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Excellent mechanical properties
of taenite in meteoric iron

Shohei Ueki'?, Yoji Mine!* & Kazuki Takashima®

Meteoric iron is the metal that humans first obtained and used in the earliest stage of metal culture.
Advances in metallographic analysis techniques have revealed that meteoric iron largely comprises
kamacite, taenite, and cohenite, which correspond to ferrite, austenite, and cementite in artificial
steel, respectively. Although the mechanical properties of meteoric irons were measured previously
to understand their origin and history, the genuine mechanical properties of meteoric iron remain
unknown because of its complex microstructure and the pre-existing cracks in cohenite. Using
micro-tensile tests to analyse the single-crystalline constituents of the Canyon Diablo meteorite,
herein, we show that the taenite matrix exhibits excellent balance between yield strength and
ductility superior to that of the kamacite matrix. We found that taenite is rich in nitrogen despite
containing a large amount of nickel, which decreases the nitrogen solubility, suggesting that solid-
solution strengthening via nitrogen is highly effective for the Fe—Ni system. Our findings not only
provide insights for developing advanced high-strength steel but also help understand the mysterious
relationship between nitrogen and nickel contents in steel. Like ancient peoples believed that
meteoric iron was a gift from the heavens, the findings herein imply that this thought continues even
now.

Meteoric irons, known as Fe-Ni alloys with various nickel contents from a minimum of 5 up to 60 mass%, can
be classified into several types exhibiting different microstructural features based on their overall nickel content'.
The main phases of meteoric iron are kamacite with a body-centred cubic (BCC) structure, taenite with a face-
centred cubic (FCC) structure, and cohenite with an orthorhombic structure, which correspond to a-ferrite,
y-austenite, and Fe;C cementite in artificial steel, respectively?=. The unique microstructure of meteoric iron is
formed by the nucleation and growth of kamacite from taenite during the slow cooling of the parent body’, with
the cooling period for a 1 K temperature decrease estimated as a few hundred to thousands of years'. Despite the
huge difference in cooling rates between artificial steel and meteoric iron (more than 13 orders of magnitudes),
the crystallographic features of the FCC to BCC transformation mechanism are similar in artificial steel and
meteoric iron®—°. However, there have been few studies on the mechanical properties of meteoric iron”"'2. Most
measurements of their mechanical properties determined tensile strengths less than ca. 100 MPa, which are
relatively low values compared to that of artificial iron-nickel alloys®!!. This is because pre-existing cracks and
cavities in the body of meteoric iron hinder the measuring of the strength and ductility of their constituents. To
measure the mechanical properties of metallic microconstituents, micropillar-compression tests are frequently
perfomed’*-'°. This method is suitable for examining the dislocation motion and sample size effect on the defor-
mation behaviour. However, the deformation restraint on the bottom of the pillar prevents the complete uniaxial
stress loading throughout the specimen, making it difficult for the accurate measurement of the yield strength,
strain hardening, and elongation. In recent times, advances in micro-mechanical testing techniques have reduced
tensile-test specimens to the microstructural scale, i.e. several tens of micrometres, which has allowed for the
successful characterisation of steel tensile properties and deformation behaviours!®-2°. Therefore, we applied the
micro-tensile testing technique to the mechanical characterisation of genuine stress—strain behaviours in the
constituents of a meteoric iron.

Results and discussion

Microstructural characterisation. Figure 1 shows the optical micrographs, electron back-scatter diffrac-
tion (EBSD) patterns, and electron probe microanalysis (EPMA) maps of the typical constituents in a Canyon
Diablo meteorite sample. Figure 1a shows the typical microstructural morphology which accounts for the major-
ity of this meteoric iron, and Fig. 1b shows the areas determined as a-iron via EBSD analysis. Additionally, Neu-
mann bands were observed, which are deformation twins in the BCC crystal, as previously reported for some
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Figure 1. Microstructural characterisation of Canyon Diablo meteorite. (a,d,g) Optical micrographs showing
kamacite, taenite, and cohenite, respectively. (b,e,;h) EBSD maps in kamcite, taenite/kamacite boundary, and
cohenite, respectively. (c,f,i) Comparison of secondary electron image and corresponding elemental maps of
carbon, iron, and nickel in the areas shown in (a), (e), and (g), respectively. Colour bars in elemental maps
indicate the characteristic X-ray intensity proportional to the elemental concentration.

meteoric irons®*®. According to the compositional mapping of alloying elements by EPMA shown in Fig. 1c,
there was no segregation of alloying elements in the boxed area in Fig. 1a. Quantitative analysis of the alloying
elements (Extended Data Table 1) in the area shown in Fig. 1c revealed that the a-phase could be regarded as
ferritic iron containing approximately 6 at.% Ni, i.e. kamacite. A small fraction of taenite (determined by y-iron
in the EBSD analysis) was observed as shown in Fig. 1d,e. The compositional mapping of alloying elements in
taenite revealed that the iron content decreased and nickel content increased upon approaching the taenite/
kamacite boundary (Fig. 1f). Beyond the area near the taenite/kamacite boundary, taenite was composed of
1.61C, 5.18 N, 0.03P, 72.60Fe, 0.23Co, and 20.35Ni in at.% (Extended Data Table 1). Additionally, cohenite
(determined by cementite in the EBSD analysis) was frequently observed, as shown in Fig. 1g,h. Cohenite was
composed of 20.66C, 0.53 N, 0.001P, 77.48Fe, 0.17Co, and 1.16Ni in at.%, corresponding to Fe;C cementite
(Extended Data Table 1). Furthermore, numerous cracks and small areas of taenite were observed in cohenite
(Fig. 1g-i). A micro-tensile test of single-crystalline cohenite revealed that the cleavage fracture occurred on the
(011) plane without plastic deformation at the maximum tensile strength of 2.4 GPa (Extended Data Fig. 1). We
expect that these are why the previous measurements of the tensile properties of meteoric iron®!! exhibited low
strength levels, because the brittle materials are sensitive to defects. Subsequently, based on the microstructural
determination by EBSD and EPMA analyses, we performed micro-tensile tests for kamacite and taenite of the
Canyon Diablo meteorite sample.

Stress—strain curves. Figure 2a,b show an example of preparing a micro-sized tensile specimen for taenite.
As illustrated in the inverse pole figure map of taenite (Fig. 2a), a micro-tensile specimen with a gauge section
of 11x20x50 pum® was fabricated using a focused ion beam (Fig. 2b) so that the gauge part was completely
single crystalline. We chose this length scale because no significant size effect will appear down to this speci-
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Figure 2. Preparation of micro-tensile specimen and obtained stress-strain behaviours. (a) Inverse pole figure
map overlaid by schematic illustration of micro-tensile specimen in taenite. LD and TD denote the loading and
transverse directions, respectively. (b) Scanning electron microscopy image showing the shape and dimensions
of the micro-tensile specimen. (c) Nominal stress—strain, o—¢, curves for the taenite and kamacite specimens.
The stereographic triangle shows the LDs in the taenite and kamacite specimens.

men size?'"%. Thus, we can evaluate the mechanical properties of the microstructural constituents, which are
equivalent to those of the bulk specimen. A single-crystalline specimen of kamacite was prepared in the same
way. Figure 2c shows the stress-strain curves obtained by micro-tensile testing of the single-crystalline taenite
and kamacite specimens with their loading directions (LDs) nearly parallel to the [123] direction. For kamacite,
the yield strength and elongation-to-failure were 350 MPa and 19%, respectively, which are in good agreement
with the previous estimated yield strength of 335 MPa and elongation-to-failure of 19%, obtained by the tensile
testing of a Gibeon meteorite” with a Widmanstitten structure and coarse kamacite widths. Meanwhile, the
yield strength and elongation-to-failure of taenite were 935 MPa and 65%, respectively. Although there have
been no reports on high-nitrogen alloying in nickel-rich austenitic steels because nickel decreases the nitrogen
solubility?*, introducing high levels of nitrogen into Fe-Cr-Mn alloys®*?¢ is well known as a remarkable strength-
ening method via solid-solution strengthening. For example, the yield strength of the Fe-24Cr-10Mn-1.43 N
alloy (mass%), which contains an amount of nitrogen comparable to that in the taenite in this study (1.35 N
mass%), was measured as 830 MPa*. Therefore, the high yield strength of taenite was presumably attributable
to a solid-solution-strengthening mechanism via the interaction between dislocations and interstitial nitrogen
atoms?’.

Micro-tensile behaviours. Figure 3 shows the deformation and fracture morphology of the kamacite
micro-tensile specimen. Slip steps formed at inclination angles of 80° and 54° with respect to the LD after the
onset of yielding (Fig. 3a,b), and they propagated while maintaining a constant stress level (Supplementary
Video 1). Finally, chisel-edge-type fracture with significant necking occurred (Fig. 3¢). Figure 3d shows a stereo-
graphic projection of the kamacite specimen based on the EBSD analysis, which indicates that the observed slip
steps correspond to the primary slip systems (110) [111] and (211) [111], with Schmid factors of 0.47 and 0.49,
respectively. This suggested that cross slips occurred on the favourable slip planes with the same slip direction
and that the kamacite matrix deformed based on Schmid’s law. Figure 4 shows the deformation and fracture
morphology of the taenite micro-tensile specimen. In the taenite specimen, a linear slip step formed at an incli-
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Figure 3. Deformation and fracture behaviour in the single-crystalline kamacite specimen. (a,b), Optical
micrographs captured during deformation at nominal strains, ¢, of 0.2% and 14.7%, respectively. (c) Scanning
electron microscopy image showing the fracture morphology. (d) Stereographic projection of the kamacite
specimen in the initial state with related slip systems.

nation angle of 62° with respect to the LD at the onset of yielding (Fig. 4a), and thereafter the deformation band
extended throughout the gauge part of the specimen (Fig. 4b), like the Liders deformation (Supplementary
Video 2). Finally, the specimen fractured with significant necking (Fig. 4c). The linear slip step observed in the
taenite specimen corresponds to the primary slip system of (111) [011], with a Schmid factor of 0.47 (Fig. 4a,d).
It should be noted that the observed slip steps in the kamacite and taenite specimens exhibited wavy and linear
morphologies, respectively. Active slip systems in BCC crystals are in the<111>direction on the {110}, {112},
and {123} planes, whereas those in FCC crystals are in the <110>direction on the {111} planes. Put simply,
kamacite (BCC) has more active slip systems than taenite (FCC). Therefore, the difference in slip behaviour was
attributable to the difference in the number of slip systems in kamacite and taenite.

The stress—strain curve of taenite (Fig. 2¢) revealed a high yield strength without a loss in the good ductility.
Figure 5 shows the relationships between the true stress, o1, and strain hardening rate, do;/de, plotted against
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Figure 4. Deformation and fracture behaviour in the single-crystalline taenite specimen. (a,b) Optical
micrographs captured during deformation at nominal strains, ¢, of 3.4% and 26.9%, respectively. (c) Scanning
electron microscopy image showing the fracture morphology. (d) Stereographic projection of the taenite
specimen in the initial state with related slip systems.

the true strain, ey, for the taenite specimen. Generally, single-crystalline FCC metals exhibit a transition from
the easy-glide stage to linear-hardening stage owing to the interaction of multiple slip systems. In the taenite
specimen, indeed, single slip gliding proceeds throughout the gauge part of the specimen (Fig. 4a,b), followed
by the strain hardening concurrent with the activation of the secondary slip system (Fig. 5). The onset of plastic
instability can be determined by the Considére’s condition: do/der < o1. In the taenite specimen having high
yield strength, the strain hardening stage is short because the stress level exceeds the strain hardening rate at an
early stage of strain hardening (indicated by the arrow in Fig. 5). In austenitic stainless steels, nitrogen increases
not only the strength but also the strain hardening rate®. This indicates that the occurrence of local necking is
suppressed in the easy-glide stage, which enables uniform deformation up to a high-strain region.
Micro-tensile tests of the Canyon Diablo meteorite specimens revealed that the nickel-rich austenite with an
ultra-high nitrogen content exhibited an excellent relationship between yield strength and ductility. Generally,
advanced high-strength austenitic steels, which combine a high strength and moderate ductility via transfor-
mation-induced plasticity and twin-induced plasticity, exhibit tensile strengths exceeding ca. 800 MPa. It is a
major challenge to increase the yield strength of advanced high-strength austenitic steels because of a risk of
hydrogen embrittlement under severe external conditions®. Therefore, we anticipate that our findings will aid
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Figure 5. Relationship between true stress and strain hardening rate plotted against true strain for the taenite
specimen. oy and &1 were calculated using the following equations: op=0 (1 +¢) and er=1In (1 +¢). Since these
equations can be applied in the case of isotropic shrinkage due to uniaxial deformation under the constant-
volume deformation assumption, the calculations are invalid during local deformation regime and beyond the
plastic instability.

in the development of advanced high-strength steels, and motivate research into understanding the relationship
between nitrogen and nickel contents in steel.

Methods

Material and microstructural characterisation. The material used in this study was a Canyon Diablo
meteorite (type IAB, coarse octahedrite). Small-cut samples were polished with emery paper and a colloidal SiO,
paste. Compositional mappings in the constituents of the meteorite were conducted using a JEOL (JCM-5700)
scanning electron microscope (SEM) equipped with an electron probe micro-analyser (EPMA, Shimadzu 1720),
and operated at a beam current of 0.1 pA and accelerating voltage of 15 kV. All the measurements were obtained
using the Ka signal of C, N, P, Fe, Co, and Ni. Quantitative 12-point analyses were performed in each charac-
teristic phase using a focused beam at a beam current of 0.05 pA and accelerating voltage of 15 kV. The ZAF
correction method was applied for the quantitative analysis of chemical compositions using reference samples
of Cr;C,, AIN, GaP, Fe, Co, and Ni for each element (C, N, P, Fe, Co, and Ni, respectively). The methods of Dun-
cumb-Reed, Philibert, and Reed were used for correcting the effects of atomic number (Z), absorption (A), and
fluorescence (F), respectively. The average values were calculated from the results of the 12-point analyses for
each element in phases to estimate the chemical compositions. After the EPMA analysis, the crystal orientation
was determined at a scanning step size of 0.4 um using an SEM instrument equipped with an EBSD detector and
orientation imaging microscopy software (TSL OIM v.7.1.0). A clean-up procedure was applied to all the EBSD
images to adjust single points having misorientations greater than 5° in comparison with their neighbours. Addi-
tionally, points with a confidence index lower than 0.1 were excluded from the analysis based on Field’s study®.

Micro-tensile tests. The samples were thinned to a thickness of approximately 20 pm using emery paper,
and both the surfaces were then mirror-finished with a colloidal SiO, paste. Micro-tensile specimens with a gauge
section of 11 x20x 50 um?, 18 x 20 x 50 pm?, and 22 x 20 x 50 um?® were fabricated using a focused ion beam for
taenite, kamacite, and cohenite, respectively. In the regime of this length scale, no difference was observed in the
strength?>?* due to the sample size effect which occurs in micropillar compression?'. Single-crystalline speci-
mens were prepared with their LDs approximately parallel to the [123] direction for kamacite and taenite, and
to the [011] direction for cohenite. Tensile tests were performed at room temperature under laboratory atmos-
pheric conditions with a displacement rate of 0.1 um s}, corresponding to a strain rate of 2 x 10~ s™'. The set-up
has been described in more detail in a previous study™. The gauge section of the tensile specimen was monitored
during tensile testing using an optical microscope to dynamically measure the strain as a function of time.

Data availability
All data generated or analysed during this study are included in the published article and Supplementary Infor-
mation and are available from the corresponding author upon reasonable request.

Received: 2 August 2020; Accepted: 8 February 2021
Published online: 26 February 2021

References
1. Goldstein, J. I, Scott, E. R. D. & Chabot, N. L. Iron meteorites: Crystallization, thermal history, parent bodies, and origin. Chem.
Erde-Geochem. 69, 293-325 (2009).

Scientific Reports |

(2021) 11:4750 | https://doi.org/10.1038/s41598-021-83792-y nature portfolio



www.nature.com/scientificreports/

2. Nolze, G., Geist, V., Neumann, R. S. & Buchheim, M. Investigation of orientation relationships by EBSD and EDS on the example
of the Watson iron meteorite. Cryst. Res. Technol. 40, 791-804 (2005).
3. He, Y., Godet, S., Jacques, P. J. & Jonas, J. J. Crystallographic relations between face- and body-centred cubic crystals formed under
near-equilibrium conditions: Observations from the Gibeon meteorite. Acta Mater. 54, 1323-1334 (2006).
4. Hutchinson, B. & Hagstrom, J. Austenite decomposition structures in the Gibeon meteorite. Metall. Mater. Trans. A 37,1811-1818
(2006).
5. Cayron, C. EBSD imaging of orientation relationships and variant groupings in different martensitic alloys and Widmanstitten
iron meteorites. Mater. Charact. 94, 93-110 (2014).
6. Bhadeshia, H. K. D. H. Cementite. Int. Mater. Rev. 65, 1-27 (2020).
7. Gordon, R. B. Mechanical properties of iron meteorites and the structure of their parent planets. J. Geophys. Res. 75, 439-447
(1970).
8. Knox, R. Jr. The yield strength of meteoritic iron. Meteoritics 5, 63-74 (1970).
9. Auten, T. A. On the brittleness of Gibeon meteoritic iron. Meteoritics 8, 189-196 (1973).
10. Johnson, A. A. & Remo, J. L. A new interpretation of the mechanical properties of the Gibeon meteorite. J. Geophys. Res. 79,
1142-1146 (1974).
11. Petrovic, J. J. Mechanical properties of meteorites and their constituents. J. Mater. Sci. 36, 1579-1583 (2001).
12. Cotto-Figueroa, D. et al. Scale-dependent measurements of meteorite strength: Implications for asteroid fragmentation. Icarus
277,73-77 (2016).
13. Schwiedrzik, J. et al. In situ micropillar compression reveals superior strength and ductility but an absence of damage in lamellar
bone. Nat. Mater. 13, 740-747 (2014).
14. Khalajhedayati, A., Pan, Z. & Rupert, T. ]. Manipulating the interfacial structure of nanomaterials to achieve a unique combination
of strength and ductility. Nat. Commun. 7, 10802 (2016).
15. Wu, G., Chan, K., Zhu, L., Sun, L. & Lu, J. Dual-phase nanostructuring as a route to high-strength magnesium alloys. Nature 545,
80-83 (2017).
16. Mine, Y., Hirashita, K., Takashima, H., Matsuda, M. & Takashima, K. Micro-tension behaviour of lath martensite structures of
carbon steel. Mater. Sci. Eng. A 560, 535-544 (2013).
17. Mine, Y., Takashima, H., Matsuda, M. & Takashima, K. Microtension behaviour of lenticular martensite structures of Fe-30 mass%
Ni alloy. Mater. Sci. Eng. A 618, 359-367 (2014).
18. Kwak, K., Mayama, T., Mine, Y. & Takashima, K. Anisotropy of strength and plasticity in lath martensite steel. Mater. Sci. Eng. A
674, 104-116 (2016).
19. Mine, Y., Nakamichi, S., Koga, K., Takashima, K. & Kraft, O. Deformation behaviour of nano-twinned single crystals of an Fe-19Cr-
16Ni austenitic alloy. Mater. Sci. Eng. A 675, 181-191 (2016).
20. Ogata, S., Mayama, T., Mine, Y. & Takashima, K. Effect of microstructural evolution on deformation behaviour of pre-strained
dual-phase steel. Mater. Sci. Eng. A 689, 353-365 (2017).
21. Inoue, A, Kishida, K., Inui, H. & Hagihara, K. Compression of micro-pillars of a long period stacking ordered phase in the Mg-
Zn-Y system. Mater. Res. Soc. Symp. Proc. 1516, 151-156 (2013).
22. Kraft, O, Gruber, P. A., Monig, R. & Weygand, D. Plasticity in confined dimensions. Annu. Rev. Mater. Res. 40, 293-317 (2010).
23. Kaufmann, D., Schneider, A. S., Monig, R., Volkert, C. A. & Kraft, O. Effect of surface orientation on the plasticity of small bcc
metals. Int. J. Plast. 49, 145-151 (2013).
24. Reed, R. P. Nitrogen in austenitic stainless steels. JOM 41, 16-21 (1989).
25. Simmons, J. W. Overview: High-nitrogen alloying of stainless steels. Mater. Sci. Eng. A 207, 159-169 (1996).
26. Tsuchiyama, T., Takaki, S., Ito, H. & Kataoka, K. Fabrication of ultrahigh nitrogen austenitic steels by nitrogen gas absorption into
solid solution. Metall. Mater. Trans. A 34, 2591-2599 (2003).
27. Rawers, J. & Grujicic, M. Effect of metal composition and temperature on the yield strength of nitrogen strengthened stainless
steels. Mater. Sci. Eng. A 207, 188-194 (1996).
28. Mine, Y., Horita, N., Horita, Z. & Takashima, K. Effect of ultrafine grain refinement on hydrogen embrittlement of metastable
austenitic stainless steel. Int. J. Hydrogen Energy 42, 15415-15425 (2017).
29. Field, D. P. Recent advances in the application of orientation imaging. Ultramicroscopy 67, 1-9 (1997).
30. Ito, T., Mine, Y., Otsu, M. & Takashima, K. Strain measurement of micrometre-sized structures under tensile loading by using
scanning white-light interferometry. Mater. Trans. 57, 1252-1256 (2016).

Acknowledgements

We thank Y. Shimada (Chiba University, Japan) and K. Hisazumi (NIPPON STEEL CORPORATION, Japan) for
providing the sample, and T. Yamamuro (Kumamoto University, Japan) for helping us with the EPMA experi-
ments. This work was supported by the ‘Special Research Project for Future of Steel Structures’ from the Japanese
Society of Steel Construction (2017-2018).

Author contributions
S.U. carried out the experiments, S.U. and Y.M. analysed the data, Y.M. designed the project, K.T. supervised the
project. All authors contributed to the discussion.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material available at https://doi.
org/10.1038/s41598-021-83792-y.

Correspondence and requests for materials should be addressed to Y.M.
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.

Scientific Reports |

(2021) 11:4750 | https://doi.org/10.1038/s41598-021-83792-y nature portfolio


https://doi.org/10.1038/s41598-021-83792-y
https://doi.org/10.1038/s41598-021-83792-y
www.nature.com/reprints

www.nature.com/scientificreports/

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://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports|  (2021) 11:4750 | https://doi.org/10.1038/s41598-021-83792-y nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Excellent mechanical properties of taenite in meteoric iron
	Results and discussion
	Microstructural characterisation. 
	Stress–strain curves. 
	Micro-tensile behaviours. 

	Methods
	Material and microstructural characterisation. 
	Micro-tensile tests. 

	References
	Acknowledgements


