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A B S T R A C T   

Fusion-based additive manufacturing technologies enable the fabrication of geometrically and compositionally 
complex parts unachievable by conventional manufacturing methods. However, the non-uniform and far-from- 
equilibrium heating/cooling conditions pose a significant challenge to consistently obtaining desirable phases in 
the as-printed parts. Here we report a martensite stainless steel development guided by phase transformation 
dynamics revealed by in-situ high-speed, high-energy, high-resolution X-ray diffraction. This developed stainless 
steel consistently forms desired fully martensitic structure across a wide range of cooling rates (102–107 ℃/s), 
which enables direct printing of parts with fully martensitic structure. The as-printed material exhibits a yield 
strength of 1157 ± 23 MPa, comparable to its wrought counterpart after precipitation-hardening heat-treatment. 
The as-printed property is attributed to the fully martensitic structure and the fine precipitates formed during the 
intrinsic heat treatment in additive manufacturing. The phase transformation dynamics guided alloy develop
ment strategy demonstrated here opens the path for developing reliable, high-performance alloys specific for 
additive manufacturing.   

1. Introduction 

Fusion-based additive manufacturing (AM), e.g., laser powder bed 
fusion (LPBF), directed energy deposition (DED), integrates material 
synthesis and part manufacturing into a single step. It has the potential 
to revolutionize the manufacturing industry by enabling customized 
production of geometrically and compositionally complex parts with 
unprecedented functionality and performance [1,2]. 

However, the complex and often extreme thermal conditions of AM, 
intrinsic to a localized heat source-material interaction, pose consider
able challenges to consistently obtaining desired phases in the as-printed 
parts, especially for materials with multi-stage phase transformations 
during AM fabrication (e.g., steel [3], titanium alloy [4], nickel super
alloy [5,6]). These challenges frequently manifest themselves in three 
aspects: (1) AM solidification occurs far from equilibrium due to its rapid 
cooling rate, causing the phase transformation sequence/timing to 

deviate from predictions made by equilibrium phase diagram [7,8]. (2) 
The heating/cooling conditions at different locations of the melt pool 
are heterogeneous, leading to diversified phase constitutions within a 
single melt pool [9,10]. (3) The thermal conditions across different 
machines, across different parts within the same batch, and even across 
different regions within a single part are all different, leading to 
inconsistent phase constitutions from print to print [11]. 

One prominent example is 17–4 precipitation-hardening (PH) 
martensitic stainless steel (also known as 17–4 PH or type 630 stainless 
steel), which exhibits various unwanted phases in the AM as-printed 
condition [12]. In conventional manufacturing process with low cool
ing rate, 17–4 PH steel solidifies following a phase transformation 
sequence of liquid (L)–δ-ferrite (δ)–austenite (γ)–martensite (α’) [13]. 
δ-ferrite (δ) and martensite (α’) in 17–4 have a body-centered cubic 
(BCC) lattice structure, while austenite (γ) has a face-centered cubic 
(FCC) lattice structure. The desired final phase in 17–4 PH steel is the 
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martensitic phase (α’), enabling its excellent mechanical performance. 
The typical processing of 17–4 steel also includes a high-temperature 
solution heat treatment, followed by quenching and aging at low tem
peratures for an extended period to introduce nanoscopic precipitates, 
which further increases its mechanical strength. In general, 
precipitation-hardening (PH) stainless steels have the highest tensile 
strength of stainless steels. 17–4 steel is the most widely used PH grade 
stainless steel and has drawn much attention for its potential 

applications enabled by AM technologies. 
However, the development of AM 17–4 steel has encountered severe 

phase control challenges. While martensite in conventional 17–4 pro
vides its primary strength, AM 17–4 in its as-built state can contain a 
significant amount of retained austenite (up to 100 % reported in 
literature) and even a large fraction of δ-ferrite (up to >95 % reported in 
literature) [14–25]. To make things worse, the fractions of residual 
austenite and δ-ferrite phases also vary significantly across different 

Fig. 1. Characterization of phase transformation dynamics of commercial additively manufactured 17–4 stainless steel (C_17–4) during laser melting. (a) Schematic 
illustration of in-situ laser-melting X-ray diffraction experiment. A vertical laser beam scans the sample to create a localized melt pool. The micro-focused high-energy 
X-ray beam is used to probe the phase transformation dynamics with a frame rate of 250 Hz. (b) Room temperature XRD pattern of as-solidified C_17–4 after laser 
melting. (c) XRD intensity map (XRD peak intensity evolution as a function of time) during laser melting of C_17–4 from 0 s to 20 s. The liquid gap near 0.15 s 
without any diffraction peaks denotes the period when all the material in the X-ray path was fully melted. The time axis is enlarged in the 0–1 s range to highlight the 
phase transformation details during the initial solidification stage. (d) EBSD of as-printed C_17–4 microstructure displayed in inversed pole figure (IPF) coloring. (e) 
EBSD of as-printed C_17–4 microstructure displayed in image quality (IQ) map. Martensite (α’) phase and a mixture of austenite (γ) and δ-ferrite (δ) phases were 
pointed out in the microstructure. (f) EBSD phase map of as-printed C_17–4. (g) XRD intensity evolution from (c) during solidification. The time axis is enlarged in the 
0–1 s range. The uncertainty for BCC intensity measurement is 1 %. The uncertainty for FCC intensity measurement is 2 %. 
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printing parameters, AM build machines, and AM technologies. These 
residual phases deteriorate the properties of the printed parts and create 
significant uncertainties in the targeted applications that rely on the 
designed properties of 17–4 steels [18,22,26–28]. It is, therefore, 
imperative to understand the nonequilibrium phase transformation 
sequence of 17–4 steel during AM processing and develop an alloy 
within the 17–4 composition window that can reproducibly deliver 
17–4′s performance characteristics desirably in its as-built state. 

Here, we report the development of a 17–4 PH martensitic stainless 
steel with formation of a fully martensitic microstructure across a broad 
range of cooling rates (102–107 ℃/s), guided by the phase trans
formation dynamics revealed by in-situ high-speed, high-energy, high- 
resolution synchrotron X-ray diffraction (XRD). The phase trans
formation dynamics results guided our alloy development to focus on 
the liquid-solid phase transformation during initial solidification, in 
contrast to the common strategy mainly focusing on the solid-solid 
phase transformation. This designed alloy demonstrates great toler
ance to cooling rate variation, thus overcoming the three challenges 
mentioned earlier. It also takes advantage of the intrinsic heat treatment 
of AM processing to form strengthening precipitates in its as-printed 
condition. Its combination of fully martensitic structure and fine pre
cipitates leads this alloy to have good mechanical properties, following 
one-step processing. 

2. Experimental procedures 

2.1. In-situ laser melting synchrotron X-ray diffraction experiment 

We used in-situ laser-melting X-ray diffraction (XRD) experiment to 
probe the phase transformation dynamics in 17–4 PH stainless steel. The 
experiment was conducted at the beamline 1-ID-E of the Advanced 
Photon Source (APS), Argonne National Laboratory. The setup was 
described in details in references [29,30]. The configuration of the laser 
beam, the X-ray beam, and the sample positioning is schematically 
shown in Fig. 1(a). During the experiment, the sample was placed in a 
vacuum chamber refilled with argon for protection. A continuous-wave 
single-mode ytterbium fiber laser (model YLR-500-AC, IPG Photonics, 
USA) controlled by a galvo scanner (IntelliSCANde 30, SCANLAB GmbH, 
Germany) was used to perform laser scanning and melting on the sam
ples. The maximum laser output power was 560 W with a wavelength of 
1070 nm. The 1/e2 laser beam size was ~100 µm. Laser scan speed 
varied from 0.05 m/s to 1.0 m/s to achieve different cooling rates. 

During laser scanning, a stationary micro-focused high-energy high- 
flux synchrotron X-ray beam with a wavelength of 0.2022 Å and a beam 
size of 50 µm × 30 µm (horizontal × vertical) was transmitted through 
the sample (0.5 mm thick) to form Debye-Scherrer diffraction cones, 
which were continuously recorded as diffraction rings on a flat plate 
detector (PILATUS3X-2 M, DECTRIS, Switzerland) with a recording 
frame rate of 250 Hz. The X-ray exposure time for every frame is 1 ms. 
The synchrotron X-ray’s high brilliance and high energy (short wave
length) properties ensured the XRD data with a high signal-to-noise ratio 
and a broad Q-space range (covering more families of crystallographic 
planes) [48,49]. They also enabled quantitative analysis of the bulk 
structural information of the specimen and prevents uncertainties 
introduced by surface effect (deformation-induced γ–α’ transformation) 
from sample preparation [14]. 

2.2. XRD peak analysis 

The diffraction rings from each frame were radially integrated by 
FIT2D software along the entire azimuthal range (0–360◦) to obtain 
intensity versus Q-vector patterns. Here, |Q| = 4π× sin(θ)/λ, where λ is 
the X-ray wavelength and θ is one half of the diffraction angle 2θ. Each 
integrated pattern contains 2048 bins in a |Q| range of 26 nm− 1 to 
55.5 nm− 1. The peak position and peak intensity were determined by a 
Voigt function. An example of the integrated XRD pattern is shown in 

Fig. 1(b), revealing the room-temperature phase constitution of com
mercial additively manufactured 17–4 PH stainless steel (hereinafter, 
C_17–4) after laser melting. 

2.3. Estimation of phase fraction 

Rietveld refinement was performed by GSAS-II software to determine 
the phase fraction from XRD patterns. The reference phase information 
was obtained from Inorganic Crystal Structure Database (ICSD) with IDs 
of ICSD-53449 (austenite), ICSD-53452 (delta-ferrite), and ICSD-53451 
(alpha-ferrite). A standard CeO2 powder specimen was used to calibrate 
the experiment configuration. The background, scale factor, lattice 
constants, grain size, and microstrain were all considered in the 
refinement. 

2.4. Determination of lattice parameter-temperature relationship 

In-situ furnace heating/cooling X-ray diffraction experiments were 
conducted at the APS beamline 11-ID-C by heating a sample in a Linkam 
TS1500 Heating Stage (Linkam Scientific Instruments) with heating/ 
cooling rate set to 20 ℃/min within a temperature range of 50–1100 ℃. 
XRD patterns were acquired every 50 ℃. Lattice parameters above 
1100 ℃ was obtained by a linear extrapolation. Thermomechanical 
analysis (TMA) was performed on NETZSCH TMA 402 F1, following the 
ASTM E831-19 standard. The heating/cooling rate was set to 20 ℃/min 
within a temperature range of 50–1000 ℃. Both experiments were 
shielded by high-purity argon gas (99.999 %). 

2.5. Tensile test 

Tensile tests were performed on an MTS Criterion 40 electrome
chanical universal test system (Model 43). The strain rate was 
2.5 × 10− 4 s− 1. The geometry and dimensions of the specimens follow 
the tensile specimen design (MT2) developed for additively manufac
tured metals reported in reference [31]. All specimens were cut by wire 
electrical discharge machining (EDM) followed by surface grinding to 
1200 grit (5 µm). 

2.6. Small-angle X-ray scattering (SAXS) experiment 

We performed small-angle X-ray scattering (SAXS) measurement at 
the APS ultra-small-angle X-ray scattering beamline 9-ID-C to determine 
the nanoscopic microstructural features in the as-printed 17–4 steel. 
Because of its Bonse-Hart crystal optics, this instrument provides pri
mary intensity calibration, enabling analysis of absolute volume fraction 
of scattering inhomogeneities [32]. We used a standard configuration of 
this instrument to acquire ultra-small-angle X-ray scattering and X-ray 
diffraction data of the same sample volume across a broad |Q| range from 
1 × 10− 4 Å− 1 to 6.5 Å− 1 [33]. A detailed description of this setup can be 
found in reference [34]. The X-ray energy was 21 keV, corresponding to 
an X-ray wavelength of 0.5904 Å. We carefully polished a thin foil of 
as-built 17-4 steel with a thickness of ~100 µm (transmission of ~14 %) 
to ensure penetration. We analyzed the data using standard small angle 
scattering analysis software Irena [35]. 

2.7. Materials 

The commercial additively manufactured 17–4 PH stainless steel 
(C_17–4) specimens for in-situ XRD experiments and tensile testing were 
fabricated by a laser powder-bed fusion machine with commercial 
feedstock powder (argon-atomized). The chemical composition was 
mainly analyzed by inductively coupled plasma (ICP) analysis, except 
that the C and S were analyzed by combustion method while O and N 
were quantified by inert gas fusion. The detailed composition is shown 
in Table 1. The C_17–4 samples are in the as-printed state without any 
post-build heat treatment. 
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Our developed alloy (hereinafter, UW_17–4) for in-situ XRD experi
ments was cast in an arc melter (model SP-MSM20–8, MTI Corporation, 
USA) with metal elements pre-weighed by a high-precision balance 
(model PA224C, OHAUS Corporation, USA) with an accuracy of 
0.0001 g. The purity of base elements is 99.98 % for Fe, 99.995 % for Cr, 
99.995 % for Ni, 99.995 % for Cu, and 99.97 % for Nb. The arc melting 
current was 185 A with a melting duration of 15–25 s until the material 
was fully melted. The ingots were flipped and re-melted six times to 
ensure composition uniformity. The cast ingots went through a 
condition-A solution heat treatment (heating rate 12 ℃/min, holding at 
1038 ± 5 ℃ for 45 min) in a KSL-1500 Muffle Furnace (MTI Corpora
tion, USA) followed by a water quench. The final phase after quenching 
was fully martensitic (confirmed by synchrotron XRD and electron 
backscatter diffraction (EBSD)). 

The as-printed UW_17–4 part was made in a powder bed fusion 
system under high-purity argon environment (> 99.999 %). The feed
stock powder was argon-atomized in Arcast HELGA system (Arcast Inc., 
USA) using as-cast ingots. The laser power was 520 W with a nominal 
D4σ beam size of ~170 µm, a wavelength of 1070 nm, and a scan hatch 
spacing of 80 µm. The chemical composition of UW_17–4 at different 
fabrication stages (arc-melt, atomization, LPBF) were characterized by a 
combination of ICP analysis, combustion method (for C and S), and inert 
gas fusion method (for O and N). The results are displayed in Table 1. 

The wrought 17–4 PH steel was purchased from McMaster-Carr in an 
annealed state. Condition-A solution heat treatment (1038 ± 5 ℃ for 
45 min) was performed for the tensile testing specimens. 

2.8. Electron microscopy 

Scanning electron microscopy (SEM) and electron backscatter 
diffraction (EBSD) were performed on a Zeiss LEO-1530 field emission 
scanning electron microscope. The samples were mechanically polished 
with 0.05 µm diamond suspension followed by ion milling (Leica EM TIC 
3X). For SEM observation of metallurgical pores, the ion milling was 
conducted with 3 kV, 1.5 mA at a milling angle of 30◦ for 3 min. For 
EBSD purpose, the samples were ion milled with 3 kV, 1.8 mA at a 
milling angle of 4.5◦ for 1 h. The EBSD was performed under a 30 kV 
accelerating voltage with a step size of 0.2–1 µm. 

2.9. Atom probe tomography 

The needle-shaped specimen for atom probe tomography (APT) test 
was prepared by focused ion beam (FIB) milling (FEI Helios Nanolab 
SEM/FIB). Prior to FIB milling, the sample surface was polished 
following the EBSD specimen preparation procedure, as detailed in the 
section 2.8. APT test was conducted on a CAMECA LEAP 5000 XS with a 
355 nm wavelength ultraviolet laser. The test was run under ultra-high 
vacuum at ~2 × 10− 11 torr. The tip base temperature was set to 50 K. 
The laser pulse energy was 20 pJ, with a pulse frequency of 250 kHz. 
The detection rate was 2.0–4.0 % of the laser pulse frequency. The run 
stopped after 60 M detection events at 7.4 kV applied voltage. 

3. Results 

3.1. In-situ characterization of phase transformation dynamics 

To visualize the phase transformation dynamics in C_17–4 during 
laser melting, the integrated XRD patterns were organized as a function 
of time to form an XRD intensity map, as shown in Fig. 1(c). The time 
axis is magnified between 0 and 1 s to highlight the structural trans
formation details during laser melting. The evolution of XRD intensities 
includes two stages: (1) a heating stage when the moving laser 
approached the X-ray-illuminated area and then completely melted the 
material in the X-ray path, and (2) a cooling stage when the laser moved 
away while the material started to solidify and cool down. During so
lidification, Fig. 1(c) indicates that the δ-ferrite (δ) phase emerged first 
from the liquid, followed by the formation of austenite (γ). In conven
tional manufacturing with a slow cooling rate, a complete phase trans
formation of δ–γ and then γ–α’ was expected, resulting in a final 
microstructure dominated by martensite (α’). However, during laser 
melting of C_17–4, neither of these two transformations completed, as 
indicated by the continuous δ peaks in the intensity map (Fig. 1(c)) and 
the presence of FCC diffraction peaks in the room-temperature XRD 
(Fig. 1(b)). As a result, the final microstructure in laser melted C_17–4 is 
dominated by coarse δ-ferrite grains developed epitaxially along the 
building direction, as shown by Fig. 1(d–f). Small amount of mixed 
martensite grains and austenite grains were observed along the δ-ferrite 
grain boundaries. 

To further confirm that the initially solidified δ-ferrite can survive 
into final structure at room temperature, we examined the 2D in-situ 
XRD patterns associated with Fig. 1(c) to analyze the development of 
δ-ferrite during laser melting of C_17–4. The 2D diffraction patterns/ 
rings at representative moments from initial solidification to room 
temperature are displayed in Fig. 2. (Fig. 2 and Fig. 1(c) share the same 
time scale.) The horizontal and vertical black bands in the figures are no- 
signal zones, due to the configuration of the X-ray detector. At 0.188 s, 
Fig. 2(a) shows the diffraction pattern at initial solidification, where 
only δ-ferrite was just formed from the liquid. Since the δ-ferrite grains 
are large (as shown in Fig. 1(d–f)) and the number of grains along the X- 
ray path is small, the diffraction pattern appears scattered. Two repre
sentative diffraction areas 1 and 2 were enlarged to clearly show the 
diffraction spots from several δ-ferrite grains. During cooling, austenite 
was formed, as indicated by the γ 111 diffraction pattern in Fig. 2(b and 
c). The formation of austenite did not have significant influence on the 
brightness of δ-ferrite diffraction spots. When temperature went below 
the martensite start temperature (Ms), martensite started to form, as 
indicated by the ribbons overlapping with the δ-ferrite diffraction spots 
in Fig. 2(d). Since martensite structure is fine and rather randomly ori
ented, its 2D diffraction pattern appears to be a ring/ribbon rather than 
scattered spots. When the material cooled down to room temperature 
(Fig. 2(e)), the diffraction pattern exhibited a mixture of three phases: 
martensite (as indicated by the α’ 110 and 200 diffraction ribbons), 
austenite (as indicated by the γ 111 diffraction ribbon), and δ-ferrite (as 

Table 1 
Chemical composition (mass %) of 17–4 PH stainless steel.  

Element Specification C_17–4 UW_17–4 (Nominal) UW_17–4 (Arc-melt) UW_17–4 (Atomized) UW_17–4 (As-printed) 

Cr 15.0–17.5 16.7 ± 0.84 15.2 15.29 ± 0.76 15.53 ± 0.78 15.72 ± 0.31 
Ni 3.0–5.0 4.3 ± 0.43 4.8 4.78 ± 0.48 4.92 ± 0.49 4.84 ± 0.24 
Cu 3.0–5.0 4.0 ± 0.4 5.0 4.91 ± 0.49 4.99 ± 0.50 4.91 ± 0.25 
Mn 1.0 max. 0.22 ± 0.02 − < 0.001 ± 0.0003 0.012 ± 0.003 0.011 ± 0.002 
Nb 0.15–0.45 0.3 ± 0.03 0.3 0.311 ± 0.031 0.42 ± 0.11 0.27 ± 0.04 
C 0.07 max. 0.02 ± 0.005 − 0.002 ± 0.0005 0.001 ± 0.0003 0.006 ± 0.001 
N − 0.027 ± 0.007 − 0.005 ± 0.001 0.001 ± 0.0003 0.001 ± 0.0002 
O − 0.058 ± 0.015 − 0.019 ± 0.005 0.022 ± 0.006 0.034 ± 0.005 
Si 1.0 max. 0.34 ± 0.03 − 0.009 ± 0.002 < 0.001 ± 0.0003 0.01 ± 0.002 
S 0.03 max. 0.003 ± 0.0008 − 0.002 ± 0.0005 0.002 ± 0.0005 0.003 ± 0.0005 
P 0.04 max. 0.011 ± 0.003 − 0.007 ± 0.002 < 0.001 ± 0.0003 < 0.005 ± 0.001 
Fe Bal. Bal. Bal. Bal. Bal. Bal.  
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indicated by the δ 110 and 200 diffraction spots retained from the initial 
solidification). Please refer to Supplementary Fig. 1 for the analysis of 
more δ-ferrite diffraction spots. 

To estimate the final phase constitution of C_17–4 after laser melting, 
we used a Rietveld refinement analysis following two steps. We first 
determined the FCC and BCC phase fraction at 0.6 s from Fig. 1(c). At 
this moment, both δ-ferrite and austenite were fully developed (as 
indicated by the plateau of peak intensity–time curve in Fig. 1(g)), yet 
the austenite-to-martensite transformation has not started (validated 
from the 2D diffraction pattern). Therefore, the BCC diffraction at this 
moment solely came from the residual δ-ferrite and will retain to room 
temperature. We then determined the FCC and BCC phase fraction at 
room temperature. The additional fraction of BCC phase at room tem
perature compared to the BCC fraction at 0.6 s was attributed to the 
martensite formed from γ–α’ transformation. It should be noted that the 

phase fraction analysis from Rietveld refinement was based on powder 
diffraction. The discrete diffraction spots of δ-ferrite added to the un
certainty of the phase fraction estimation. Therefore, the analysis here is 
rather qualitative than quantitative. Hence, we estimated that the final 
phase constitution in laser-melted C_17–4 contains 76 mass % residual 
δ-ferrite, 7 mass % residual austenite, and only 17 mass % desired 
martensite. 

For the first time, we directly and unambiguously demonstrated the 
existence of a substantial amount of δ-ferrite in the as-printed 17–4 PH 
steel. Due to the low carbon content in the 17–4 stainless steel, the 
tetragonal distortion of the BCC structure induced by martensite trans
formation cannot be detected from 1D XRD patterns, resulting in a dif
ficulty of distinguishing δ-ferrite and martensite in the as-printed part. 
The direct observation of the phase evolution from 2D diffraction pat
terns by our in-situ experiment provides definitive conclusion. 

Fig. 2. Phase transformation dynamics in C_17–4 after laser melting. The 2D diffraction patterns at different moments from Fig. 1(c) are shown in (a–e). Fig. 2 and 
Fig. 1(c) share the same time scale. Two signature diffraction areas 1 and 2 were marked using red and orange lines. The areas 1 and 2 at each moment were enlarged 
and displayed below the whole-field diffraction images. The horizontal and vertical black bands in the figures are no-signal zones, due to the configuration of the X- 
ray detector. 

Fig. 3. Determination of temperature- 
dependent lattice parameters in C_17–4. (a) 
BCC lattice parameter change measured by in- 
situ furnace heating-cooling XRD test. (b) FCC 
lattice parameter change during in-situ furnace 
heating-cooling XRD test. (c) BCC and FCC 
diffraction peak intensity change as a function 
of temperature during in-situ furnace heating- 
cooling XRD test. (d) Thermomechanical anal
ysis (TMA) test showing the dilation as a func
tion of temperature. The material is C_17–4. 
The heating/cooling rate was set to 20 ℃/min 
for all tests. The uncertainty for lattice param
eter measurements in (a) and (b) is 0.0002 Å. 
The uncertainty for intensity measurement in 
(c) is 0.4 %. The uncertainty for thermal 
expansion measurement in (d) is 2 %.   
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The cooling rate in our laser-melting experiment during the initial 
solidification was estimated based on the thermal-expansion-induced 
change in lattice parameters. We measured the temperature (T) 
dependent lattice parameter (a) by an in-situ furnace heating/cooling 
XRD experiment performed at the APD beamline 11-ID-C. Fig. 3(a and b) 
show the constructed a–T relationship of BCC and FCC phases during 
heating and cooling of C_17–4, respectively. In addition, the intensity- 
versus-temperature curves in Fig. 3(c) indicate the phase trans
formation events during the thermal process. We further calibrated the 
temperatures using thermomechanical analysis (TMA) on C_17–4 (Fig. 3 
(d)) by assigning the martensite start temperature (Ms) and BCC–FCC 
transition temperature measured from the TMA test (Fig. 3(d)) to the 
corresponding events denoted by X-ray intensity evolutions from in-situ 
testing (Fig. 3(c)). With the calibrated a–T relationship, we estimated 
the cooling rate during the initial solidification of C_17–4 in Fig. 1(c) to 
be 1.7 × 104 ℃/s by evaluating the lattice parameter change within a 
certain period (da/dt). To be noted, all the cooling rates in this paper 
refer to the initial solidification cooling rate measured based on the 
diffraction peak shift in the solid phase within a 50 µm × 30 µm sam
pling area under 250 Hz recording frame rate (1 ms X-ray exposure for 
each frame). 

3.2. Phase transformation dynamics guided alloy development based on 
phase fraction during initial solidification 

Under the cooling rate of 1.7 × 104 ℃/s, we observed a highly sta
bilized δ-ferrite that sustained to room temperature, as indicated by 
Fig. 2 as well as the quantified XRD intensity evolution as a function of 
time in Fig. 1(g). Previous studies reported that a high cooling rate of 
105–106 ℃/s is required to bypass the δ–γ transformation in 17–4 PH 
steel due to the insufficient time (up to ~6 ms) spent within the δ–γ 
transformation temperature range (roughly from 600− 800 ℃ to 
1250–1450 ℃, depending on specific compositions) [7,16,36–38]. 
However, our experiment, conducted under a lower cooling rate on the 
order of 104 ℃/s, extended the time spent in the δ–γ transformation 
range by tenfold (on the order of ~60 ms). Yet, the δ–γ transformation 
still did not occur, suggesting that the initially solidified δ-ferrite is 
highly stable. 

Previous alloy development work focused on tuning the solid-solid 
phase transformation (δ–γ) to obtain more martensite in the final 17–4 
structure [37]. The strategy was to increase the austenite stabilizing 
temperature range, so that the δ–γ transformation could have more time 
to complete during solidification, which leaves more austenite available 
to transform into martensite. However, our results suggest that the 
initially solidified δ-ferrite can be too stable to efficiently transform into 
austenite, even with extended time spent during δ–γ transformation. 

In light of such findings, we developed a different alloy development 
strategy by targeting the liquid-solid phase transformation (liquid–δ), 
instead of the solid-solid phase transformation (δ–γ). Specifically, the 
goal is to minimize the formation of δ-ferrite during initial solidification. 
By decreasing the initially solidified δ-ferrite, more austenite will form 
during initial solidification. Next, to facilitate the austenite-to- 
martensite transformation, we removed several minor alloying ele
ments from the alloy composition, including C, Mn, and Si, as they are 
known to reduce the Ms temperature and delay the γ–α’ transformation 
[39,40]. As a result of the two-step design, more martensite could be 
obtained in the final as-solidified 17–4 structure. 

To minimize initially solidified δ-ferrite, we first investigated the 
individual effects of three major alloying elements (Cr, Ni, Cu) on the 
maximum solidified δ-ferrite fraction during equilibrium solidification 
using the CALPHAD (Calculation of Phase Diagrams) method, with the 
assumption that phase evolution under equilibrium condition may 
provide some guidance to our alloy development for rapid cooling 
conditions. The calculation included all the major alloying elements (Cr, 
Ni, Cu) and necessary element (Nb) from the 17–4 specification. When 
varying the concentration of a specific alloying element, the rest 

alloying elements were kept constant at the median of the 17–4 speci
fication: Cr-16.3 %, Ni-4 %, Cu-4 %, Nb-0.3 %. The calculation results 
(in Supplementary Fig. 2) suggest that, to obtain less δ-ferrite during 
initial solidification, it is necessary to reduce the Cr concentration while 
increase the Ni and Cu concentration in the alloy. 

To check whether the CALPHAD calculation results can provide any 
indication on the phase transformation trend under rapid cooling con
ditions, we developed an alloy composition with low Cr but high Ni and 
Cu within the specification to examine the real phase transformation 
dynamics during laser melting via in-situ laser melting XRD experi
ments. The nominal alloy composition is Fe74.7Cr15.2Ni4.8Cu5.0Nb0.3 
(UW_17–4), fabricated by arc melting. During alloy development, the 
following strategies were taken into consideration:  

1. Only major alloying elements (Cr, Ni, Cu) and necessary elements 
(Nb) were included in the alloy, while the minor elements (C, Mn, Si, 
S, P) were excluded, for several reasons: (I) C, Mn, and Si can reduce 
the Ms temperature. They were removed to promote a complete 
austenite-to-martensite transformation and avoid having residual 
austenite in the final structure. (II) Minor elements are mostly vol
atile elements (Mn, Si, S, P) during laser processing, which increases 
the risk of introducing porosity into the part during laser metal ad
ditive manufacturing [41]. (III) The minor elements are allowed to 
be zero from the 17–4 specification. The newly developed alloy can 
still be classified as 17–4 stainless steel, without the need to go 
through additional certification process. (IV) Excluding the minor 
elements simplifies the alloy fabrication process, as it is difficult to 
accurately maintain the concentration of minor elements. The un
certain concentration of minor elements also poses challenges for 
evaluating the effects of major elements on the phase transformation 
dynamics.  

2. Cr and Ni fractions were close to but not exactly at the limit of the 
specification, to accommodate the concentration fluctuations during 
fabrication.  

3. The fraction of Cu was set to 5 % (maximum allowable concentration 
in 17–4 specification) for all compositions, for two reasons: (I) More 
Cu can potentially reduce the stability of initially solidified δ-ferrite, 
as suggested by Supplementary Fig. 2(c). (II) More Cu can potentially 
promote Cu precipitate formation during intrinsic heat treatment 
caused by the layer-by-layer repetitive thermal cycling [22], if the 
alloy is going to be processed via additive manufacturing. 

The actual UW_17–4 alloy compositions during each processing step 
were tested by a combination of ICP analysis, combustion method (for C 
and S), and inert gas fusion method (for O and N). The results are dis
played in Table 1. 

To confirm the UW_17–4 favors the formation of martensite by 
reducing the amount of initially solidified δ-ferrite (increasing the 
amount of austenite from initial solidification), we examined its phase 
transformation dynamics during laser processing from both the XRD 
intensity map (Fig. 4(b)) and the 2D diffraction patterns (Fig. 5). The 
XRD intensity map in Fig. 4(b) was converted from the same set of 2D 
patterns as in Fig. 5. Fig. 4(b) and Fig. 5 share the same time scale. 

From the XRD intensity map in Fig. 4(a–c), δ-ferrite is still the first 
phase formed from the liquid under a cooling rate of 1.7 × 104 ℃/s. 
Soon, the short-lived δ-ferrite transformed into austenite completely, as 
indicated in Fig. 4(c). In contrast to C_17–4, no δ-ferrite peaks sustained 
into the austenite regime, suggesting reduced stability of the δ-ferrite in 
UW_17–4 compared with that of C_17–4. Subsequently, the fully 
austenite structure started to transform into martensite at lower tem
perature (t ≈ 1.5 s, Fig. 4(b)). The austenite-to-martensite trans
formation completed before reaching room temperature, leaving a fully 
martensitic as-solidified structure, as evidenced by the room- 
temperature XRD pattern in Fig. 4(a). 

The 2D diffraction patterns in Fig. 5 presented the same story from 
another perspective. During initial solidification (0.172 s), δ-ferrite first 
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came out from the liquid, as indicated by the bright spots in Fig. 5(a). 
Shortly afterward (0.4 s), austenite formed and consumed all the 
δ-ferrite, as indicated by the γ 111, γ 200, and γ 220 diffraction patterns 
in Fig. 5(b) and the absence of δ 110 and δ 211 diffraction spots. 
Martensite started to form when the temperature dropped below the Ms 
point, as shown in Fig. 5(c). The martensite α’ 110 and α’ 211 diffraction 
patterns appeared as uniform, continuous rings, like powder diffraction, 
because martensite structure is fine and rather randomly oriented. 
During further cooling (10 s), as shown Fig. 5(d), more austenite 
transformed into martensite, with the austenite diffraction rings almost 
vanished. When the material cooled down to room temperature (Fig. 5 
(e)), only uniform, continuous martensite diffraction rings were 
observed, suggesting that the final material structure is fully martensitic. 

Therefore, we confirmed that the developed UW_17–4 can success
fully produce fully martensitic structure under the cooling rate of 
1.7 × 104 ℃/s. 

3.3. Consistent phase formation under various cooling rates (tolerance to 
cooling rate variation) 

To examine whether the UW_17–4 can maintain its phase trans
formation behavior across various cooling conditions, we conducted 
more in-situ laser-melting XRD experiments under the cooling rates of 
4.8 × 104 ℃/s and 1.3 × 105 ℃/s. Together with the cooling rate 
1.7 × 104 ℃/s, we presented the complete phase transformation history 
under each condition in Fig. 4(b, e, and h), with the initial solidification 

Fig. 4. Phase evolution of UW_17–4 under various cooling rates. (a) Room temperature XRD of as-solidified UW_17–4 after laser melting with a cooling rate of 
1.7 × 104 ℃/s. (b) XRD intensity map during laser melting from 0 to 20 s with a cooling rate of 1.7 × 104 ℃/s. (c) Zoom-in view from (b) to highlight the phase 
transformation during the initial solidification stage. (d–f) In-situ XRD results under a cooling rate of 4.8 × 104 ℃/s. (g–i) XRD results under a cooling rate of 
1.3 × 105 ℃/s. 
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stage enlarged in Fig. 4(c, f, and i). 
Using Fig. 4(a–c) as a reference, it can be observed that the phase 

transformation behaviors at higher cooling rates followed the exact 
same trend as the one under 1.7 × 104 ℃/s. Under all conditions, 
δ-ferrite first solidified from the liquid, then fully transformed into 
austenite. The fully austenitic structure of UW_17–4 started to transform 
into martensite at an Ms temperature of 233 ± 21 ℃ (averaged from the 
three experiments in Fig. 4), resulting in a fully martensitic final struc
ture, as evidenced by the room-temperature XRD patterns in Fig. 4(a, d, 
and g). Therefore, the UW_17–4 can reliably produce fully martensitic 
structure under the examined cooling rates. 

Since the feasible cooling rate window for in-situ observation is 
limited, we conducted ex-situ laser melting and casting experiments to 
further study the as-solidified microstructure in UW_17–4 with extended 
range of cooling rates by electron backscatter diffraction (EBSD), as 
shown in Fig. 6. Three cooling rates on the orders of 102 ℃/s, 104 ℃/s, 
and 107 ℃/s were accomplished by casting (arc melting), single-layer 
laser melting, and laser spot welding, respectively. To be noticed, the 
cooling rate of 2 × 104 ℃/s in the single-layer laser melting sample 
(Fig. 6(b)) is within the cooling rate window of the in-situ experiment 
(Fig. 4). Hence, it serves as an orthogonal reference point for the ex-situ 
data. In addition, the substrate in Fig. 6(b) is a piece of UW_17–4 after 
condition-A solution heat treatment. During condition-A heat treatment, 
the material was heated up to 1038 ℃ (above its austenite temperature), 
held for 45 min, and followed by quenching. All potential δ-ferrite will 
transform into austenite during the long time holding at high tempera
ture. During quenching, all austenite will transform into martensite. 
Hence, the substrate microstructure in Fig. 6(b) is fully martensitic and 
also serves as a reference point for other ex-situ experiments. 

EBSD data in Fig. 6 confirm that the microstructures under the three 
cooling rates (102 ℃/s, 104 ℃/s, 107 ℃/s) were all fully martensitic, as 
indicated by the image quality (IQ) maps of Fig. 6(a–c). The consistent 
dark netlike features in the IQ maps are signatures of martensite 
resulting from its poor diffraction quality caused by internal high- 
density lattice defects (such as dislocations and sub-grain boundaries) 
[37,42–44]. These features are distinct from the δ-ferrite IQ map in 
Fig. 1(e), where the δ-ferrite grains appear much brighter due to less 
lattice defects. The IQ map in Fig. 6(b) shows a slight difference in the 
imaging contrast, where the left half field-of-view is darker than the 
right half. This observation is due to a refined structure obtained under 
high cooling rate, as exhibited in the inversed pole figure (IPF) of Fig. 6 
(b). The details of the refined structure were zoomed in and displayed in 
Fig. 6(d). 

We demonstrate that our developed alloy, UW_17–4, consistently 
forms a fully martensitic final structure under a broad range of cooling 
rates (102–107 ◦C/s), with in-situ and postmortem examinations. This 
cooling rate range encompasses all major types of fusion-based AM 
technologies. 

3.4. Tolerance to environmental impurity 

In addition to good tolerance to cooling rates, a robust material for 
AM must have good resistance to environmental impurities. Environ
mental impurities in AM refer to the elements not within the alloy 
specifications. It is almost inevitable to entrain environmental impu
rities to the alloy during AM processing. For example, the directed en
ergy deposition (DED) AM processes, especially the wire-based DED 
process [45], sometimes are performed in open environment with 
flowing inert gas blowing toward the laser-matter interaction area. The 
inert gas could easily mix with the environment air during the process. 

Here, we demonstrate UW_17–4 can consistently produce a fully 
martensitic structure with impurity in the processing environment. To 
simulate environment impurities, we mixed a 20 vol% air with an 80 vol 
% shielding argon gas. Under this mixed-gas environment, we re-melted 
an exact material location for up to three times and monitored the phase 
transformation using in-situ XRD. The results are shown in Fig. 7. After 
the 3rd re-melting, the final phase structure is still fully martensitic, as 
evidenced by the BCC peaks in Fig. 7(g) and the complete δ–γ–α’ 
transformation in Fig. 7(h and i). In addition, among the three re- 
melting experiments, we did not observe significant differences 
regarding phase transformation sequence and temperature, indicating a 
good tolerance of UW_17–4 to typical processing environmental 
impurities. 

3.5. Structure and property of as-printed UW_17-4 

To examine our developed alloy in actual AM process, we fabricated 
a UW_17–4 part using a laser powder bed fusion system. The final 
structure in the as-printed part was fully BCC structure (> 99.9 mass %), 
as confirmed by the synchrotron XRD data in Fig. 8(a), which contains 
bulk structural information from a sampling volume of 
1.0 mm × 0.6 mm × 0.8 mm. Further EBSD examination revealed fully 
martensitic features on the IQ map of the as-printed UW_17–4 (Fig. 8 
(b)), similarly to those shown in Fig. 6. Given the combined evidence 
from Fig. 8(a and b), we conclude that the as-printed UW_17–4 part is 
fully martensitic. 

Fig. 5. Analysis of phase evolution in UW_17–4 after laser melting. The 2D diffraction patterns at different moments from Fig. 4(b) are shown in (a–e). Fig. 5 and 
Fig. 4(b) share the same time scale. Two signature diffraction areas 1 and 2 were marked using red and orange rectangles. The areas 1 and 2 at each moment were 
enlarged and displayed below the whole-field diffraction images. The horizontal and vertical black bands in the figures are no-signal zones, due to the configuration 
of the X-ray detector. 
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We characterized the mechanical properties of the as-printed 
UW_17–4 with tensile testing. The engineering stress-strain tensile 
curves of the as-printed UW_17–4 are compared with their counterparts: 
as-printed C_17–4 and commercial wrought 17–4 after condition-A so
lution hear treatment (fully martensitic), with a reference point being 
the specification of 17–4 PH stainless steel after condition-A + H900 
heat treatment (fully martensitic + precipitation hardening). The results 
exhibited in Fig. 8(c) demonstrate that: (1) the as-printed UW_17–4 has a 
yield strength of 1157 ± 23 MPa, which is over 40 % (346 MPa) higher 
than that of the as-printed C_17–4 (811 ± 16 MPa); (2) the yield 
strength of the UW_17–4 in the as-printed condition is comparable to 
that of the 17–4 steel specification (1170 MPa) after a precipitation 
hardening heat treatment. 

The as-printed UW_17–4 possesses high yield strength that cannot be 
solely explained by UW_17–4 being fully martensitic because otherwise 
it would have a similar yield strength to the solution heat-treated 
wrought 17–4 steel (Fig. 8(c)). A probable reason for the unexpected 
high yield strength is the existence of copper-rich precipitates, which are 
a major contributor to the extra strength in precipitation-hardened 17–4 
steel [28]. To test this hypothesis, we performed small-angle X-ray 

scattering (SAXS) measurements on as-printed UW_17–4. The SAXS data 
contain statistically meaningful information from a bulk specimen of 
0.8 mm × 0.8 mm × 0.1 mm. The SAXS results in Fig. 9(a) unequivo
cally revealed a scattering feature with a nominal size of ~4 nm (orange 
line). This size is characteristic of the copper-rich precipitates in the 
17–4 PH steel [46,47]. We further performed atom probe tomography 
(APT) from the same as-printed UW_17–4 sample. The APT results dis
playing in Fig. 9(b) validated our hypothesis that a high density of 
Cu-rich precipitation particles exist in the as-printed UW_17–4. It is 
likely that these small precipitates formed during the cyclic hea
ting/cooling process in AM, which represents an intrinsic heat treat
ment. An additional characteristic length on the scale of 50 nm also 
showed up on the SAXS curve in Fig. 9(a), which is a good match with 
the metallurgical pores in the as-printed material, as exhibited by the 
SEM image in Fig. 9(c) and supported by the statistical analysis of pore 
size distributions within a representative area (Fig. 9(d)). 

4. Conclusions 

Informed by phase transformation dynamics, we developed a robust 

Fig. 6. Microstructure of as-solidified UW_17–4 under various cooling rates. (a) EBSD of as-cast UW_17–4 fabricated by arc-melting. The left panel is an inversed pole 
figure (IPF). The right panel is the corresponding image quality (IQ) map. (b) EBSD of UW_17–4 after a single-layer laser melting (transverse cross-section). The 
substrate is a cast, fully martensitic UW_17–4 after a solution heat treatment. (c) EBSD of UW_17–4 after laser spot welding under 156 W laser power with 1 ms laser 
duration (transverse cross-section). (d) EBSD of a zoom-in area from (b). The microstructures for all conditions are fully martensitic. All IPFs share the same color 
code, which is shown in the inset of (a). 
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martensitic 17–4 stainless steel (UW_17–4) for additive manufacturing. 
The alloy development strategy reported here signifies the importance 
of understanding phase transformation dynamics under AM conditions. 
Probed by in-situ high-speed high-energy high-resolution X-ray 
diffraction, the phase transformation dynamics of C_17–4 PH stainless 
steel during rapid solidification guided our development to target the 
initial liquid-solid phase transformation during solidification. Our alloy 
development strategy mitigated the formation of initial δ-ferrite phase 
and promoted the austenite-to-martensite transformation to achieve the 
desired fully martensitic phase in the final structure of the UW_17–4. We 
demonstrated that the developed alloy could maintain fully martensitic 
structure in the as-solidified state under a wide range of cooling rates 
(102–107 ℃/s) and withstands common environment impurities. The 

tolerance of the material to the complex thermal and chemical envi
ronments is critical for industrial adoption to achieve reliable and 
consistent additively manufactured parts, regardless of the differences 
among AM machines, printing batches, and printing regions. The one- 
step fabrication of desired phases (matrix and precipitates) in the as- 
printed additively manufactured parts might eliminate the costly and 
complex post heat treatment required for phase-adjustment, which has 
potential to greatly improve production efficiency with reduced cost on 
time, energy, and labor. We expect that phase transformation dynamics 
guided alloy development will lead to the development of more robust, 
high-performance materials for the additive manufacturing industry. 

Fig. 7. Phase evolution of UW_17–4 with impurity in the environment gas. The processing environment contains 80 vol% argon as the main protection gas and 
20 vol% air as an impurity. (a) Room temperature XRD of as-solidified UW_17–4 after 1st laser re-melting. (b) XRD intensity map during 1st laser re-melting from 0 s 
to 18.5 s (c) Zoom-in view from (b) to highlight phase transformation during the initial solidification. (d–f) XRD results of laser re-melting for the 2nd time at the 
same location as in (a–c). (g–i) XRD results of laser re-melting for the 3rd time at the same location as in (a–c). 
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Fig. 8. Structure and property of as-printed UW_17–4. (a) High-resolution synchrotron XRD of as-printed UW_17–4. The XRD sample volume was 1.0 mm × 0.6 mm 
× 0.8 mm. (b) IQ map of as-printed UW_17–4 by EBSD characterization. (c) Tensile curves of the as-printed UW_17–4, as-printed C_17–4, and commercial wrought 
17–4 steel after condition-A solution heat treatment (Wrought Condition-A). Two tensile curves are shown for each material. The orange line is the minimum 
specification of precipitation-hardened 17–4 PH stainless steel after H900 heat treatment. 

Fig. 9. Analysis of nanoprecipitates in the as-printed UW_17–4. (a) Small-angle scattering (SAXS) of as-printed UW_17–4. (b) Atom probe tomography (APT) image 
showing the element map of the as-printed UW_17–4. The Cu-rich precipitates have an average size of ~4 nm. (c) SEM image showing the metallurgical pores in the 
as-printed UW_17–4. (d) Statistics of the metallurgical pores distributing within a 21.79 µm × 14.55 µm area. 
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