
research papers

584 P. Li and J. M. Howe � New metastable phase in Zr±N alloy Acta Cryst. (2003). A59, 584±587

Acta Crystallographica Section A

Foundations of
Crystallography

ISSN 0108-7673

Received 16 July 2003

Accepted 30 September 2003

# 2003 International Union of Crystallography

Printed in Great Britain ± all rights reserved

Crystallography of a new metastable phase in
Zr±N alloy

P. Lia* and J. M. Howeb

aCenter for Solid State Science, Arizona State University, Tempe, AZ 85287-1704, USA, and
bDepartment of Materials Science and Engineering, University of Virginia, Charlottesville, VA

22904-4745, USA. Correspondence e-mail: pengli@asu.edu

Selected-area and convergent-beam electron diffraction were used to determine

the lattice, point and space groups of a new metastable phase (designated the

� phase) in the Zr±N system. The � phase has a body-centered tetragonal lattice

with a' 0.66 nm and a c=a ratio of 0.81. The point-group symmetry of the phase

is 4=mmm and the space group is I4=mmm.

1. Introduction

Ordered phases in the Ti±N system have been studied in detail

(Gusev & Rempel, 1993, 1997). For example, an ordered

tetragonal Ti2N phase (M2X type) with space group I41=amd

has been experimentally observed by many investigators

(Christensen et al., 1985; Nagakura & Kusunoki, 1977). In the

Zr±N system, a metastable phase (Zr4N) with a monoclinic

crystal structure has been found by Sharma et al. (2003). In our

recent study of Zr±N alloys, another new metastable phase

was identi®ed. The crystal lattice, point group and space group

of this new phase are given in this paper.

2. Experimental procedures

2.1. Sample preparation

The sample used in this study was made by encapsulating a

50 mm-thick foil of high-purity �-Zr in a sealed quartz tube

under an atmosphere of high-purity N and nitriding for 2 h at

1473 K. The N content of the foil was determined to be

34.1 at.% by the increase in weight of the nitrided specimen

compared to the initial high-purity Zr foil. To produce a

homogeneous distribution of N throughout the foil, it was

subsequently annealed for 10 h at 1473 K in an encapsulated

tube ®lled with high-purity Ar and then quenched into cold

water.

Discs 3 mm in diameter were cut from the foil using an

ultrasonic cutter. A double-jet technique was then used to

electrolytically thin the discs. An electrolyte of perchloric acid

and methanol in the ratio 3 :97 by volume was used, and the

disc specimens were thinned at 18 V and ÿ223 K. Final thin-

ning was performed by Ar+ ion-beam milling for 1 h

at liquid-nitrogen temperature in a Gatan Model 600

DuoMillTM.

2.2. Transmission electron microscopy

The thinned specimen was examined in a JEOL 2000FXII

transmission electron microscope (TEM) at 200 kV. The

specimen was tilted along different Kikuchi bands to reach

several low-index zone axes and the corresponding selected-

area diffraction patterns (SADPs) were then recorded.

Desktop MicroscopistTM software was used to analyze SADPs

and Kikuchi maps in order to determine the zone axes of the

SADPs for the unknown phase. The specimen was then

transferred to a JEOL 2010 F TEM operating at 200 kV to

perform convergent-beam electron diffraction (CBED)

analyses. The phase of interest was oriented along its fourfold

axis and CBED patterns were obtained at both low and high

camera lengths, using both small and large condenser aper-

tures, to capture all of the symmetry features available in the

patterns. Final adjustment of the phase orientation was

performed using the dark-®eld tilt controls on the microscope

and ®ne adjustment of the convergence angle was performed

using the �-selector control.

3. Results

3.1. Bravais-lattice determination

A new phase (designated the � phase) was occasionally

observed in Zr±N alloys containing approximately 34 at.% N.

An example of the phase is shown in Fig. 1. The composition

of the phase has not yet been determined because of the

dif®culties encountered in quantifying the N content owing to

the low scattering cross section of N and the strongly

absorbing Zr atoms (Sharma et al., 2003). SADPs from four

different zone axes in the � phase are shown in Fig. 2. As

demonstrated in Fig. 3, the crystal contains a fourfold axis.

Therefore, the crystal is either tetragonal or cubic. The SADPs

in Fig. 2 have been indexed with the fourfold axis along the z

direction. From the �1�11� diffraction pattern in Fig. 2(c), it can

be seen that |g011j � jg�101j 6� jg110j, which means that the

crystal is tetragonal. It can readily be shown that:

�a=c�2 � 2�jg110j=jg011j�2 ÿ 1;

so the c=a ratio of the � phase can be calculated from Fig. 2(c).

The measured value of jg110j=jg011j is 0.89, which gives a c=a

ratio of 0.81. The unknown lattice parameters (i.e. a and c) of



the � phase can be approximately calculated from Fig. 2(a),

using the diffraction pattern of the �-Zr (hexagonal close-

packed crystal structure with aZr = 0.32 nm and cZr = 0.52 nm)

as a reference. The calculated values are a = 0.66 and c =

0.53 nm, where a � 2aZr and c � cZr.

A tetragonal Bravais lattice can be either primitive or body-

centered. Comparison between the positions of the diffraction

spots in the ®rst-order Laue zone (FOLZ) with those in the

zero-order Laue zone (ZOLZ) can be used to determine the

centering of the unit cell (Buxton et al., 1976). Fig. 3 shows a

CBED pattern including both the FOLZ and ZOLZ diffrac-

tions, obtained along the [001] zone axis from the � phase. In

Fig. 3, the FOLZ diffractions are displaced and appear halfway

between the ZOLZ diffractions along two orthogonal direc-

tions, as indicated by the lines in the ®gure. This result indi-

cates that the tetragonal Bravais lattice of the � phase is body-

centered and not primitive.

3.2. Point-group determination

Both the whole pattern (WP) and bright-®eld (BF) discs in

the ZOLZ in Fig. 4(a) display 4mm symmetry. That is, they

possess fourfold rotational symmetry about an axis that lies in

the center of the BF disc (indicated by an asterisk in Fig. 4a),

parallel to the electron-beam direction and they display two

mirror lines 45� apart, as indicated in Fig. 4(a). The FOLZ

in Fig. 4(b) also displays 4mm symmetry, giving additional

con®rmation to a WP symmetry of 4mm. According to Fultz &

Howe (2001) and Buxton et al. (1976), the only two diffraction

groups in which both the BF disc and WP display 4mm

symmetry are 4mm and 4mm1R.

To further distinguish between these two diffraction groups,

the CBED method developed by Tanaka & Terauchi (1985)

was employed. Their method uses the detail within one or a

pair of symmetric many-beam (SMB) patterns to obtain the

diffraction group. Fig. 4(c) shows an exact [001] zone-axis

pattern, which displays 4mm symmetry. In Fig. 4(d), the inci-

dent beam was tilted so the �1�10 disc is centered on the optic

axis to form a SMB pattern. Inspection of the symmetries

within the surrounding discs shows that the �2�20 disc has 2mm

symmetry (note that there are only weak intensity variations
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Figure 2
SADPs of the � phase along: (a) [001], (b) �1�12�, (c) �1�11� and (d) �1�12�
zone axes.

Figure 3
FOLZ and ZOLZ diffractions obtained from the � phase in a [001]
orientation.

Figure 1
Bright-®eld TEM image of the � phase in the Zr matrix.
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in the disc and HOLZ interactions are weak in the SMB

pattern, so that this symmetry determination must be

considered with caution), while all the other discs display

mirror lines that intersect the center of the �2�20 disc. This

pattern symmetry corresponds to that of the diffraction group

4mm1R (Tanaka, Saito & Sekii, 1983; Tanaka & Terauchi,

1985).

Having determined the diffraction group of the � phase

from the CBED pattern symmetries, the next step is to ®nd the

crystal point group. According to Buxton et al. (1976), the

point groups 4=mmm and m3m are the only ones that corre-

spond to a diffraction-group symmetry of 4mm1R. However,

since the Bravais lattice of this phase was previously deter-

mined to be body-centered tetragonal, it is possible to elim-

inate m3m, since this is cubic. In conclusion, the point group of

the � phase is 4=mmm.

3.3. Space-group determination

There are 20 space groups corresponding to the point group

4=mmm. Only four of these have a body-centered lattice, i.e.

I4=mmm (No. 139), I4=mcm (No. 140), I41=amd (No. 141) and

I41=acd (No. 142) (Henry & Lonsdale, 1969; Tanaka, Sekii &

Nagasawa, 1983; Tanaka & Terauchi, 1985). There is no

systematic extinction for any diffraction discs in the [001] zone

axis for space group Nos. 139 and 140, while there are special

Figure 4
CBED patterns obtained from the � phase in a [001] orientation: (a) BF disc and WP symmetry; (b) WP symmetry including FOLZ; (c) ZOLZ zone-axis
pattern; and (d) SMB pattern obtained with the optic axis centered on the �1�10 disc.



extinctions because of the diamond glide plane in space group

Nos. 141 and 142. In this case, Gjùnnes±Moodie (G±M) lines

(Gjùnnes & Moodie, 1965) should be present in the hh0 and
�hh0 diffraction discs in the [001] zone axis. Such G±M lines are

de®nitely not present in the 110 and �110 diffraction discs in

Figs. 4(c) and (d), indicating that possible space groups for the

� phase are I4=mmm (No. 139) or I4=mcm (No. 140). For these

two possible space groups, the general condition that k, l = 2n

for 0kl re¯ections applies to space group I4=mcm, but not

to I4=mmm (Henry & Lonsdale, 1969). Although no CBED

patterns were taken along the �1�11� zone axis in Fig. 2(c), the

presence of strong 011 diffraction spots indicates that these

re¯ections are allowed. Therefore, there appear to be no

systematic extinctions beyond the body center, indicating that

the space group of the � phase is I4=mmm (No. 139).

4. Conclusions

A new metastable phase (designated the � phase) was found

in the Zr±N system. This phase is body-centered tetragonal

with a space-group symmetry of I4=mmm (No. 139). The c=a

ratio of the � phase is approximately 0.81 with calculated

values a = 0.66 and c = 0.53 nm.
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