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Abstract. High-resolution kinetic neutron powder diffraction has been used to study the kinetic
properties of thexr-Mn—8-Mn phase transition. This study reveals that thn—g-Mn phase
transition is homogeneous. The rearrangement of the Mn atomic positionsadn dinel 8-phases

is discussed in terms of their influence on the low-temperature magnetic properties of elemental Mn.

1. Introduction

Mn exists in four allotropic modifications at ambient pressure. The body-centred cubic (bcc)
a-Mn phase is stable at ambient pressure to a temperature of 10e6Ma forms with
space groug43m with 58 atoms per unit cell and four non-equivalent crystallographic sites
at Wyckoff positions 2a, 8c, and two sets at 24g [1]. Th&in structure is depicted in
figure 1(a). Between 1000 K and 1370 K, the simple cuybiklin phase forms with space
group P4,32 containing 20 atoms shared between two inequivalent crystallographic sites at
Wyckoff positions 8c and 12d [3, 4] (see figure 1(b)). For the next 40 K between 1370 K and
1410 K, face-centred cubic (fcg)-Mn is formed, and from 1410 K up to the melting point of

Mn at 1517 K, we find bcé-Mn.

The B-phase of elemental Mn can be readily retained at room temperature by rapid
quenching of pure Mn ingots into watery-Mn undergoes a martensitic transition to a
metastable face-centred tetragonal (fct) structure along with a concomitant antiferromagnetic
phase transition on quenching to room temperature. Attempts to obtain metaskablby
quenching various Mn alloys have proved unsuccessful [5]. The pressure—temperature phase
diagram of elemental Mn [2] is shown in figure 2.

B-Mn does not order magnetically down to the lowest temperatures, unlikeobibth
and metastable fcg-Mn, which show antiferromagnetic order & = 95 K and 511 K
respectively. The formation of long-range magnetic order in pure Mn and alloys such as the
C15 cubic Laves phase YMns intimately linked to the Mn—Mn near-neighbour separation
in these metals, with itinerant magnetic moments forming on relatively well-localized Mn
atoms. It is, therefore, surprising thatMn supports long-range antiferromagnetic order and
that 8-Mn does not, since the mean volume per Mn atom is 12.3inA-Mn increasing to
12.60 & in g-Mn. It has further been suggested that topological frustration of the site Il Mn
atoms prohibits moment localization and magnetic ordeg-lin. Figure 1(b) depicts the
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Figure 1. The (a)a-Mn and (b)B-Mn crystal structures.
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Figure 2. The phase diagram of manganese [2].

triangularly coordinated site Il Mn atoms in the so-called ‘distorted windmill’ arrangement
highlighted by Nakamura and co-workers [6]. This arrangement is, essentially, a quasi-two-
dimensional lattice of corner-sharing triangles.

As part of a wider investigation of the structural and magnetic propertigshdih [8] we
have studied the-Mn—8-Mn phase transition using high-resolution kinetic neutron powder
diffraction. This study was undertaken in order to characterize the nature of the phase
transformation and to gain insight into the structural properties inhereatNn and -
Mn, which support the formation of an antiferromagnetic ground staéeln and prevent
long-range magnetic order grMn.
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2. Isothermal phase transformations

In a homogeneous transformation, all regions of the system have an equal probability of
transforming in a given time which is proportional to the untransformed volume remaining
at that time. A transformation from stadeto stateg can thus be expressed in terms of the
differential rate equation

dv,

d_tﬂ =k(V — Vp) 1)
whereVp is the volume of the transformed regidh,is the total volume of the system akd
is the rate constant. Defining tifephase fractior§; = Vg/V, equation (1) can be solved to

obtain
Sg=1—exp(—t/7) (2)
wheretr = 1/k is the time constant of the phase transformation.

In nucleation and growth transformations it is assumed that a nucleation centre is formed
at a timery called the induction period. It is found experimentally that any dimension of
the transformed region increases linearly with time, until the transformed regions impinge on
each other, thereby interfering with each other’s growth rates. This problem is essentially
geometrical and was first addressed by Johnson and Mehl [9], and later by Avrami [10-12].
Avrami proposed that nucleation and growth transformations may be described in terms of the
general equation

Sp=1—expl(—t/7)"] 3
where the exponent represents the dimensionality of the growth of the nucleated regions as

shown in table 1. Equation (3) is known as the Avrami—-Johnson—Mehl (AJM) equation. If the
exponent = 1, the AJM equation reduces to (2) and the transformation is homogeneous.

Table 1. Type of growth process indicated by the exponeirt the AJM equation.

Exponent:  Type of growth

1 Homogeneous

1<n<2 One dimensional-dendritic
2<n <3 Two dimensional-plate-like
3<n<4 Threedimensional

3. Experimental procedure

The powder diffraction spectra in this study were obtained using the High Resolution Powder
Diffractometer, HRPD, at the ISIS pulsed neutron source, UK. The finely powdered Mn
samples were placed in a vanadium sample can of 12 mm diameter and inserted into a standard
ISIS furnace, able to cover atemperature range of 300 K to 1200 K. The Mn samples were held
at a temperature of 50 for at least one hour before the temperature was raised rapidly at

t = Otothe temperature at which the isothermal transformation curve was to be measured. This
ensured that the sample was phase-pskén atr = 0. Raising the temperature from 500

to slightly above the phase transition temperature 600°C took approximately 5 min. The
excellent temperature control of the sample furnace on HRPD ensured a minimal overshoot
of the desired temperature. Diffraction patterns were collected kinetically over time slices
of between 5 and 15 min depending on the rate of the phase transformation. A five-minute
measurement was found to be the shortest practical time slice on HRPD.
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4. Results

Figure 3 shows a typical measurement of the3-Mn phase transition. The observed
diffraction patterns are shown as a function of time at a constant temperature o .7B6ur

such measurements were performed at temperatures ¢fZ05°C, 710°C and 715°C.

The -Mn phase fractiorsg at each time interval was obtained by full two-phase Reitveld
refinement of the measured diffraction patterns using the ‘General Structure Analysis System’
(GSAS) suite of programs [13]. A typical GSAS refinement is shown in figure 4. The time
dependence of; at each temperature is shown in figure 5. The solid lines shown in figure 5
are fits to the data of the AJM equation (3). The time constants and exponents found in the fits
are presented in table 2.
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Figure 3. «-Mn to 8-Mn phase transition at a temperature of 700 The spectra shown represent
ten-minute time slices.

Table 2. The time constant and exponent for thea—B-Mn phase transition at the temperatures
shown, found by fitting the data in figure 5 to the AJM equation (3).

Temperature°C) t (min) n

700+ 0.5 310+ 10 079+ 0.03
705+ 0.5 175+ 2 105+ 0.01
710+ 0.5 340+0.3 1.04+0.02
715+ 0.5 97+02 117+0.06

The form of the AJM equation implies that tlhe-8-Mn transformation curves should
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Figure 4. Typical two-phase Reitveld refinement of af3-Mn powder diffraction spectrum
measured at 710C, and started 50 min into the measurement. The diffraction pattern was collected
in 10 min. Thex-Mn and-Mn reflections are indicated by the subscripts shown in the figure.
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Figure 5. Measured time and temperature dependence oftMn phase fractionSg for the
a—B-Mn transition. The lines shown are fits to the AJM equation (3).
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scale with respect to time. This is demonstrated in figure 6 which shows the four isothermal
transformation curves plotted in straight-line form:

Inln<1_1sﬂ) =n|n<£> 4)

as a function of /. The isothermal transformation curves scale well with an average gradient
of n = 1.04+ 0.02.

3

In In [1/(1-S)]

In (/1)

Figure 6. Graph of InIn1/1 — Sg) against Iriz/r) demonstrating the scaling behaviour of the
B-Mn phase fraction expressed in the form of a straight line of stopeis found to be 1044 0.02
for thea—B-Mn phase transition.

5. Discussion

The value of the exponent= 1 found in this study implies that the-8-Mn phase transition

is homogeneous throughout the sample. This is perhaps not surprising since the phase
transformation is rather subtle, involving a very slight volume expansion with both phases
displaying cubic symmetry as shown in figures 3 and 4. We might therefore expect that the
free-energy difference at the interface between the two phases is extremely small, leading to
homogeneous nucleation of tiseMn phase. The metastahfe-«-Mn phase transformation
which occurs at~230 °C has been shown by Husband and co-workers [14] to transform
according to the AJM equation with an exponentcf 4. This is due to the large drop in free
energy from the local free-energy minimum associated with the metagtaitephase to the
a-Mnfree energy, leading to alarge free-energy barrier at the interface between the transformed
regions and nucleation centres. Similar behaviour has been observed+gHsn and3—«-Sn
transformations which have exponents:of 2 andn = 5 respectively [15]. As can be seen
from figure 4, the major peaks efMn and 8-Mn are very close irl-spacing. The general
relationship between the unit cells is such that

(h3 + k2 +12) = 2(h5 + k5 +1). (5)
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Thus, the(4 1 1) /(3 30 peak fore-Mn transforms to th€3 0 0) /(2 2 1) peak forg-Mn. Like-
wise, the(3 3 2) peak fora-Mn transforms to th€3 1 1) peak fors-Mn. This implies that the
room temperature lattice constantsxefand-Mn (8.89 A and 6.32 A respectively) are such
that

g = \/Eaﬂ.

The change of symmetry is accompanied by an overall lattice expansion of
Ad/d =4 x 1073,

6. Conclusions

We have investigated the transformation kinetics of ¢dhkIn—8-Mn phase transformation
using high-resolution neutron powder diffraction. The form of the observed isothermal
a—pB-Mn transformation curves is well described by the Avrami—Johnson—-Mehl (AJM)
equation with an exponent= 1, implying that thex—8-Mn phase transition is homogeneous.
The phase transition involves a subtle change of symmetry wittitb€) planes of tha43m

a-Mn phase forming thél 1 0 planes of theP4,32 8-Mn phase, with an associated 0.4%
linear expansion of the lattice. While a net expansion of the lattice might be expected to result
in a greater distance between neighbouring Mn atoms, and hence favour the formation of
local magnetic moments, as has been observed in our muon spin-relaxe®iBp gtudies of
B-MnAl [7], analysis of the Mn—Mn near-neighbour distances found in the current study and
shown in table 3 reveals that tifeMn structure exhibits more uniform atomic packing than
a-Mn with neither of the near-neighbour distances associated with sites | and |l fi:Ne
structure as large as that found for site | in th&In structure. In the antiferromagnetic state
atT < 95K, @-Mn is thought to possess localized magnetic moments on site I, the site with
the largest near-neighbour separation indhkln matrix [16]. The shorter near-neighbour
distances in thg-Mn structure may therefore prevent moment localization in the matrix. In
addition, it is likely that frustration between the triangularly coordinated site 1| Mn atoms in
the B-Mn structure will prevent long-range magnetic order [6].

Table 3. «- and 8-Mn near-neighbour distances at 700 for each of the crystallographic sites
shown (defined in section 1).

Site  «-Mn NN distance (A) g-Mn NN distance (A)

[ 2.81 2.41
I 2.62 2.70
m 241
v 241
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