniel Grolimund c, Andrew Chihpin Chuang d, Qilin Guo e, Lianyi Chen e, Christos Oikonomou f, 
Fan Zhang g,*, Greta Lindwall a,* 

a KTH Royal Institute of Technology, Brinellvägen 23, Stockholm SE-10044, Sweden 
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A B S T R A C T   

Solidification during fusion-based additive manufacturing (AM) is characterized by high solidification velocities 
and large thermal gradients, two factors that control the solidification mode of metals and alloys. Using two 
synchrotron-based, in situ setups, we perform high-speed X-ray diffraction measurements to investigate the 
impact of the solidification velocities and thermal gradients on the solidification mode of a hot-work tool steel 
over a wide range of thermal conditions of relevance to AM of metals. The solidification mode of primary δ-ferrite 
is observed at a cooling rate of 2.12 × 104 K/s, and at a higher cooling rate of 1.5 × 106 K/s, δ-ferrite is sup-
pressed, and primary austenite is observed. The experimental thermal conditions are evaluated and linked to a 
Kurz-Giovanola-Trivedi (KGT) based solidification model. The modelling results show that the predictions from 
the multicomponent KGT model agree with the experimental observations. This work highlights the role of in situ 
XRD measurements for a fundamental understanding of the microstructure evolution during AM and for vali-
dation of computational thermodynamics and kinetics models, facilitating parameter and alloy development for 
AM processes.   

1. Introduction 

Additive manufacturing (AM) of metals, or metal 3D printing, has 
attracted increasing attention due to the geometrical design freedom, 
allowing for new, previously unimaginable applications of metallic 
materials [1]. Furthermore, AM processing often introduces unique 
microstructures [2,3]. The most common metal AM technology is based 
on melting and subsequent solidification of metal powder layers using a 
laser energy source, i.e., laser powder bed fusion (L-PBF), where metallic 
components are created layer-by-layer from the powder feedstock [4]. 
The high laser scanning speeds create comparable small melt pools that 
solidify rapidly resulting in solidification structures governed by highly 
transient solidification conditions [1]. 

Solidification is an extensively studied topic, and decades of research 
have advanced our fundamental understanding of solidification through 
both, the development of rigorous analytical models and accurate nu-
merical approaches, e.g., [5–7], and the access to sophisticated experi-
mental techniques, e.g., [8–10]. Solidification is one of the most critical 
processing steps for metals and alloys, and advances within the field 
have been crucial for the design of new metallic materials and innova-
tive metallurgical processes such as metal AM. Independently of the 
process, the resulting solidification structure is determined by the 
molten region shape and the specific conditions at the liquid-solid 
interface represented by the local thermal gradient (G) and the solidi-
fication interface velocity (V) [11]. The ability to steer these conditions 
through process specifics and alloying enables localized control of the 
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microstructure and is instrumental in the current development of AM 
[12,13]. For conventional metallurgical processes, solidification can 
often be described by assuming local equilibrium at the solidification 
front (the phase boundary) between the liquid and solid phases [14]. 
However, at the high solidification velocities typical for the AM pro-
cesses, deviation from such a local-equilibrium assumption is expected 
[3]. 

The transition from equilibrium to non-equilibrium solidification can 
be treated as a function of V and G, and it has been shown that, with 
increasing V, the elemental partitioning deviates from the equilibrium 
value (solute trapping), and the liquid-solid interface morphology 
changes [15]. In addition, the primary solidification of a metastable 
phase may occur [8]. This is of technical importance for L-PBF pro-
cessing of austenitic or martensitic steels as it has been shown in the 

welding literature that higher solidification velocities may alter the so-
lidification mode [9,16] and suppress the δ-ferrite formation, impacting 
the hot cracking susceptibility [17,18] or the mechanical properties of 
steel welds [19]. Since the AM process resembles the solidification 
events typical for laser welding [1], the fundamental principles con-
trolling the solidification microstructure during welding are also rele-
vant for AM. However, the question arises as to what extent we can 
leverage existing solidification models developed for laser melting and 
welding to predict the microstructure evolution during AM. 

Previously, Chou et al. [20] studied the solidification structure in an 
L-PBF processed hot-work tool steel and applied the 
Kurz-Giovanola-Trivedi (KGT) [15] solidification model for laser 
melting [17] and welding [8,17] to calculate the dendrite tip tempera-
tures for δ-ferrite and austenite (γ) under L-PBF conditions. The calcu-
lations showed that at higher solidification velocities, in the range 
expected during L-PBF, γ may have a higher tip temperature and, 
therefore, a higher driving force to form as the primary solidification 
phase compared to δ-ferrite, which is the primary solidification phase if 
local equilibrium holds at the liquid-solid interface [20]. The results 
were compared with a microstructural characterization of the as-built 
material, which showed no signs of δ-ferrite. However, the inference 
about the solidification mode during AM from post-process micro-
structure characterization of the as-built material is limited. Instead, 
synchrotron in situ X-ray measurements that allow for recording of the 
microstructure evolution during AM with high temporal (several MHz 
[21]) and spatial resolution (1 µm [22]) can address these phenomena 
[23]. Several synchrotron sample environments for in situ and in oper-
ando X-ray imaging and diffraction during AM have been developed and 
successfully implemented [24–31] to study, e.g., melt pool dynamics 
[32,33], pore [33,34] and crack evolution [35,36], phase trans-
formations [30,37], stress evolution [38,39] and thermal conditions 
[40,41]. 

In the present study, we utilize two different in situ L-PBF sample 
environments implemented at synchrotron beamlines at the Swiss Light 
Source (SLS), Switzerland [27] and at the Advanced Photon Source 
(APS), USA [24], to understand the solidification modes of a hot-work 
tool steel under two processing conditions. The goal is to elucidate the 
solidification mode, focusing on the change of the solidification mode 
from primary δ-ferrite to primary γ with increasing solidification ve-
locity. The experimental results are compared to calculations based on 
the KGT solidification model, utilizing an analytical thermal model to 
link measured cooling rates with thermal conditions at the melt pool 
scale. 

2. Methods 

2.1. Material 

The material studied in this work is a martensitic hot-work tool steel 
with the composition listed in Table 1. The equilibrium phase fractions 
of this composition are calculated using the Thermo-Calc Software 
package [42] employing the Thermo-Calc Software TCFE 
Steels/Fe-alloys database version 11 [43] (Fig. 1) for a temperature 
range from 1400 K to 1800 K, which is relevant for the solidification 
observations. The equilibrium phases in this temperature range are 
liquid, δ-ferrite (bcc) and γ-austenite (fcc), suggesting that during so-
lidification where local interface equilibrium is valid, the solidification 
mode is primary δ-ferrite. The liquidus temperature is ≈ 1760 K. 

To evaluate the thermal expansion effect of the γ phase, the coeffi-
cient of thermal expansion (CTE) in the temperature range of 1400 K and 

Table 1 
Nominal composition of the steel powder in mass-%.  

Element Fe C Cr Mo V Mn Si N 

Composition [mass-%] Bal. 0.35 4.93 2.24 0.54 0.45 0.25 0.049  

Fig. 1. Calculated equilibrium phase fractions of the studied material in the 
temperature range 1400 K to 1800 K showing that δ-ferrite is the primary so-
lidification phase at equilibrium conditions. 

Fig. 2. Coefficient of thermal expansion of γ from 1400 K to 1800 K.  
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1800 K was calculated using the Thermo-Calc Software TCFE Steels/Fe- 
alloys database version 11 [43] (Fig. 2). Within this temperature range, 
the change in CTE is subtle (≈ 0.5 %) and the CTE can be reasonably 
approximated as constant (CTE = 2.18×10− 5 K− 1) at liquidus 
temperature. 

Different specimens were used for the in situ XRD experiments 
depending on the sample environments. A nitrogen-atomized powder 
feedstock was used for the experiments at SLS. This powder was sieved 
to 20–50 µm size fraction and used to additively manufacture miniature 
builds on a build plate manufactured from a soft annealed version of the 

same alloy. For the APS experiments, an EOS M290 was used to fabricate 
a cuboid with dimensions of 9 mm × 11 mm × 54 mm from the same 
starting powders. From this cuboid, thin plates of dimensions 0.5 mm ×
3 mm × 40 mm were extracted with electrical discharge machining. The 
plate surfaces had a 1200 grit finish using SiC paper before the laser 
melting experiment. 

2.2. In situ X-ray diffraction measurements 

The two sample environments utilized to study the solidification 
behaviour of the hot-work tool steel at varying AM solidification con-
ditions using in situ XRD are shown schematically in Fig. 3. The AM- 
Replicator [24] setup was used at the 1-ID-E beamline at APS for 
transmission mode measurements during laser melting of a thin plate 
specimen (see Fig. 3(b)). The MiniSLM was used at the micro-XAS 
beamline at the SLS for reflection mode measurements (Fig. 3(a)) on a 
multilayer cuboid geometry. Further details on the MiniSLM sample 
environment can be found in previous works by Hocine et al. [27,44]. 

With the AM-Replicator, XRD data were recorded before, during and 
after laser melting. A single laser track was scanned on the 0.5 × 40 mm 
side of the plate with a laser power of 218 W, a scan speed of ≈ 0.05 m/s, 
a 1/e2 laser beam size of 100 µm, and a wavelength of 1070 nm. The 2D 
diffraction patterns were acquired using a PILATUS3X-2M CdTe X-ray 
detector (DECTRIS, Switzerland) at a frame rate of 250 Hz and with an 
exposure time of 3 ms per frame. The X-ray beam size was 50 µm × 30 
µm (horizontal × vertical), where the beam was focused vertically to 
FWHM of ≈ 30 µm by a Silicon sawtooth lens and slit down horizontally 
to 50 µm. This resulted in an interaction volume of the X-ray beam with 
the sample (spatial resolution) of 50 µm x 30 µm (FWHM) x 500 µm in 
the transmission mode measurements. The X-ray energy was 61.332 keV 
calibrated by Ytterbium foil. 

The sample geometry investigated with the MiniSLM in reflection 

Fig. 3. Schematics of the experimental setups, (a) reflection mode, (b) transmission mode, (c) stacked diffraction pattern over time during printing in reflection mode 
in MiniSLM (20,000 Hz), (d) stacked diffraction pattern over time during printing in transmission mode in AM-replicator (250 Hz). 

Table 2 
Input parameters for the KGT model.  

Parameter Value 

Solute diffusivity for all 
elements, D 

5 × 10− 9 m2/s 

Characteristic diffusion 
distance, a0 

5 × 10− 9 m 

Interface kinetic coefficient, 
µ 

10 m/s/K 

Liquidus temperature 
austenite, Tliq 

1749.3 K 

Gibbs-Thompson coefficient 
austenite, Γ 

5.6 × 10− 8 m•K 

Liquidus temperature 
δ-ferrite, Tliq 

1758.4 K 

Gibbs-Thompson coefficient 
δ-ferrite, Γ 

5.5 × 10− 8 m•K 

Velocity-dependent partition 
coefficient, kv

i 
Calculated with the model by Aziz [56] and 
material-specific Calphad thermodynamic database 
at every iteration. 

Liquidus slopes, mv
i Calculated with the model by Aziz [56] and 

material-specific Calphad thermodynamic database 
at every iteration.  
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mode was an 8 mm × 2 mm cuboid (snake hatching, 80 µm hatch dis-
tance) of 12 layers with a layer thickness of 30 µm. The laser power 
applied at SLS was 300 W, the scanning speed was 0.6 m/s, the 1/e2 laser 
beam size was 50 µm, and the wavelength was 1070 nm. 2D X-ray 
diffraction patterns were acquired with an EIGER1M detector developed 
at PSI [45]. This detector consists of 2 modules, each containing 500 000 
pixels with a size of 75 × 75 µm, resulting in a total active area of 
approximately 8 × 8 cm2. The experiments were performed at frame 
rates of 20 kHz or 40 kHz, with an exposure time of 45 µs and 20 µs per 
frame, respectively. The incident X-ray energy was 17.2 keV and the 
focused beam size was 80 µm × 35 µm size. The X-ray’s incident angle 
was 18◦, leading to an illuminated footprint of 80 µm × 113 µm (hori-
zontal × vertical) on the sample surface. The effective penetration depth 
[46] during the reflection mode measurements was a few tens of mi-
crometers with a mass attenuation coefficient of 3500.94 cm2/g [47] of 
the sample composition (see Table 1). For the investigated signals in the 
q-range of 30 nm− 1 to 50 nm− 1 the effective penetration depth was 57 ±
37 µm. This resulted in an interaction volume of the X-ray beam with the 
sample (spatial resolution) of 80 µm x 130 µm x 57 ± 37 µm in the 
reflection mode measurements. These measurement settings allowed for 
sampling of a single melt pool. Between the consecutive manufacturing 
of built layers, a ≈ 10 min adjustment period allowed the sample to cool 
down to close to room temperature. 

2.3. Diffraction data 

2.3.1. Integration and peak fitting 
The normalized XRD data were first integrated following standard 

procedures established at the beamlines. Second, peak-profile analysis 
was performed on the XRD data to acquire the peak positions. The data 
recorded with the MiniSLM was adjusted to account for layer shrinking 
during laser melting (Appendix A). 

The 2D diffraction patterns were azimuthally integrated using Fit2D 
[48] and pyFAI [49] for the data from AM-Replicator and MiniSLM 
measurements, respectively. Here, the δ-ferrite has a body-centred-cubic 
(bcc) unit cell, and the austenite γ has a face-centred-cubic (fcc) unit cell. 
The peaks were fitted applying the PseudoVoigt model from the Python 
library lmfit [50] on the peaks in the data corresponding to the {110}, 

{200}, and {211} peaks of the bcc and the {111}, {200}, and {220} 
peaks of the fcc, to obtain the respective peak positions. An example of a 
typical integrated XRD line profile, the performed peak fit, and the re-
siduals are shown in Appendix B for the AM-Replicator and the MiniSLM 
data, respectively. 

2.3.2. Cooling rates 
The cooling rates (Ṫ) were determined following the change of the 

diffraction peak positions during the experiments. The lattice parameter 
(a) was calculated using the three γ peaks ({111}, {200}, {220}) by 
applying Bragg’s law for cubic systems, 

a =
λ

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
h2 + k2 + l2

√

2sin(Θ)
(1)  

where λ is the X-ray wavelength, Θ is one half of the diffraction angle 2Θ, 
and h, k and l are the Miller indices of the respective set of lattice planes. 

To account for the convolution of the cooling of the probed locations 
within the X-ray interaction volume, the time-dependent lattice 
parameter is fitted by an exponential decay function with two expo-
nential terms using the Python library lmfit [50], 

a(t) = A⋅exp
(

−
t

τ1

)

+ B⋅exp
(

−
t

τ2

)

+ a0 (2)  

where t is the time, A and B are the initial amplitudes, τ1 and τ2 are the 
rate constants and a0 is the lattice parameter of the first solid detected 
after liquid. The obtained parameters from fitting Eq. (2) to the data, 
were used to evaluate the derivative of the lattice parameter ȧ(t). 
Together with the coefficient of thermal expansion CTE, ȧ(t) was used to 
obtain the cooling rate utilizing the following expression: 

Ṫ(t) =
ȧ(t)

CTE⋅a0
(3) 

Here, the constant CTE value of 2.18 × 10− 5 K− 1 was used for the 
alloy composition at 1750 K (Fig. 2). 

Fig. 4. Schematic of the reflection mode measurement, and diffraction heat maps with a recording rate of 40 000 Hz (MiniSLM) showing the phase transformations 
over time, (a) positional relation of the X-ray beam and laser at different times, (b) transformations during 100 ms, (c) signal during laser-matter interaction including 
the liquid state signal, that indicates measurement of a completely liquified melt pool (0 ms, position=2). 
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2.4. Thermal modelling and phase selection 

To compare the experimental results to the solidification tip tem-
perature model, the thermal profiles of line scans of a laser on the sample 
geometries were calculated using the Rosenthal equation [51]. The 
Rosenthal equation solves the heat conduction of a point heat source 
traversing an infinite substrate in x-direction with scanning speed v 
neglecting heat convection and radiation in three dimensions [52], 

T(x, r) = T0 +
aQ

2πkr
exp

{
−

v
2α (r+ xrel)

}
(4)  

where T0 is the initial temperature, a is the absorptivity, Q is the power, 
k is the thermal conductivity, α is the thermal diffusivity, v is the scan-
ning speed, xrel = x − vt is the x-coordinate relative to the heat source 

Fig. 5. Diffraction heat maps of the solidification in the (a) AM-Replicator (250 Hz) and (b) MiniSLM (20,000 Hz), (c) and (d) lattice parameter of the γ phase during 
solidification, (e) and (f) cooling rates during solidification obtained from γ lattice parameter change and calculated cooling rates. 

Table 3 
Mean thermal conditions ± range within the X-ray interaction volume for AM- 
Replicator and MiniSLM conditions, cooling rate Ṫ, thermal gradient G, solidi-
fication velocity V, obtained during the first 1 ms of solidification.   

AM-Replicator MiniSLM 

Cooling rate (mean), Ṫ [K/s] 2.12•104 ±

0.04•104 
1.5•106 ±

0.7•106 

Thermal gradient (mean), G [K/m] 4.4•105 ± 0.2•105 5•106 ± 3•106 

Solidification velocity (mean), V [m/ 
s] 

0.048 ± 0.002 0.32 ± 0.2  
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and r =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

x2
rel + y2

rel + z2
rel

√

is the distance to the heat source. The thermal 
diffusivity is given as α = ρcp/2k, where ρ is the density, and cp is the 
specific heat capacity of the substrate. To calculate the thermal condi-
tions of the plate specimen, the modified Rosenthal equation for thin 
wall was used [53], 

T = T0 +
n Q

π k b
exp

(
− Vxrel

2α

)

K0

(
Vr
2α

)

(5)  

where b is the wall thickness, K0 is the modified Bessel function of the 

second kind and order zero and r =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

x2
rel + z2

rel

√

. To obtain the cooling 

rate Ṫ the derivative of the temperature with respect to time Ṫ = ∂T /∂t 
was calculated. The thermal gradient G was calculated with G = |∇T|
[53]. And the solidification velocity V was determined as V = T /G [53]. 

For the MiniSLM the thermal profile on an infinite plate was calcu-
lated utilizing Eq. (4). For the plate geometry used in the AM-Replicator, 
a thin-wall approximation of the Rosenthal equation was implemented 
(Eq. (5)). The following input parameters were used, an absorptivity of 
0.55 [54], a thermal conductivity of 32 W/m/K [55], a specific heat 

capacity of 695 J/kg/K [43] and a density of 7.51 kg/m3 [43]. The 
calculations were used to predict the thermal gradient G, the solidifi-
cation velocity V, and the resulting cooling rate Ṫ. For comparison with 
the experimental data, the calculations were performed for calculation 
domains of the same dimension as the X-ray interaction volumes (see 
Section 2.2). Within these domains only grid points that exhibited a 
temperature below the liquidus temperature (1760 K) of the sample 
material were used to obtain G, V, and Ṫ. This procedure ensured 
comparability between calculated and experimental values as only solid 
material contributes to the experimentally determined values. The mean 
values per time step of the calculated G, V, and Ṫ were determined to 
allow comparison to the measured X-ray diffraction signals, which 
contain averaged information from the crystalline material in the 
interaction volume. 

Next, the primary solidification phase was predicted utilizing the 
KGT model [15]. The KGT model predicts the dendrite growth kinetics 

Fig. 6. Calculated tip temperatures of δ-ferrite and γ for the thermal gradients 105 K/m, 106 K/m, 107 K/m and 108 K/m versus solidification velocity. At the so-
lidification velocity ranges of the X-ray interaction volume of the AM-Replicator (blue vertical band) and the MiniSLM (red vertical band), the primary solid phases 
are γ and δ-ferrite, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.). 

Fig. 7. Schematic showing the signal position on the detector and the resulting 
related angular position with and without accounting for the layer shrinkage. 

Fig. 8. Evaluated sample detector distances from the respective peaks (blue 
dots), mean sample detector distance (black line) and initial sample detector 
distance (red dashed line). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.). 
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for a given alloy at a fixed temperature gradient during directional so-
lidification, accounting for non-equilibrium interface conditions during 
rapid solidification. The dendrite tip temperature can be calculated 
using this model, taking multicomponent thermodynamic and kinetic 
information as input. A higher dendrite tip temperature indicates a 
higher driving force to form for the respective phase. The KGT model 
was extended for multicomponent systems by Fukumoto and Kurz [17] 
and Babu et al. [8] and was utilized to predict the transition from 
δ-ferrite as the primary solid phase to γ during rapid solidification. More 
details of the implementation and input values for these calculations can 
be found in Chou et al. [20]. The utilized input parameters for the KGT 
model are listed in Table 2. 

3. Results 

3.1. Suppression of δ-ferrite during solidification 

Fig. 4 shows the peak evolution before, during, and after laser 
scanning of the hot-work tool steel recorded at 40 000 Hz in reflection 
mode during printing with the MiniSLM. The positional relation of the 
laser and the X-ray beam in the MiniSLM is schematically illustrated in 
Fig. 4(a). In Fig. 4(b) and (c), the normalized diffraction intensities are 
depicted by colour (square root intensity colour bar). In these figures, 
the x-axis and y-axis values show the time and q-space, respectively. The 
magnitude of the scattering vector in q-space is obtained with q = 4π/λ 
× sin(θ), where λ is the X-ray wavelength and θ is one half of the 
diffraction angle 2θ. 

As shown in Fig. 4(b), the starting microstructure of the steel sample 
volume illuminated by X-rays was predominantly α’-martensite. When 
the laser approached the interaction volume, the α’-martensite peak 
positions slightly decreased before the martensite transformed to γ at ≈
-4 ms (Fig. 4(c)). Between -4 ms and 0 ms, the γ peak positions contin-
uously increased, a signature of sample cooling, indicating that a laser 
scan of a neighbouring sample volume provided the required heat for the 
α’ to γ transformation at -4 ms (Fig. 4(c), position=1). At 0 ms, the laser 
scanned through the X-ray interaction volume, and amorphous diffrac-
tion patterns were observed, characteristic of complete liquid within the 
melt pool (Fig. 4(c), position=2). During the next ≈ 5 ms, γ peaks 
appeared with increasing intensity, indicating solidification, and 
increasing peak position values, indicating cooling. At ≈ 5 ms, the laser 
returned to the X-ray interaction volume during scanning of the 

subsequent track. During scanning of the subsequent track, the laser 
beam and X-ray interaction volume were not aligned anymore and the 
recorded XRD data included an amorphous signal from the melt as well 
as crystalline peaks from the solid material. Furthermore, between ≈ 5 
ms and ≈ 10 ms, double γ peaks were observed at ≈ 57 nm− 1 and ≈ 59 
nm− 1. These double peaks imply the contribution of two γ regions to the 
signal within the X-ray interaction volume. The subsequent laser scan 
tracks resulted in a decaying cyclic behaviour of the peak positions until 
≈ 20 ms. Afterwards, the microstructure in the X-ray interaction volume 
was predominantly γ until ≈ 60 ms, at which point an incomplete 
martensitic transformation from γ to α’ was observed. In the following, 
only signal from conditions that exhibit solidification from completely 
liquid signal (Fig. 4(c), position=2) were evaluated to determine the 
solidification conditions. 

In Fig. 5(a) and (b), the diffraction heat maps of the transmission 
mode measurement (AM-Replicator) and reflection mode measurement 
(MiniSLM) are shown focusing on the solidification after complete 
melting, respectively. At times before 0 ms, before the laser scans 
through the interaction volume, α’ and γ peaks ({110}α’, {200}α’, 
{211}α’, {111}γ, {200}γ, {220}γ) are observed and exhibit a decrease of 
q-spacing before they disappear when melted by the laser. After time=0 
ms, the primary solidification phase in the AM-Replicator is δ-ferrite 
({110}δ, {200}δ, {211}δ) followed by γ. In contrast, the primary solidi-
fication phase in the MiniSLM is γ; δ-ferrite is not observed during 
solidification. 

3.2. Thermal conditions 

The thermal evolution during solidification is evaluated from the 
diffraction peak positions. In Fig. 5(b) and (c), the decreasing lattice 
parameters of γ obtained from the corresponding {111}γ, {200}γ, {220}γ 
peaks during solidification are plotted. The first γ mean lattice param-
eter observed in both setups is ≈ 3.71 Å. While in the AM-Replicator it 
takes ≈ 95 ms for the mean lattice parameter to decrease to 3.64 Å, in 
the MiniSLM the same mean lattice parameter decrease took only ≈
1.85 ms. Assuming that only the thermal expansion contributes to the 
lattice parameter decrease, the change of the lattice parameter from 
3.71 Å (≈ 1750 K) to 3.64 Å (≈ 885 K) is associated with a temperature 
decrease of approximately 865 K. 

From the change in lattice parameter, the measured cooling rates 
(Eq. (3)), together with the calculated cooling rates obtained from the 
Rosenthal equation, are plotted in Fig. 5(d) and (e). The initial cooling 
rate observed in the AM-Replicator is approximately 21 200 K/s, 
whereas the initial cooling rate observed in the MiniSLM is approxi-
mately two orders of magnitude higher (1,500,000 K/s). Moreover, the 
calculated cooling rates are in good agreement with the estimated 
cooling rates from experiments. 

Table 3 shows the mean (± range) of the initial cooling rate Ṫ, 
thermal gradient G, and solidification velocity V within the X-ray 
interaction volume analytically evaluated with the Rosenthal equation 
for both setups during the first millisecond of solidification. As expected, 
the conditions generated by the AM-Replicator with a laser power of 
218.4 W and a scan speed of 0.05 m/s result in significantly lower Ṫ, G, 
and V compared to the conditions generated by the MiniSLM with a laser 
power of 300 W and a scanning speed of 0.6 m/s. 

3.3. Solidification mode 

The tip temperatures of δ-ferrite and γ are predicted by applying the 
extended KGT model to evaluate the primary solidification phase under 
AM conditions. Fig. 6 includes these calculated dendritic tip tempera-
tures as a function of the solidification velocity of the γ phase (red lines) 
and the δ-ferrite phase (blue lines) for thermal gradients of 105 K/m, 106 

K/m, 107 K/m and 108 K/m. These include the predicted thermal 
gradient ranges during the initial solidification at AM-replicator and at 
MiniSLM conditions, respectively (see Table 3). In Fig. 6 the range of the 

Fig. 9. The recorded data of a reflection measurement, initial (blue dashed 
line), adjusted for shrinkage (black line) and calculated peak angles (red dotted 
lines). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.). 
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solidification velocities in both setups is indicated by vertical bands 
(AM-Replicator: blue, MiniSLM: red). At solidification velocities below 
≈ 0.1 m/s, the tip temperature of δ-ferrite is higher than the tip tem-
perature of γ, indicating that δ-ferrite will be the primary solidification 
phase at these conditions. At solidification velocities higher than ≈ 0.2 
m/s, the tip temperature of γ is higher than the tip temperature of 
δ-ferrite, suggesting that at these conditions, γ is the primary solidifi-
cation phase. The vertical dotted and dashed lines highlight the solidi-
fication velocity calculated (with the Rosenthal equation) for the 
conditions generated by the AM-Replicator and the MiniSLM, respec-
tively. At the AM-Replicator conditions, the KGT model predicts δ-ferrite 
to be the primary solidification phase, while the primary solidification 
phase under MiniSLM conditions is predicted to be γ, in good agreement 
with the experimental observations. 

4. Discussion 

The solidification mode in steels is dependent on the thermal con-
ditions and the composition [57]. Our previous work showed no in-
dications that δ-ferrite had formed during L-PBF of a hot-work tool steel 
based on post-process microstructure characterization of the as-built 
microstructure and computational modelling predicted that suppres-
sion of the δ-ferrite formation during solidification at high solidification 

velocities is expected [20]. In this work, we observe the change in the 
solidification mode of this hot-work tool steel with in situ XRD at AM 
conditions, thereby providing evidence for the predictions by the so-
lidification tip temperature model. 

The solidification during AM, and specifically during L-PBF, is gov-
erned by the fast cooling of a comparably small melt pool after rapid 
laser scanning [1]. During the MiniSLM experiments, we obtained an 
initial Ṫ of 1.5•106 K/s. This value agrees with previously reported 
cooling rates typical for L-PBF [24,58,59], and it is reasoned that the 
measurements recorded in the MiniSLM are representative of L-PBF 
conditions. The solidification mode observed in the MiniSLM XRD data 
is primary austenite and the formation of δ-ferrite appears to be sup-
pressed (Fig. 5(b)). However, with the measurement in reflection mode, 
data from the upper part of the melt pool is obtained. In L-PBF, this 
upper part of the melt pool is at least partly remelted during printing of 
the subsequent layer. Therefore, the solidification at the bottom part of 
the melt pool will be decisive for the resulting microstructure [60,61]. 
Even though, we report the solidification events from the upper part of 
the melt pool, and the accuracy of the reported results is limited, we 
assume that the measured values are within a relevant range to allow for 
studies of the solidification mode in L-PBF. Neither during solidification 
from the melt pool nor in the previous and subsequent intrinsic heat 
treatment induced by laser scanning of neighbouring paths is δ-ferrite 

Fig. 10. XRD data quality; (c) AM-Replicator, XRD line profile and peak fit (d) MiniSLM, XRD line profile and peak fit. (a) AM-Replicator, residuals (b) Min-
iSLM, residuals. 
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observed (Fig. 4). Furthermore, measurements in the AM-Replicator 
allowed for solidification conditions at two orders of magnitude 
smaller Ṫ (2.12•104 K/s) to be studied. In these measurements, the so-
lidification mode is primary δ-ferrite. 

Utilizing both experimental setups allowed us to study a range of 
solidification conditions and to observe the different solidification 
modes in situ (Fig. 5(a) and (b)). It is emphasized that the observed so-
lidification modes cannot directly be investigated with ex situ methods, 
as solid-state phase transformations will occur during cooling down to 
room temperature. Nevertheless, the cooling rates determined from the 
peak positions of XRD data inherit several uncertainties [40,41,44,62]. 
First, the diffraction signal is obtained from the interaction volume of 
the X-ray beam with the sample [40,41,44,62]. Therefore, the peak 
positions are averaged over the melt pool with a temperature gradient G 
(Fig. 5). Second, the peak positions of the γ peaks are used for the 
calculation. Thereby, Ṫ is obtained for the solid-fraction of the melt pool, 
neglecting Ṫ of the liquid, as well as neglecting Ṫ of δ-ferrite in the 
AM-Replicator measurement. Third, to calculate Ṫ from the measured 
peak positions in Eq. (3), the CTE is considered constant [40,41], while 
CTE is a temperature dependent parameter (compare Fig. 2). As the 
change of the CTE from 1750 K to 1400 K is less than 1%, this is 
neglected. Fourth, the effect of residual stress and strain is neglected 
given solidification from liquid and the high Ṫ [40,44]. Lastly, the effect 
of compositional variations on the peak position is also disregarded 
given the fast timescale [40]. In summary, it is approximated that during 
initial solidification with high Ṫ from the melt, only thermal contrac-
tions govern the lattice parameter change [40,44]. This approximation 
is sensitive to the probed location. In Fig. 4 at ≈ 4 ms the double γ peaks 
are observed after melting of a track. The double peaks are accounted to 
signal within the X-ray interaction volume arising from different zones 
of the melt pool and heat-affected zone (HAZ). Schmeiser et al. [38] 
describe the varying stress fields in the HAZ that are caused by very high 
heating and cooling rates in L-PBF. In this study, only solidification 
events that exhibited solidification from complete liquid X-ray interac-
tion volume are therefore studied. 

G and V during the experiments are determined by fitting an 
analytical solution (Rosenthal equation) to the experimental Ṫ values 
(Fig. 5(e) and (f)). Even though this solution disregards heat convection 
and radiation, it has been shown that the Rosenthal equation can pro-
vide reasonable thermal conditions, which can be applied to predict the 
solidification microstructure in L-PBF [63]. The obtained G and V values 
(Table 3) are applied to map the solidification conditions in the pre-
dicted solidification mode space (Fig. 6), which was calculated using the 
KGT model [15] for the investigated composition. Despite simplifica-
tions, the predictions obtained by the KGT model are in line with 
experimental observations and provide insights into the difference in the 
solidification mode in the L-PBF process measurements purely based on 
the thermal conditions experienced by the solidifying material and its 
composition. The presented results indicate that the KGT model can be 
applied to predict the solidification sequence at rapid solidification 
conditions during L-PBF based on multicomponent thermodynamic and 
kinetic information. Predicting the solidification mode is important to 
understand the process-microstructure-property relationship of steels 
processed by L-PBF. The solidification mode and the resulting 

solidification structure influence the solid-state phase transformations 
during cooling and intrinsic heat treatment, and hence, the resulting 
microstructure. With this knowledge, e.g., the process-induced cracking, 
which is observed in L-PBF processed steels and dependent on the so-
lidification conditions can be addressed [17,57,64]. 

Further understanding of the process-microstructure-property re-
lations could be obtained by investigating the segregation and stresses at 
rapid solidification conditions. In the presented work, we show how the 
thermal conditions during processing can be linked to the occurring 
solidification mode in L-PBF of hot-work tool steel, which is an impor-
tant step towards accessing the full design space of additive 
manufacturing of metals. 

5. Conclusions 

The presented results show that in situ synchrotron X-ray diffraction 
can be used to study the solidification in the melt pool at L-PBF condi-
tions and to investigate the thermal conditions during solidification. 
Two experimental setups were used to access a range of solidification 
conditions, allowing for the observation of two solidification modes in a 
hot-work tool steel: primary δ-ferrite and primary austenite. 

Moreover, the thermal conditions during solidification were inferred 
from XRD data and could be linked to a model for rapid solidification 
enabling the model validation and, in turn, allowing for the solidifica-
tion mode in L-PBF to be predicted. These findings can enable parameter 
development for the AM processes and benefit the development of alloys 
specifically for AM with computational models. 
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Appendices 

A. Adjustment for layer shrinkage 

The reflection mode XRD measurements are sensitive to height changes of the measurement position on the sample, as those will change the 
sample-detector distance for which the measurement is calibrated. Due to the layer-by-layer build-up of the sample, laser scanning, thermal expansion 
and gravity [65] during the reflection mode measurements, the recorded signal positions can be shifted (Fig. 7). To account for the shift, the 
sample-detector distance during the measurements is adjusted. Therefore, the as-built bcc lattice parameter of the sample material at RT (abcc =

2.874Å) obtained from the measurements in the AM-Replicator before melting of the sample is utilized to calculate the expected diffraction angles at 
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the conditions during the reflection measurements with Bragg’s law for cubic systems (X-ray wavelength: λ = 17.2 keV/0.7208 Å): 

θ1 = sin− 1

⎛

⎜
⎜
⎝

λ

2
(

abcc̅̅̅̅̅̅̅̅̅̅̅̅̅̅
h2+k2+l2

√

)

⎞

⎟
⎟
⎠ (A1) 

The positions of the recorded bcc peaks on the detector (P) are calculated with the sample detector distance of the initial calibration (SD2), the 
recorded peak positions θ2(recorded) and the detector tilt (31.01◦): 

P =
SD2⋅sin

( (
2⋅θ2(recorded)

)

sin
(
90∘ + detector tilt − 2⋅θ2(recorded)

) (A2) 

The peak positions on the detector (P) are used to calculate the detector distance during the measurement (SD1): 

SD1 =
P⋅sin(90∘ + detector tilt − 2⋅θ1)

sin((2⋅θ1)
(A3) 

Evaluated detector distances from a reflection mode measurement are shown in Fig. 8. 
With the obtained detector distance, every angle coordinate point in the integrated data is corrected by applying Eq. (A2) to evaluate the 

correlating position on the detector and the corrected angle with Eqs. (A4) and (A5): 

b = P2 + SD2
1 − 2⋅P⋅SD1⋅cos(90 − detector tilt) (A4)  

θcorrected = arccos
(

b2 + SD2
1 − P2

2⋅b⋅c

)

(A5) 

The accuracy of this method is limited as the lattice parameter at room temperature is also influenced by stresses in the sample. However, the 
adjustment increases the comparability of measurements from different setups. In Fig. 9, the initially recorded data and the adjusted data are shown. 
The calculated bcc peaks of the sample material for the utilized X-ray energy are indicated. 

B. XRD data and fit 

Fig. 10 shows examples of the recorded and normalized data after laser scanning, the fitted model to the data and the fitted models residuals. In 
Fig. 10(a) and (c), the AM-Replicator transmission mode data and in Fig. 10(b) and (d), the MiniSLM reflection mode data are plotted. Here, the 
significantly different temporal resolutions in both experiments should be noted. In measurements with the AM-Replicator, a frame rate of 250 Hz and 
an exposure time of 3 ms per frame at 61.338 keV is applied. These measurement settings result in a lower signal-to-noise ratio compared to the 
measurement settings utilized in the MiniSLM (frame rate: 20 000 Hz or 40 000 Hz, exposure time: 45 µs or 20 µs, beam energy: 17.2 keV) (compare 
Fig. 10(c) and (d)). 
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