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a b s t r a c t

Displacive and diffusional transformations are the main processes during solid-state phase trans-
formations, which have formed the basis of applied physics and materials technology for centuries.
However, the relationship between diffusional and displacive transformations has remained elusive,
which significantly hinders the fundamental understanding and control of the microstructures and
properties of materials via phase transformations. Here, we introduce the concept of a periodic differ-
ential interfacial energy between atom layers. We develop the mechanism of an atomic-scale displacive
process in the form of atoms groups (cells) based on the periodic differential interfacial energy and
experimentally determine the displacive short-range order (SRO) cell size in an MgeLi alloy using a
neutron total scattering method. We proposed that the origins of both the displacive and diffusional
transformations are displacive in nature governed by the driving force of transformations. Our work
paves the way for building a bridge correlating the nature of various solid-state phase transformations.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Understanding the thermodynamics and kinetics of solid-state
phase (s-s) transformations is one of the most fundamental issues
in materials science, and is critical in engineering the crystallo-
graphic [1e3], mechanical [4e7], and physical properties [8,9] of
materials. In general, s-s transformations are classified into two
types: diffusional and displacive. A diffusional transformation is a
thermally-activated process, which is considered to occur bymeans
of the randomwalk of individual atoms through thermal activation
[10]. A displacive transformation is a diffusionless transformation
that occurs through shearing and shuffling of a group of atoms
without thermal activation after nucleation. However, the corre-
lation between diffusional and displacive transformations is still
one of the few remaining uncertainties in understanding s-s
transformations.

Although many transformations produce surface relief effects
involving compositional changes [11], which may bridge the gap
).
between diffusional and displacive transformations, the nature of
these displacive processes accompanied by atom diffusion has been
argued about for more than a century [12,13]. To date, the most
important theory of transformations is classical nucleation theory
(CNT) [14,15]. However, this explains the transformation process
without fully considering the effects of interfacial structure on the
atomic scale. It is worth noting that it is also quite difficult to
experimentally characterize the atomic structure by conventional
diffraction, spectroscopic, or imaging techniques [16].

Here, we introduce the concept of a periodic differential inter-
facial energy between atom layers. The atomic-scale correlation of
displacive and diffusional transformations with the competition
between the periodic interfacial energy and driving force, deter-
mined by the composition and crystal structure, is of fundamental
interest and provides an ideal platform for studying the nature of
different transformations with various interfacial structures. A
dual-phase binary MgeLi alloy was selected as a representative
sample for the experimental part of our work. The interfacial
structure phase of this alloy is well established by transmission
electron microscopy (TEM) [17]. Pair-distribution function (PDF)
studies were carried out to assess the local crystal structure of
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Fig. 1. Schematic of one-dimensional transformation. (a) Schematic of a partially-
coherent interface without a rotated plane. (b) The relation of the atom is misfits
(dmis) and matching planes. The value of a period misfit, dmis, was selected to be equal
to an interplanar spacing of the matching planes. Some atoms on the interface are
arranged at high interfacial energy sites (purple positions). They build up energy
barriers, which prevent the spontaneous growth of a precipitated phase. The da and db
is the unstressed interplanar atom period spacing of matching planes in an a phase and
b phase, respectively. The dmis(l) is the atom misfit of the atom layer, l. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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MgeLi on the atomic scale. A powerful combination of TEM with
synchrotron x-ray and neutron PDF measurements [18e21] pro-
vided experimental evidence for the proposed theory. Critical in-
sights for understanding diffusion and diffusionless
transformations on an atomic scale are described.

2. Material and methods

2.1. Alloy preparation

The MgeLi alloy ingots used in this study were prepared in a
vacuum-induction furnace under argon by induction-melting high-
purity elemental metals (99.9% Mg and 99.9% Li7 isotope in weight
percent), followed by drop-casting into plates in a copper mold.
Three compositions with different Li contents were prepared for
comparison. The Li contents of these alloys are 3 wt percent (wt.%)
(10 at.% Li, single a phase), 8 wt% (23 at.%, duplex phases), and 14wt
% (36 at.%, single b phase), respectively.

The as-cast buttons were encapsulated and annealed at 500 �C
for 120 min and then quenched in water. This quenching process
produces supersaturation of the b phase in the duplex alloy. Sub-
sequently, the as-quenched samples were aged at 200 �C for 12 h to
promote the precipitation of the a phase in Mg-8 wt. % Li. Then we
collected the X-ray/neutron total scattering data during the a phase
precipitation to evaluate the process.

2.2. Pair distribution function (PDF) characterization

Synchrotron X-ray total scattering data were collected at the 11-
ID-B beamline of the Advanced Photon Source (APS), Argonne Na-
tional Laboratory (ANL). Neutron data were collected at the
Nanoscale-Ordered Materials Diffractometer (NOMAD) beamline
[22] located at the Spallation Neutron Source (SNS), Oak Ridge
National Laboratory (ORNL). The alloy button samples were loaded
into polyimide capillaries and measured at ambient temperature.
Data for an empty capillary were also collected. The normalized
structure factor, S(Q), and subsequent PDFs were produced [22].
The X-ray PDFs were obtained, employing PDFgetX2 [23]. Qmax of
23.5 Å�1 and 20 Å�1 were used to obtain PDFs via a sine Fourier
transition of S(Q) for x-ray and neutron data, respectively. The PDF
data were segmentally refined with a box-car approach, employing
the r-window of 10 Å. The refinements were done, using PDFgui
software [24].

2.3. Scanning electron microscopy (SEM) characterization

The structures of the alloys were observed using scanning
electron microscopy, SEM (JEOL MSM- 7800F). The SEM samples
were mechanically polished and etched in a 4 vol percent (vol. %)
nital solution, and then argon ion-polished to obtain strain free
surface [25].

3. Theory

3.1. Periodic interface structure and energy

In CNT, the Gibbs free energy (G) of the transformation growth is
described as follows: DG ¼ � VDGV þ Agþ VDGs, where V is the
volume of the new phase, A is the interfacial area of the phase, and
g is the specific interfacial energy [1,2,14]. DGV describes the
decrease in the Gibbs free energy per unit volume of the system
during the transformation, and DGs describes the change in the
elastic strain energy. In general, the specific interfacial energy, g, is
always considered to be constant during the transformation. Here
we introduce the concept of a periodic differential interfacial
2

energy determined by the atomic layer misfit between the new (a)
and the parent (b) phases, as shown in Fig. 1a. Thus, the Gibbs free
energy can be modified to be DG ¼ � VðDGV � DGsÞþ

P
Aigi.

For simplicity, we first consider a one-dimensional trans-
formation condition with the transformation direction along ln
(Fig. 1a). A new a phase is assumed to be a rectangle with a con-
stant height of a and width of b during transformation. Thus, the
free energy can be modified to,

DG¼ � ablnðDGV �DGsÞ þ 2ðaþ bÞda
X

gi (1)

where ln is the transformation length of the new phase, and da is
the unstressed interplanar atom period spacing of matching planes
in an a phase. Then this equation can be converted to the integral of
the transformation length, ln:

DG¼ � ablnðDGV �DGsÞ þ 2ðaþ bÞ
ðln

0

gldl (2)

The first term, ablnðDGV � DGsÞ ¼ DGd, is the nominal trans-

formation driving force. The second term, 2ða þ bÞ Rln
0
gldl ¼ DGi, is

the interfacial energy, originating from the periodic interfacial
structure, which can be regarded as the nominal transformation-
resistance factor.

We then consider the typical diffusional transformation with a
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semi-coherent interface. The semi-coherent interfacial energy can
be approximately considered as a sum of two parts: a chemical
contribution term, sic, and a structural term, sis. Here, we assume
that the dominant factor of the interfacial energy arises from
atomic misfit at the interface. Based on the theory of linear elas-
ticity, the differential interfacial energy from the atom-layer misfit
can be expressed as [26]:

gðlÞ¼ k½dmisðlÞ�2 (3)

where k is a constant, which mainly depends on the elastic
modulus of the new phase, and dmisðlÞ is the atomic misfit of the lth
atom layer (Fig. 1b). From Eqs. (2) and (3), we have,

DG¼ � ablnðDGV �DGsÞ þ 2ðaþ bÞ
ðln

0

k½dmisðlÞ�2dl (4)

The lattice misfit of the semi-coherent interfaces can be
completely accommodated without any long-range strain field by a
set of edge dislocations, (Fig. 1b), because it has no rotational plane
in one dimension. dmisðlÞ of the semicoherent interface has peri-
odicity [10,27], which leads to a periodic differential interfacial
energy, gðlÞ, with a periodicity length of D, which is given by:

D¼ dadb��db � da
�� (5)

where db is the unstressed interplanar spacing of matching planes
in the parent b phase. The atomicmisfit of the atom layer, l, could be
expressed as a periodic function:

dmisðlÞ¼
���da � db

�ðlþ p0Þ
��

da
;

dmisðl±mDÞ¼dmisðlÞ
�
D
2
�p0 � l� �D

2
�p0;

�
(6)

where m is an integer, and p0 ¼ ��dadmisð0Þ =ðda � dbÞ
��.
3.2. Phenomenology of an atomic-scale displacive process

To analyze the effects of periodic interfacial energy on the
atomic-scale transformation process, a single-layer transformation
driving force, DG0

d, and resistance, DG0
i, of the lnth atom layer is

obtained from the derivatives of DGd and DGi to ln,

DG0
d ¼ abðDGV �DGsÞ (7)

DG0
i ðlnÞ¼2ðaþ bÞk½dmisðlnÞ�2 (8)

DG0
i, is a periodic function of ln, while DG0

d, is independent of ln.
There are two extrema points with one periodicity, D, corre-
sponding to the local metastable position (DG0 ¼ 0 and DG

00
>0Þ

and energy-barrier position (DG0 ¼ 0 and DG
00
<0Þ, respectively.

When the DG0
d of the nth atom layer, falls into the range between

the local metastable state and the energy barrier, i. e :; DG0
imax>

DG0
d >DG0

imin, the local transformation is determined by the
periodic-energy barriers and the metastable state. In other words,
the local transformation process depends on the interfacial struc-
ture and the periodic interfacial energy, with the criterion of

ðdmis�maxÞ2 > ½abðDGV � DGsÞ�=½2ða þ bÞk�>0, where dmis�max is the
maximumvalue of dmis. Due to the existence of the periodic-energy
3

barriers, an extra driving force is required to overcome them. This
extra driving force can come from the composition optimization
through the thermally-activated diffusion of atoms in the trans-
formation cell, which matches the energy-barrier periodicity. With
the extra driving force, the phase transformation is now driven by a
cell transforming from one metastable state to the next one via a
displacive method. The periodic interfacial energy suppresses the
diffusional transformation occurring layer-by-layer or atom-by-
atom. The size and shape of the cells are dependent on the peri-
odicity of the interfacial energy. It is worth noting that this phe-
nomenon depends only on the periodic interfacial energy. It implies
that the atomic-scale displacive transformation is a general process
for the first-order s-s transformation process with the periodic
interfacial energy.
4. Results

4.1. 1Atomic-scale structure of an MgeLi alloy

To verify the phenomenology of the atomic-scale displacive
process, an Mg-8 wt.% Li alloy was selected as a representative
example. The alloy has a duplex structure consisting of an
hexagonal-close-packed (HCP) structure (a phase) and body-
centered-cubic (BCC) structure (b phase) [28]. The a/b trans-
formation is considered a typical diffusional transformation. In
addition, the interfacial structure between the a and b phases in
Mg-8wt.%Li is well understood [17], and is described by {2 11}bcc//
{1 100}hcp and [0 1 1]bcc//[0001] hcp. The periodicity of the interface
between two phases has been experimentally confirmed by TEM
studies [17]. The periodic length can be calculated from Eq. (5), in

which da and db are determined to be 5.54 �A (dmf1100g � 2) and

8.62 �A ðdpf211g � 6), respectively. Thus, the periodic length of the

interface between a and b phases is calculated to be 15.5 �A.
Synchrotron x-ray and neutron total scattering techniques were

applied to characterize the short-range order (SRO) [29,30] and the
local atom distribution using a PDF method. Modelling of the PDF
data allowed verification of the effects of the periodic interfacial
structure on the a/b phase transformation process. A Li7 isotope
was used as tracer atoms in the Mg-8wt.%Li alloy to avoid neutron-
absorption problems, which in turn made the identification of the
SRO structures much more reliable.

In order to determine the size of the SRO [29,30]structures in the
MgeLi alloy, the neutron PDF data was fitted by assuming a
disordered structure with Mg and Li atoms occupying random
lattice positions. The agreement between the model and data is
excellent (the weighted residual factor, Rw ¼ 0.07) for interatomic
distances greater than 20 Å. However, the fit quality becomes
progressively lower below 20 Å, showing the largest deviation
(Rw ¼ 0.174) in the region between 2.4 Å and 10 Å (Fig. 2a). It is a
clear indication of a SRO configuration of Mg and Li atoms within a
cell with a diagonal length of about 20 Å (more details in the
supplementary material).

We quantified the structure of the SRO cell by fitting the PDF
data in a low-r (atom pair distance)-region to different structural
models. The detailed description and fitting results for other
models are described in supplementary materials. Here, the best fit
for r ¼ 2.4e10 Å is shown in Fig. 2b. The model assumes that Li
atoms in the a phase of a binary MgeLi alloy are located in the {01 1
1}hcp planes. There is a Li-rich layer for every three {01 1 1}hcp
planes, as shown in Fig. 2c. Li atoms in the b phase of the binary
MgeLi alloy are located in the {001}bcc planes. There is a Li-rich
layer for every three layers, as shown in Fig. 2d.



Fig. 2. SRO of Mg-8wt.%Li alloy. (a) Binary-phase neutron-diffraction PDF pattern fitted by a random atomic-occupancy model. (b) Fitting patterns of the binary Mg-8wt.%Li alloy of
2.4e10 Å with the best binary structure. Black line are the measured data, blue solid line is the calculated PDF of the best-fit structural models, and the red solid line is the dif-
ferences. Schematic diagram of the best model derived from data fit, showing atom arrangements: (c) a-phase structure of the binary Mg-8wt.%Li alloy, and (d) b-phase structure of
the binary Mg-8wt.%Li alloy. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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4.2. Transformation of the MgeLi alloy

First, the transformation elemental unit size of the MgeLi alloy
was calculated, assuming that the cells are cubic. The predicted
diagonal length of a transformation-elemental unit was calculated
by taking into account the periodic interface structure, i.e.,
15.5 Å �

ffiffiffi
3

p
z 26.8 Å. The transformation-elemental units need to

have suitable element distributions with an appropriate configu-
ration energy and configuration entropy in order to obtain a high
enough Gibbs free energy [31]. This is the reason why SRO struc-
tures have formed with similar atom distributions in
transformation-elemental units. The diagonal length of the SRO cell
is about 20 Å, which compares fairly well with the diagonal length
of the predicted transformation elemental unit (26.8 Å).

Then, the Li-atom distribution in most common SRO cells of a
and b phases in the binary MgeLi alloy was used to analyze the
transformation process. The Li-atom distributions within a and b
phases suggest that they can transform to each other by a BCC-HCP
displacive model without the atom rearrangement proposed by
Burgers [32,33] (Fig. 3). In this process, the set of (211)b planes can
be obtained from the set of (2020)a planes by shearing the (2020)a
planes in the [1120]a direction and by expanding these planes in
the [1120]a direction. These results suggest that the a/b trans-
formation in the binary MgeLi could occur by an atomic-scale
displacive process. The transformation process is controlled by
the fluctuation of the Li-atom content within cells. The a phase cell
becomes metastable when the Li-atom content within the cell
reaches about 28%. Then a cell transformation occurs with the
displacive process, which forms a cell of the b phase. A similar b/a
transformation will occur when the b phase has a Li content lower
than about 18%. Similarly, the atomic displacive process of the bcc-
4

hcp phase transformation with a nano-scale concentration modu-
lation was observed in Ti alloys by Hao et al. [34,35]. This obvious
non-uniform transformation process was also observed in the s-s
transformation of colloidal crystals [36]. These observations imply
that the atomic-scale displacive transformation process is an uni-
versal phenomenon in diffusional transformations.

5. Discussion

Fig. 4a shows the changes in the Gibbs free energy as a function
of the precipitation length, ln/D, based on Equations (4), (7) and (8).
The synergistic effects of DG0

d and DG0
i on the phase transformation

are depicted in Fig. 4b. Four cases for DG0
d, are considered:

DG0
i >DG0

d >DG0
imin (Case A), DG0

d ¼ DG0
i (Case B), DG0

imax>DG0
d >

DG0
i (Case C), and DG0

d >DG0
imax (Case D). The Gibbs free-energy

curves have periodic energy barriers, which can shrink (DGT
shÞ

and grow (DGT
grÞ, see Fig. 4a. These energy barriers need to be

overcome with thermal activation within a cell during trans-
formation. Apparently, the energy barriers formed from the high
energy interfacial atoms (red atoms in the bottom of Fig. 4b) pre-
vent spontaneous and continuous transformation, when
DG0

imax>DG0
d >DG0

imin, leading to an atomic-scale thermally-
activated displacive transformation. In this process, the thermally-
activated diffusion of elements in a transformation cell is required
to provide the extra driving force via the formation of the SRO
structure. The intrinsic atomic-scale displacive transformation
within a periodic cell is rendered as a reconstructive/diffusional
transformation. The diffusional transformation is a special dis-
placive transformation in which the transformation takes place
through a displacive process within a cell unit.

The largest differential interfacial energy can be overcomewhen



Fig. 3. Schematic of the effect of the Li atom content and atomic structure on the displacive transformation of the binary MgeLi alloy. Based on the phase diagram for the MgeLi
alloy, the a phase forms when the Li content is lower than about 17 atomic percent (at.%) (the Li content of the green sites in the a phase are lower than 42 at.%), and the a phase
transfers to the b phase when the Li content is higher than about 27 at.% (the Li content of green sites in the b phase are higher than 82 at.%). Therefore, the transformation-driving
force is controlled by the fluctuation of the Li atom content within cells. Thus, the a-phase cell becomes metastable, when the Li atom content within the cell reaches about 27 at.%,
then a cell transformation occurs with the displacive process and forms a cell of the b phase. And a similar b / a transformation will occur when the b phase obtains the Li content
lower than about 17 at.%. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. The effect of the periodic interfacial energy on the transformation process. (a) Gibbs free energy-transformation length for different driving forces, as plotted from the
differential interfacial energy-transformation model. Three cases for DG0

d are indicated with DG0
i >DG0

d >DG0
imin (Case A), DG0

d ¼ DG0
i (Case B), and DG0

imax>DG0
d >DG0

i (Case C). DG
curves of CNT with the same driving force but considering the interfacial energy as a constant are shown as short dash lines of the same color. (b) DG0

i and DG0
d vs. transformation

length for different driving forces, where the crosses, lp and lv., represent the transformation lengths of the wave peak and valley of DG, respectively; the lines A, B, and C correspond
to the cases, A, B, and C, respectively. Case D is for the DG0

d is greater than the DG0
imax. The red, green, and blue atoms are high energy interfacial atoms, low energy interfacial atoms,

and parent phase atoms, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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a system has a high enough DG0
d (case D), which is greater than

DG0
imax. Under this condition, the transformation can take place

monotonically as a displacive transformation. When the interface is
completely coherent, the periodic interface atom misfit does not
hold, and the transformation can take place spontaneously and
continuously, since there is no periodic barrier. Hence, the tradi-
tional displacive transformation occurs.

The common characteristics in the structures of any singular
5

interface are their periodicity in three dimensions [2,37,38]. Their
periodic misfit mainly depends on the interface orientation and
lattice parameters between the new and parent phases [39].
Depending on the anisotropy of the periodic interface energy along
different orientations, the new phase can grow into various mac-
rostructures with various interface morphologies.
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6. Conclusions

In summary, we have introduced the effect of the differential
phase interfacial energy of each atom layer on a phase trans-
formation to explain the relationship between displacive and
diffusional transformations and analyzed the effect of the periodic
energy barriers on the transformation behavior. We have found
that the diffusional transformation with SRO is strictly an atomic-
level displacive transformation, whereas the nature of displacive
and diffusional transformations are displacive processes with
different driving forces. The present work makes an important step
towards building a unified theory of the s-s transformations and
suggest a novel method for analyzing the transformation process.
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