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In situ 3D crystallographic 
characterization 
of deformation‑induced martensitic 
transformation in a metastable 
Fe–Cr–Ni austenitic alloy by X‑ray 
microtomography
Osamu Takakuwa 1*, Tatsuya Iwano 2, Kyosuke Hirayama 3, Hiroyuki Toda 1, 
Akihisa Takeuchi 4 & Masayuki Uesugi 4

Excellent strength–ductility balance in metastable Fe–Cr–Ni austenitic alloys stems from phase 
transformation from austenite (fcc structure) to αʹ martensite (bcc structure) during deformation, 
namely deformation-induced αʹ martensitic transformation (DIMT). Here, DIMT in a metastable 
Fe–17Cr–7Ni austenitic alloy was detected in situ and characterized in three dimensions (3D) by 
employing synchrotron radiation X-ray microtomography. This technique utilizes refraction contrast, 
which is attributable to the presence of phase boundaries between the parent austenite and the newly 
formed αʹ martensite phase. By combining microtomography and position-sensitive X-ray diffraction, 
we succeeded in crystallographically identifying multiple αʹ martensite phases continuously 
transformed in four groups from a single parent austenitic phase.

Metastable Fe–Cr–Ni austenitic alloys display excellent strength–ductility balance because of transformation-
induced plasticity (TRIP), which is generated by phase transformation from austenite (fcc structure) to αʹ mar-
tensite (bcc structure) during deformation1,2, the so-called deformation-induced αʹ martensitic transformation 
(hereinafter, DIMT). However, when the newly transformed αʹ martensite phase is subjected to a hydrogenated 
environment, substantial loss of strength and ductility occurs because of damage initiation and evolution3–5. 
Thus, DIMT influences the mechanical properties of metastable Fe–Cr–Ni alloys in both positive and negative 
ways. There is substantial interest in this technique. Several studies have been performed in which, during DIMT, 
nuclei form at the intersection of slip bands, ε martensite phases6,7, and deformation twins8,9. The characteristics 
of DIMT depend on the stacking fault energy9 and the stability of the austenite phase10, namely its chemical 
composition11. The newly formed αʹ martensite satisfies a specific crystallographic orientation relationship with 
the parent austenite (the Kurdjumov–Sachs (K-S) relation12) in the form of 24 variants derived from six parallel 
close-packed directions pertaining to four habit planes. Note that not all the variants are selected in DIMT: some 
form preferentially over others. In other words, there is variant selection8,9,13–15, which depends on the features 
of the parent austenite grain, such as the shape, crystallographic orientation, and mechanical conditions. Vari-
ant selection during the deformation process appears to have substantial effects on the resultant mechanical 
responses. Even though the phenomenological theory of DIMT, including the theory of its nature and evolu-
tion with a focus on variant selection, has been frequently discussed, there is still a lack of linkage between the 
DIMT process and how it intrinsically influences mechanical properties such as strength, ductility, and fracture 
toughness. To be able to associate the DIMT process with the resultant mechanical responses, we need to obtain 
three-dimensional (3D) information on the nature and growth characteristics of the newly formed αʹ martensite, 
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including its structure and shape, as well as its crystallographic orientation in relation to the parent austenite. 
X-ray16,17 and neutron diffraction18–20 analyses can be used effectively to acquire hitherto controversial crystal-
lographic information, as well as information on the internal stresses and microscopic strains applied to various 
diffractive planes during tensile deformation, and hence the dislocation density. Diffraction observations can 
precisely capture the steep changes in the volume fraction of the αʹ martensite and parent austenite phases as 
DIMT progresses. However, the information is averaged over the target, making it technically difficult to inves-
tigate DIMT in a localized region in 3D.

X-ray computed tomography (CT) is an effective way of collecting internal 3D information21. It has been 
widely applied to lightweight structural materials such as Al22–24 and Ti25–27 alloys. As X-ray sources become 
more powerful, its application range has been expanding, even to Fe-based alloys, including multi-phase TRIP 
(transformation-induced plasticity) steels28. However, there is as yet no methodology for detecting the martensite 
phase that has newly formed and evolved in the parent austenite phase during the deformation of Fe–Cr–Ni 
austenitic alloys, unlike the case of TRIP in steel, which already has austenite and martensite phases, with a 
relatively high carbon content, in the initial microstructure. Here, we took particular note of the subtle density 
differences between the austenite phase (matrix phase: fcc) and the martensite phase (bcc) newly generated by 
DIMT. The interface of these phases can be detected by enhancing the refraction contrast of projected X-rays; 
this contrast is derived from density differences.

As a first step, we demonstrated that DIMT of metastable Fe–Cr–Ni austenitic alloys can be continuously 
detected and characterized in 3D during tensile deformation, and crystallographic information can be obtained 
by applying pencil-beam X-rays. We succeeded in crystallographically identifying multiple martensitic phases 
nucleated from a single parent austenitic phase, along with their {111} habit planes.

Results and discussion
We plotted the nominal stress–strain response (Fig. 1a). The nominal strain applied to the specimen was cal-
culated by tracking the displacement of four pairs of pores during the deformation steps. The CT images were 
collected by X-ray microtomography (XMT) at all deformation steps from A (undeformed) to F, and position-
sensitive X-ray diffraction (ps-XRD) was performed at Steps B and C to characterize the parent austenite and 
αʹ martensite phases. The considerable work hardening seen from Steps B to F was attributed to the hitherto 
controversial increase in the volume fraction of the αʹ martensite phase, VM, (Fig. 1b), as assessed by XMT 
(described later). The approximation line is given by Eq. (1), proposed by Olson and Cohen29:

where α (= 5.99) denotes the rate of shear-band formation and β (= 2.30) is proportional to the probability of an 
intersection of shear bands forming a martensite embryo. n is the exponent of 4.91, and ε is the nominal strain. 

(1)VM = 1− exp
{

−β
[

1− exp(−αε)
]n}

Figure 1.   Tensile properties together with DIMT behavior. (a) Nominal stress–strain response. (b) Increase in 
volume fraction of the αʹ martensite phase according to Eq. (1), proposed by Olson and Cohen29.
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The DIMT behavior corresponds closely to sigmoidal variation with respect to the macroscopic strain applied, 
giving a result similar to that obtained by Talonen and Hänninen for type 301LN stainless steel30.

We obtained tomographic images at a nominal strain, ε, of 71% and with specimen-to-camera distances of 50, 
100, and 150 mm (Fig. 2). Note that the parent austenite phase and the newly formed martensite phase produced 
by DIMT are identifiable by XMT. The phase boundary becomes apparent as the specimen-to-camera distance 
increases owing to enhanced refraction contrast. As the primary objective of this technique is to discriminate 
the two phases as clearly as possible, we set the distance to 150 mm in subsequent XMT experiments.

We then obtained tomographic images at each deformation step (cf. A to F in Fig. 1) (Fig. 3a) and 3D images 
of the austenite phase and the martensite phase formed by DIMT, as identified by using binary coded processing 
(Fig. 3b). No structures with substantial image contrast are found in the images at Step A in Fig. 1a, suggest-
ing that only the parent austenite phase was present before tensile deformation. At ε = 5.4% (Step B), the image 
contains regions with gray values that are obviously different from the austenite phase and that evolved as the 
deformation progressed, as manifested in Steps B to F. Moreover, DIMT was detected by X-ray diffraction by 
comparing before loading and at ε = 5.4% (Step B), as shown in Fig. 4, which was acquired by ps-XRD at the same 
tracked position and rotation angle. The occurrence of the spots from bcc in the red circles is clear evidence that 
the changes in the gray value stemmed from DIMT. The 3D images (Fig. 3b) indicate that DIMTs are plate-like 
and develop in clusters of several groups that share the same growth direction, as represented in Step B. We, 
therefore, demonstrated that the hitherto controversial formation behavior of DIMT can be tracked continuously 
in 3D by XMT and by enhancing the refraction contrast.

To characterize each newly formed martensite phase, we obtained 3D views of the phase extracted from the 
region of interest in the tomographic images at ε = 5.4% and 8.2% (Fig. 5). We confirmed by ps-XRD that the 
martensite phase was newly generated within the same parent austenite grain. By comparing the martensite 
phases at ε = 5.4% and 8.2% in the 3D images, we classified the plate-like martensite phase into four color-coded 
groups with distinct misorientations. Matching of the diffraction spots from the austenite phase in the immediate 
vicinity of each martensite group acquired by ps-XRD to their 3D positions by XMT revealed that the martensite 
phase had formed and developed along four discrete {111} planes in the austenite phase, i.e., the habit planes 
of the DIMT. This series of results shows that a plate-like martensite phase grew at certain intervals along the 

Figure 2.   Visualization of parent austenite phase and αʹ martensite phase in tomographic images by enhancing 
the refraction contrast between them by varying the specimen-to-camera distance.

Figure 3.   Progress in DIMT through tensile deformation. (a) Reconstructed tomographic images; (b) 3D 
images at all deformation steps. In (b), the austenite phase is green, and the αʹ martensite phase is red.



4

Vol:.(1234567890)

Scientific Reports |        (2024) 14:14445  | https://doi.org/10.1038/s41598-024-65505-3

www.nature.com/scientificreports/

{111} habit planes, and that its behavior varied for each close-packed (CP) plane group. The volume fractions, 
VM, of the martensite phase for each CP group in the K-S relationship (VM = 34%, 3%, 27%, and 36% for CP1 
to C4) were correlated with the maximum Schmid factor, SF, of the {111} < 110 > slip system with respect to the 
tensile direction (SF = 0.45, 0.27, 0.39, and 0.43 for CP1 to CP4). Furthermore, we confirmed the same pattern 
for the {111} < 112 > slip system, assuming gliding due to Shockley partial dislocation. The αʹ martensite phase 
formed more abundantly as CP1 and CP4, which had higher Schmid factors, than as CP2, which had a lower 
one. DIMT occurred preferentially along the {111} habit plane, where the shear stress impinging on the {111} 
slip plane was higher, and the primary slip system was easier to activate. Investigations have shown the pres-
ence of embryos of the αʹ martensite nucleate at the intersection of the shear bands (a comprehensive term for 
overlapping stacking faults); the embryos grow by repeated nucleation and coalescence31. Consequently, leading 
Shockley partial dislocations gliding on successive {111} planes, or on every second plane, produce deformation 
twin bundles32 and ε martensite phases6. If the shear stress on the {111} slip plane is below a certain level, the 
shear bands are initially parallel. Beyond that level, the number of intersections increases, resulting in extensive 
nucleation and growth of the αʹ martensite phase30. This phenomenon explains the results that we acquired by 
in situ 3D characterization. Furthermore, when DIMT is viewed in terms of two-dimensional information (e.g., 
SEM-EBSD; scanning electron microscopy with electron backscatter diffraction), the results will vary depending 
on which plane is targeted (see Fig. 5). In situ 3D characterization should help to give us a more comprehensive 
understanding of DIMT.

Figure 4.   X-ray diffraction spots of the austenite and αʹ martensite phases, acquired by ps-XRD. (a) 
Undeformed. (b) Nominal strain of 5.4%. The diffraction rings in green are from the austenite phase, and those 
in red are from the αʹ martensite phase.
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In summary, DIMT in metastable Fe–Cr–Ni austenitic alloys can be tracked continuously in situ in 3D by 
using XMT to detect subtle differences in density between the parent austenite and the newly formed martensite 
phase through X-ray refraction contrast. The result can be characterized crystallographically by combining this 
technique with ps-XRD. In addition to identifying the habit planes by using the techniques developed here, it 
is highly possible to analyze misorientations between the parent austenite and the transformed αʹ martensite 
phase—that is to identify variants in the local region in 3D. We plan to advance this in situ 3D characterization 
technique further. We hope to achieve a much higher resolution so as to focus on more localized DIMT in the 
future and to associate the results with several of the mechanical properties that result from DIMT.

Methods
The material examined was a 40 mm-diameter metastable type 301 austenitic stainless steel, fabricated by hot 
drawing. The chemical composition of the alloy was Fe–17.3Cr–7.3Ni–0.98Mn–0.069C mass %. Solution anneal-
ing was performed at 1423 K for 2 h. The average grain size was about 83 μm. A specimen with a gauge length 
of 0.7 mm and a cross-sectional area of 0.6 × 0.6 mm was extracted by electrical discharge machining. The gauge 
section was circularized by mechanical polishing and then electropolished to a diameter of 0.3 mm. Synchrotron 
radiation X-ray experiments were performed at the BL20XU beamline at SPring-8 at an X-ray energy of 37.7 keV. 
For projection-type XMT, to enable us to achieve an effective voxel size of 0.5 μm, the setup combined a 4-meg-
apixel CMOS camera (ORCA-Flash 4.0, Hamamatsu Photonics K.K., Hamamatsu, Japan) with a 20 μm-thick 
GAGG (Gd3Al2Ga3O12: Ce+) scintillator. A 3D image was reconstructed from 1800 projection images acquired 
while the specimen was being rotated through 180° with an exposure time of 150 ms per 0.1°. Diffraction spots 
in the local regions were acquired while the 3D position was controlled by using the ps-XRD technique with 
a collimated beam down to 10 × 5 μm (horizontal × vertical direction). The raster scanned every 30 rows × 30 
columns for a total of 300 × 150 μm (horizontal × vertical direction). The X-ray energy was 37.7 keV, the same as 
in XMT. The visible light-conversion-type X-ray camera comprised a CMOS (ORCA-Flash 4.0), optical lenses, 
and a 20 μm-thick P43 (Gd2O2S: Tb +) scintillator. The sample-to-camera distance was 20 mm. The sample was 
rotated from 0° to 180° at all scan points during ps-XRD, and diffraction images were acquired every 1° with 
an exposure time of 80 ms, resulting in 162,000 diffraction patterns. Tensile testing was performed by using a 
compact material testing machine (CT500, Deben UK Ltd., London, UK) at a displacement rate of 0.2 mm/min.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author upon 
reasonable request.

Figure 5.   3D crystallographic identification of groups of the martensite phase extracted from the region of 
interest (dashed boxes) in the tomographic images at ε = 5.4% and 8.2%. Groups parallel to (111) in blue, (1–11) 
in green, (-111) in yellow, and (11–1) in red correspond to CP1, CP2, CP3, and CP4, respectively, in the K-S 
relationships. (a) ε = 5.4%. (b) ε = 8.2%.



6

Vol:.(1234567890)

Scientific Reports |        (2024) 14:14445  | https://doi.org/10.1038/s41598-024-65505-3

www.nature.com/scientificreports/

Received: 2 May 2024; Accepted: 20 June 2024

References
	 1.	 Shin, H. C., Ha, T. K. & Chang, Y. W. Kinetics of deformation induced martensitic transformation in a 304 stainless steel. Scr. 

Mater. 45, 823–829 (2001).
	 2.	 Reed, R. P. The spontaneous martensitic transformations in 18% Cr, 8% Ni steels. Acta Metall. 10, 865–877 (1962).
	 3.	 Takakuwa, O., Yamabe, J., Matsunaga, H., Furuya, Y. & Matsuoka, S. Comprehensive understanding of ductility loss mechanisms 

in various steels with external and internal hydrogen. Metall. Mater. Trans. A 48, 5717–5732 (2017).
	 4.	 Koyama, M. et al. Hydrogen desorption and cracking associated with martensitic transformation in Fe–Cr–Ni-based austenitic 

steels with different carbon contents. Int. J. Hydrog. Energy 42, 26423–26435 (2017).
	 5.	 Zhang, L., An, B., Fukuyama, S., Iijima, T. & Yokogawa, K. Characterization of hydrogen-induced crack initiation in metastable 

austenitic stainless steels during deformation. J. Appl. Phys. 108, 063526 (2010).
	 6.	 Venables, J. A. The martensite transformation in stainless steel. Philos. Mag. 7, 35–44 (1962).
	 7.	 Bracke, L., Kestens, L. & Penning, J. Transformation mechanism of αʹ-martensite in an austenitic Fe–Mn–C–N alloy. Scr. Mater. 

57, 385–388 (2007).
	 8.	 Nakada, N., Ito, H., Matsuoka, Y., Tsuchiyama, T. & Takaki, S. Deformation-induced martensitic transformation behavior in cold-

rolled and cold-drawn type 316 stainless steels. Acta Mater. 58, 895–903 (2010).
	 9.	 Tian, Y., Gorbatov, O. I., Borgenstam, A., Ruban, A. V. & Hedström, P. Deformation microstructure and deformation-induced 

martensite in austenitic Fe–Cr–Ni alloys depending on stacking fault energy. Metall. Mater. Trans. A 48, 1–7 (2017).
	10.	 Chatterjee, S., Wang, H. S., Yang, J. R. & Bhadeshia, H. K. D. H. Mechanical stabilization of austenite. Mater. Sci. Technol. 22, 

641–644 (2006).
	11.	 Angel, T. Formation of martensite in austenitic stainless steels effects of deformation, temperature, and composition. J. Iron Steel 

Inst. 177, 165–174 (1954).
	12.	 Kurdjumov, G. & Sachs, G. Über den mechanismus der stahlhärtung. Z. Phys. 64, 325–343 (1930).
	13.	 Matsuoka, Y., Iwasaki, T., Nakada, N., Tsuchiyama, T. & Takaki, S. Effect of grain size on thermal and mechanical stability of 

austenite in metastable austenitic stainless steel. ISIJ Int. 53, 1224–1230 (2013).
	14.	 Gey, N., Petit, B. & Humbert, M. Electron backscattered diffraction study of ε/α′ martensitic variants induced by plastic deforma-

tion in 304 stainless steel. Metall. Mater. Trans. A 36, 3291–3299 (2005).
	15.	 Hasan, S. M., Ghosh, A., Chakrabarti, D. & Singh, S. B. Deformation-induced martensite transformation and variant selection in 

AISI 316L austenitic stainless steel during uniaxial tensile deformation. Mater. Sci. Eng. A 872, 144930 (2023).
	16.	 Nagy, E., Mertinger, V., Tranta, F. & Sólyom, J. Deformation induced martensitic transformation in stainless steels. Mater. Sci. Eng. 

A 378, 308–313 (2004).
	17.	 De, A. K., Murdock, D. C., Mataya, M. C., Speer, J. G. & Matlock, D. K. Quantitative measurement of deformation-induced mar-

tensite in 304 stainless steel by X-ray diffraction. Scr. Mater. 50, 1445–1449 (2004).
	18.	 Oliver, E. C., Withers, P. J., Daymond, M. R., Ueta, S. & Mori, T. Neutron-diffraction study of stress-induced martensitic transfor-

mation in TRIP steel. Appl. Phys. A 74, s1143–s1145 (2002).
	19.	 Christien, F., Telling, M. T. F. & Knight, K. S. Neutron diffraction in situ monitoring of the dislocation density during martensitic 

transformation in a stainless steel. Scr. Mater. 68, 506–509 (2013).
	20.	 Mao, W. et al. Quantitatively evaluating respective contribution of austenite and deformation-induced martensite to flow stress, 

plastic strain, and strain hardening rate in tensile deformed TRIP steel. Acta Mater. 256, 119139 (2023).
	21.	 Toda, H. X-Ray CT: Hardware and Software Techniques (Springer, 2021).
	22.	 Shimizu, K., Toda, H., Uesugi, K. & Takeuchi, A. Local deformation and fracture behavior of high-strength aluminum alloys under 

hydrogen influence. Metall. Mater. Trans. A 51, 1–19 (2020).
	23.	 Hirayama, K. et al. Damage micromechanisms of stress corrosion cracking in Al-Mg alloy with high magnesium content. Corros. 

Sci. 184, 109343 (2021).
	24.	 Toda, H. et al. Dominant factors controlling the initiation of hydrogen embrittlement in Al–Zn–Mg alloy. Mater. Trans. 64, 

2729–2738 (2023).
	25.	 Tubei, V. et al. 3D short fatigue crack closure behavior in Ti-6Al-4V alloy investigated using in situ high resolution synchrotron 

X-ray tomography. Eng. Fract. Mech. 249, 107755 (2021).
	26.	 Hassanipour, M. et al. Effects of 3D microstructural distribution on short crack growth behavior in two bimodal Ti–6Al–4V alloys. 

Mater. Sci. Eng. A 766, 138264 (2019).
	27.	 Tubei, V. et al. Direct observation of three-dimensional short fatigue crack closure behavior in Ti-6Al-4V alloy using ultra-high-

resolution X-ray microtomography. Int. J. Fatigue 168, 107428 (2023).
	28.	 Toda, H. et al. Multimodal assessment of mechanically induced transformation in metastable multi-phase steel using X-ray nano-

tomography and pencil-beam diffraction tomography. Acta Mater. 234, 117956 (2022).
	29.	 Olson, G. B. & Cohen, M. Kinetics of strain-induced martensitic nucleation. Metall. Trans. A 6, 791–795 (1975).
	30.	 Talonen, J. & Hänninen, H. Formation of shear bands and strain-induced martensite during plastic deformation of metastable 

austenitic stainless steels. Acta Mater. 55, 6108–6118 (2007).
	31.	 Murr, L. E., Staudhammer, K. P. & Hecker, S. S. Effects of strain state and strain rate on deformation-induced transformation in 

304 stainless steel: Part II. Microstructural study. Metall. Trans. A 13, 627–635 (1982).
	32.	 Mahajan, S. & Chin, G. Y. Formation of deformation twins in f.c.c. crystals. Acta Metall. 21, 1353–1363 (1973).

Acknowledgements
This work was supported by JSPS KAKENHI Grant Number JP23H01304, an ISIJ Carbon Neutral Research 
Promotion Grant, the Iketani Science and Technology Foundation, and the Yoshida Gakujutsu Foundation. The 
synchrotron radiation experiments were performed on the BL20XU at SPring-8 with the approval of the Japan 
Synchrotron Radiation Research Institute (JASRI) (Proposal Nos. 2021B1361, 2022B1117).

Author contributions
OT: conceptualization, writing—original draft, funding acquisition, investigation. TI: investigation, writing—
review & editing. KH: investigation, writing—review & editing. HT: supervision, writing—review & editing. AT: 
experimental support, writing—review & editing. MU: experimental support.

Funding
This work was supported by Japan Society for the Promotion of Science, JP23H01304, Iron and Steel Institute of 
Japan, Iketani Science and Technology Foundation, and the Yoshida Gakujutsu Foundation.



7

Vol.:(0123456789)

Scientific Reports |        (2024) 14:14445  | https://doi.org/10.1038/s41598-024-65505-3

www.nature.com/scientificreports/

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to O.T.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2024

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	In situ 3D crystallographic characterization of deformation-induced martensitic transformation in a metastable Fe–Cr–Ni austenitic alloy by X-ray microtomography
	Results and discussion
	Methods
	References
	Acknowledgements


