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Femtosecond laser quenching of the e phase of iron

Tomokazu Sano,® Hiroaki Mori, Etsuji Ohmura, and Isamu Miyamoto
Graduate School of Engineering, Osaka University, 2-1 Yamada-Oka, Suita, 565-0871 Osaka, Japan

(Received 31 March 2003; accepted 16 September)2003

The quenching of the phase of iron, which has not been observed under a conventional shock
compression, was attained using a femtosecond laser. The crystalline structure in a recovered iron
sample was determined using an electron backscatter diffraction pattern system. The femtosecond
laser driven shock may have the potential to quench high-pressure phases of other materials.
© 2003 American Institute of Physic§DOI: 10.1063/1.1623935

Iron is one of the most important materials in the field of The pulse width of the laser used in the present study is
both industry and geophysics because iron is considered tHe20 fs. We illustrate how short the laser pulse is by relating
principal element in the Earth’s coteThe lower pressure the 120 fs time width to the vibrational period of a phonon at
and temperaturex phase of the bcc structure of iron trans- the Debye temperature. The Debye temperature-iobn at
forms at higher temperatures to tiygohase of the fcc struc- high pressures is approximately 700KThe vibrational pe-
ture and at higher pressures to thghase of the hcp struc- riod of this phonon is X 1074 s, which means that 120 fs is
ture. The existence of the phase of iron at higher pressures the time it takes for only two phonon vibrations. This is not
and higher temperatures and its crystalline structure havexpected to be long enough to drive a phase transition, which
been discussed in this decadéAnother«’ phase was also is evidence that the femtosecond laser pulse itself does not
suggested above 200 GPa in shock experinfehts. synthesizee-iron. As described earlier, on the other hand,

A shock inducedn+ € phase transition in iron is one of this implies that thex to e transition is driven by the con-
the most famous transitions under high preséumvas first  ventional shock wave that forms.
reported by Minshalf,and the Hugoniots in these two phases  Even though high pressure and/or high temperature
were measured first by Bancradt al'® Shock-wave tempo-  states are anticipated to occur in a region which is influenced
ral profiles have been measured which show that approxiby the femtosecond laser irradiation, phase transitions in-
mately 180 ns are required to complete the shock-inducegluced by the irradiation have never been investigated. The
transition froma to e iron** This phase transition is very purposes of this letter are, first, to observe the femtosecond
sluggish, especially when compared to the few-nanosecondgser induced phase transition in a recovered iron sample
pulse duration of the laser-driven shock, and suggests thaid, second, to determine the high pressure and/or high tem-
the a—e transition might be quenched. This phase transitiorperature phases crystallographically. The electron backscatter
was argued martensitic because this transition is an athermaiffraction pattern EBSP?'?2system was used to determine
process and the quantity of the phase does not vary astfe crystalline structure in a recovered sample.
function of time but pressure, although the question of the  polycrystalline iron(purity: 99.99% was annealed at
mechanism of this transition is still opefin addition, the 1200 K under a low pressure of 19Pa for 72 h to increase
quenchede phase after shock unloading has not been obthe size of the crystalline grains. The obtained grain sizes
served, so that the shock-inducee-e phase transition in  \were on the order of a millimeter. The laser pulses can be
iron has been considered diffusionless and completely rerradiated on the single crystalline grain surface because the
versible. For an irreversible type of phase transition, howspot diameter of the laser beam-960 um is small enough
ever, a high pressure phase can be quenched as a metastalyhpared to the grain sizes. The irradiation on the mirror
state after unloading. For instance, diamond is synthesizegblished surface was performed in an argon atmospitieee
from graphite using the shock compression and rapichyrity of the argon gas used was 99.99sing the femto-
quenching method** second lase(Spectra-Physics Inc., Spitfire; wavelength: 800

Laser is absorbed, and thermal conduction occurs intgyy pulse width: 120 fs A groove (~50 um width and
the sample at supersonic velocities before mass has time to1gq um depth was generated on the surface by scanning
ablate. Eventually ablation occurs and drives a mechanicahe |aser beam with a Gaussian profile of the intensity of
shock into the materidf:™*" Eventually the thermal front g 0x 10" Wicn?, of which 2000 pulses were directed to a
co_ols and its velocity drops below that of the following ab- point on the groove surface. A cross section of the sample
lation shock. The shock front passes the thermal front anﬂerpendicular to the groove was polished after having been
the shock then traverses unheated material. The amplitude gf,pedded in resin. FE-SEMs with minimum spatial resolu-
the shock pressure decreases continuously to zero with igign of 10 nm(Japan Electron Optics Laboratory Co., Ltd.,
creasing propagation distance. However, the region behinngM_65oo|; and equipped with EBSP systert®xford In-
the shock front remains in thermal equilibridf’® Thus,  spruments plc and TexSEM Laboratories )nwere used to
eiron is made by such a conventional shock wave. determine the crystalline structure in a recovered iron
sample. The electron beam was focused on a relevant part of
dElectronic mail: sano@mapse.eng.osaka-u.ac.jp the polished surface, and the orientations of the backscat-
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FIG. 2. Calculated temperature Hugoni®{p) (heavy dashed curye
Dashed lines indicate the—e, y—B, e-3, and B—a' boundaries, assuming
the B and o’ phases exist.

The obtained temperature Hugonid{p) is shown as
N the heavy dashed curve in Fig. 2, where we apply the data of
360 m = 90 stepe ' ) Bund)é28 to the triple point ofa—y—e phases, Anderson and
Isaak® to the y—e-liquid triple point and melting curves, and
FIG. 1. (Color) (a) EBSP mapping data of iron sample, where red, yellow, Saxena and DubrovinsR%/and Browﬂ to the v—e—P and
and green colors indicate the €, and y phases, respectivelyb) The dif- i ; ; ; ;
fracted channeling patterns in a region where the grains of fifese exist. B (;l ,“ql;]ld triple pomt.;, respectively, assumﬁl.ng thatbtﬁe
(c) The determined orientation for each pattern. Red- and purple-colore(ﬁllm @ p asg; eX|St'. The temperature Hugo I()D) IS be-
lines indicate patterns originated from theand e phases, respectively. low the transition point to the phase. Therefore, the shock-

induced temperature-rise does not drive éhi® vy transition,
tered diffracted channeling patterns were determined usinp/h":h is consistent ywth the experimental observatlons,. The
the EBSP system emperature Hugoniot passes through #e3 and S—a
: 1boundaries, assuming thand o’ phases exist. This means

The results of the EBSP analysis are shown in Fig. hat the f dl ari hock Dl h
Figure Xa) illustrates the EBSP phase mapping data, wherdhat the en)tosecon aser driven shock may possibly quenc
the B and o’ phases as well as thephase.

red, yellow, and green colors indicate ¢, and hase, . X )
4 g " 7P In conclusion, thee phase of iron was quenched using

respectively. The black area indicates the resin or the are )
&%e femtosecond laser. The calculated temperature Hugoniot

where any patterns were not detected. Crystalline grains di d that the f q] dri hock miaht al
the e phase, whose typical size is several nm, are scatterdfjdcated that the femtosecond laser driven shock migt also

around 4um deeper than the bottom surface of the groov _quench thes anda’ phases, assuming they exist. The fem-

There are no indications of the presence of amhase. The t(r)]ser(]:'orr:d laser drlverr: shockfmas]/ have th(_a Ipotentlal to quench
diffracted channeling patterns in an area including thghe high-pressure phases of other materials.

e-phase grains are shown in Figlbl The orientation was The authors wish to thank Japan Electron Optics Labo-
determined for each pattern as shown in Fig) where red-  at0ry Co., Ltd., Oxford Instruments plc, and TexSEM Labo-
and purple-colored lines indicate patterns originated from thsiories Inc. for their cooperation in performing the EBSP
a and e phases, respectively. Patterns originated fromethe ana)ysis. This work was supported by “Priority Assistance of
phase are confirmed in the figure. This result also contributeg,e ~Formation of Worldwide Renowned Centers of
to the evidence for the quenching of tkephase and the Research—The 21st Century COE Progrd@roject: Center

absence of they phase, indicating that this to e transition o Excellence for Advanced Structural and Functional Mate-

was attained by a shock compression. ~rials Design” from the Ministry of Education, Sports, Cul-
Since states on the Hugoniot are in thermodynamlcally[ure’ Science and Technology of Japan.
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