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From a crystallographic point of view, the transition from the L12 to DO19 phase is an
ordered version of the widely investigated fcc to hcp transformation. In the present study,
the transformation kinetics of the forward and backward reactions of the L12↔DO19

transitions in Fe3Ge have been studied and it is shown that a large hysteresis exists
between the forward and backward reactions. The detailed microstructural changes that
accompany the L12↔DO19 transition have been characterized and these explain the
observed transformation hysteresis. C© 1998 Kluwer Academic Publishers

1. Introduction
The fcc to hcp transformation represents the simplest
kind of martensitic transformation because the invari-
ant habit plane for the transformation is coincident with
the crystallographic slip plane and the transformation
is via a simple crystallographic shear involving the
1/6〈112〉{1 11̄} slip systems. The detailed mechanisms
of such a transformation have been investigated in a
number of disordered metallic systems [1–12] so that
this transformation is well understood. In the ordered
intermetallic compound Fe3Ge, an ordered version of
the fcc to hcp transformation exists, but unlike its dis-
ordered counterpart, very little is known about such a
transformation in the ordered state.

As can be seen from the Fe-Ge phase diagram shown
in Fig. 1, at the 25 at % Ge composition, the intermetal-
lic compound Fe3Ge transforms from the cubic L12
phase (ε′) to the hexagonal DO19 phase (ε) on heating
above 700◦C. The L12 and DO19 structures are ordered
superlattice structures derived from the fcc and hcp lat-
tice respectively, so that, from a crystallographic point
of view, the L12 to DO19 transformation represents an
exact analogy of the normal fcc to hcp transformation.
Similar to the normal fcc to hcp transformation, the
transformation from L12 to DO19 takes place crystallo-
graphically by inserting intrinsic stacking faults, now
called superlattice intrinsic stacking faults (SISF’s), on
every other two{1 1 1} close-packed planes. However,
the shear vector required to form an intrinsic stacking
fault in L12 is 1/3〈112〉 instead of the usual 1/6〈112〉
in ordinary fcc† (Fig. 2). This difference suggests that
the mechanisms as well as the macroscopic characteris-
tics of the L12↔DO19 and fcc↔ hcp transformations
might be very different. The present work therefore
aims at the following:

∗ Present Address: Department of Materials Physics, University of Science and Technology Beijing, Beijing 100083, P.R. China.
† The 1/6〈112〉 shear vector in L12 produces a high energy fault called the complex stacking fault (CSF) across which the minority atoms (e.g. Ge

in Fe3Ge) become nearest neighbours. It is impossible to form the DO19 structure from the L12 structure by arranging CSF’s in the latter, since, in
both L12 and DO19, the minority atoms are kept apart as second nearest neighbours.

i) to study the overall kinetics of the forward and
backward reactions of the L12↔DO19 transforma-
tion in Fe3Ge at around the equilibrium temperature
of 700◦C, and

ii) to characterize the microstructural events that ac-
company the L12↔DO19 transformation in Fe3Ge and
to correlate these with the observed kinetics.

2. Experimental procedures
An Fe3Ge ingot was prepared by arc-melting under an
argon atmosphere, and subsequently remelted several
times to achieve macroscopic homogeneity. The com-
position of the ingot was confirmed by energy disper-
sive spectrometry to be Fe75Ge25. Analyses by electron
back-scattered diffraction (EBSD) showed that the as-
cast state of the ingot was dominated by the DO19phase.
To study the kinetics of the DO19→ L12 transforma-
tion, heat treatments were performed on small blocks
(about 4× 4× 3 mm3) of the as-cast material according
to the schedules shown in Table I. The heat treatments
were done at different temperatures in order to investi-
gate the effects of the transformation temperature.

The reverse L12 → DO19 transformation was stud-
ied by first heat treating part of the as-cast ingot at
600◦C for 30 days to obtain the full L12 microstructure,
followed by heat treatments at two different tempera-
tures above 700◦C according to the schedules shown in
Table II. Quantitative analyses of the phase constituents
and microstructure characterization were performed us-
ing EBSD in the scanning electron microscope (SEM)
and transmission electron microscopy (TEM).

For EBSD analyses, the surfaces of specimens were
first electropolished in a solution of 30% perchlo-
ric acid+ 70% ethyl alcohol, followed by chemical
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Figure 1 Phase diagram for Fe-Ge system at about the Fe75Ge25 composition [13].

Figure 2 Formation of DO19 structure from L12 structure. DO19 (ABABAB) can be formed from L12 (ABCABCABC) by putting an intrinsic fault
on every two{111} planes. Fcc and hcp vector notations are also shown, where the length of the solid vectors equals the separation of the nearest
atoms.

TABLE I The heat treatment schedules for the DO19→ L12

transformation

a) As cast→ 600◦C (1, 6, 10, 20 and 30 days respectively)→ quench
b) As cast→ 950◦C (4 days)+ 600◦C (20 days)→ quench
c) As cast→ 695◦C (8 days)→ quench

etching in a solution of 67% HF+ 33% H2O2. All
SEM observations were made on a Leica Cambridge-
S360 microscope. For TEM examinations, the spec-
imen preparation procedures were the same as those
given by Ngan, Jones and Smallman [14] and there-
fore will not be repeated here. The TEM observations
were made on a JEM 2000FX microscope operating at
200 kV.

TABLE I I The heat treatment schedules for the L12→DO19

transformation

a) As cast 600◦C (30 days)→ 705◦C (90, 105, 110, 120 and 300 sec
respectively)→ quench

b) As cast 600◦C (30 days)→ 750◦C (60, 75, 80 and 90 sec,
respectively)→ quench

3. Experimental results
3.1. The DO19→ L12 transformation
3.1.1. The starting microstructure
The as-cast Fe3Ge ingot was polycrystalline with very
large DO19 grains (∼mm’s in size) containing a small
volume fraction of B2 (α2) phase (see Fig. 1). Fig. 3(a)
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Figure 3 (a) The SEM microstructure of as-cast Fe3Ge. (b)–(c) EBSD
patterns of the DO19 and B2 phase respectively.

Figure 4 Centered dark field TEM micrograph of the as-cast Fe3Ge,
showing a subgrain boundary. The DO19 grains were almost defect-free.

shows a portion of a large DO19 grain with its B2
phase and 3(b) and 3(c) show the EBSD patterns of the
DO19 phase and B2 phase respectively. The fine lines
within the DO19 matrix were low angle grain bound-
aries since the EBSD patterns varied little when the
electron beam swept across these lines. In other words,
each of the large DO19 grains in the as-cast state con-
sisted of colonies of many smaller grains whose orien-
tations were only slightly different from one another (a
few degrees). In what follows, these small grains are
called subgrains. Fig. 4 shows the TEM microstructure
of the as-cast DO19 phase. Geometrically necessary dis-
locations were seen on the subgrain boundaries, but the
matrix was virtually defect-free. In most cases, the ori-
entations of the subgrains on both sides of a subgrain
boundary were almost the same.

Before proceeding further, it is necessary to esti-
mate the influence of the B2 phase on the DO19→ L12
transformation. When the as-cast Fe3Ge was heat
treated at temperatures below 700◦C, EBSD experi-
ments showed that the B2 phase transformed indepen-
dently into B81 (β) phase. This is evident from Fig. 5(a),
which shows that after the as-cast material was heat
treated at 600◦C for one day, some L12 islands had
nucleated from the DO19 matrix, and the hitherto B2
phase had transformed into the B81 phase. Since there
is no compositional change on going from the L12 to
DO19 phase, or on going from the B2 to B81 phase,
there is little reason to believe that there is any dif-
fusional coupling between these two transformations.
The only influence of the B2 and B81 phases was that
the interphase boundaries acted as sites for preferential
nucleation, as is evident from Fig. 5(a).

3.1.2. Transformation at 600 ◦C
Fig. 5 shows the SEM microstructures after the as-cast
specimens were treated at 600◦C for different times
according to Table I(a). Fig. 6 shows the overall trans-
formation kinetics which were obtained by quantitative
analysis of the transformed L12 phase. It is evident from
both Figs. 5 and 6 that the DO19→ L12 transformation
showed the characteristics of an isothermal reaction in
which the extent of transformation increases with time
at a fixed temperature until the transformation is com-
plete. Also, the transformation proceeded very slowly
at 600◦C, taking some 30 days to finish.

The first noticeable microstructural change was the
formation of dense strips within the parent DO19 phase
[Fig. 5(a)–(c)]. In Fig. 5(b)–(c), the strips in different
DO19 subgrains were approximately parallel, since the
orientations of these DO19 subgrains were very simi-
lar. Fig. 7 shows the TEM microstructure of the DO19
phase after heat treating for 6 days. Dense arrays of
stacking faults, which were not present before the heat
treatment (Fig. 4), were observed in the DO19 matrix
after the heat treatment. Attempts were made to iden-
tify the nature of these stacking faults [14], but this was
unsuccessful because almost all the stacking faults ob-
served were closely overlapping. Nevertheless, it seems
quite reasonable to assume that the preferential etching
along the stacking fault arrays accounted for the strip
contrast as seen in the SEM.

The stacking faults appeared comparatively rapidly
(∼1 day) after heating at 600◦C, but extensive islands
of well-formed L12 grains appeared at a much later time
(∼10 days) [c.f. Figs 5(a) and (c)]. After the specimen
was heat treated for one day, there was too little L12
phase to be observed when the specimen was inspected
horizontally in the SEM. On tilting the specimen with
respect to the electron beam, however, some small L12
nuclei were found near the B81 phase [Fig. 5(a)]‡. After
heating for 30 days, almost all the DO19phase had trans-
formed into L12 [Fig. 5(e)]. Within the transformed L12
phase, interpenetrating strips were observed [Fig. 5(e)].

‡ The L12 phase had a slower etching rate compared with the DO19

matrix and hence they were more prominent when inspected at an
angle.
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Figure 5 The microstructure of Fe3Ge after treating at 600◦C for (a) one day, (b) 6 days, (c) 10 days, (d) 20 days and (e) 30 days according to the
schedule in Table I(a). (a) was taken with the electron beam inclined with respect to the specimen surface to reveal the different phases. The EBSD
patterns for the L12 and B81 phase are shown in (f) and (g) respectively. (b)–(e) were taken with the electron beam perpendicular to the specimen
surface. In (e), some retained DO19 phase could still be detected by tilting the specimen (inset diagram) but this was in minute volume fraction. (a)–(e)
all have the same magnification.

However, unlike the strips in DO19 which are thought
to be stacking fault arrays, the strips in the L12 phase
were determined by EBSD to be twin related.

The TEM microstructure of the product L12 phase
consisted mainly of twins and dense arrays of stack-
ing faults. Most of the stacking faults were closely
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Figure 6 Overall transformation kinetics of the DO19 → L12 and
L12 → DO19 transformation obtained by quantitative analysis of the
transformed volume fraction. The reverse L12→ DO19 transformation
completed in 0.3×103 s at 705◦C.

Figure 7 TEM microstructure of the unstable DO19 phase of the
DO19 → L12 transformation quenched after 6 days at 600◦C, corre-
sponding to Fig. 5(b). Stacking faults (horizontal) were visible on either
side of a DO19/DO19 subgrain boundary.

overlapping, but contrast experiments on isolated seg-
ments indicated that they were intrinsic. Their displace-
ment vectors were of the form−1/3[1 1 1] as shown in
Fig. 8, where a single stacking fault marked X was cho-
sen for characterization§. The density of the stacking
faults was spatially inhomogeneous. Very often, arrays
of stacking faults were seen to originate from a twin or
grain boundary. In cases for which Fig. 8 is typical, for
example, the array of stacking faults were considered to
result from the dissociation of dislocations originating
from the grain boundary (i.e. they grew away from the
boundary) because there is no particular reason why
they should all grow towards the same direction if they
originated from within the grain. It was also found that
there were few or even no dislocations on those grain
boundaries that were the termination points of stack-
ing faults. In Fig. 8, apparently, the dislocations on the
boundary faulted towards the matrix, leaving no perfect
dislocation on the boundary.

§ By the observation that the fault marked X went out of contrast un-
der g= 22̄0 (Fig. 8(d)), the fault vector could only be−1/3[1 1 1] or
−1/3[1 11̄] (the minus sign is inferred from the side fringe contrast
as exhibited in Fig. 8(a) & (b) in the usual way). The latter possibil-
ity could be removed because the fault was not seen as edge-on when
viewed byg= 111̄ as shown in Fig. 8(c).

3.1.3. Transformation at 600 ◦C following
pre-treatment at 950 ◦C

To show that grain and sub-grain boundaries were fa-
vorable nucleation sites for the DO19→ L12 transfor-
mation, a batch of the as-cast material was pre-treated at
950◦C prior to the transformation treatment at 600◦C
according to Table I(b). The pre-treatment at 950◦C
resulted in substantial grain growth of the DO19 phase
as well as annihilation of the subgrains within indi-
vidual DO19 grains, and therefore greatly reduced the
total amount of grain and subgrain boundaries. The sub-
sequent transformation into the L12 phase at 600◦C
showed retarded kinetics after the pre-treatment. This
is evident from Fig. 9(a), which shows the partially
transformed microstructure interrupted after 20 days at
600◦C with the pre-treatment at 950◦C. When com-
pared with Fig. 5(d), which shows the microstructure
after 20 days at 600◦C without the pre-treatment, it
is clearly evident that the extent of strip formation in
the retained DO19 phase was reduced with the pre-
treatment at 950◦C. Also, the amount of retained DO19
phase is greater after the pre-treatment at 950◦C.

3.1.4. Transformation at 695 ◦C
To study the effects of the transformation temperature,
another batch of the as-cast material was heated at
695◦C according to Table I(c). In a specimen that was
treated at 695◦C for eight days, no well-formed L12
phase was found by SEM, except that coarse stack-
ing faults within very large DO19 grains were observed
[Fig. 9(b)]. Comparison of the treatments at 600◦C and
695◦C indicated that the speed of the transformation
decreased as the temperature increased from 600◦C to
695◦C.

3.1.5. Summary
The above results can be summarized as follows:

i) The as-cast state, which was the starting condition
of the DO19→ L12 transformation, comprised mainly
large (i.e. of size∼mm’s) DO19 grains with a subgrain
structure within each grain.

ii) The DO19→ L12 transformation shows the char-
acteristics of an isothermal reaction. The transforma-
tion rate into L12 decreased as temperature increased
from 600◦C to 695◦C.

iii) The nucleation of L12 in the form of stacking
fault arrays was frequent after∼1 day at 600◦C. The
amalgamation of these nuclei to form well-defined L12
islands was much slower, taking some 10 days. Further
growth of the isolated L12 islands to form the full L12
structure was also slow, taking another 20 days to finish.

iv) The product L12 phase contained many twins and
intrinsic stacking fault arrays on all four{111} planes.

v) Subgrain annihilation of DO19 after pretreatment
at 950◦C retarded subsequent L12 formation at 600◦C.

3.2. The L12→ DO19 transformation
3.2.1. Transformation at 705 ◦C
The fully transformed L12 phase was obtained by heat-
ing the as-cast material at 600◦C for 30 days (i.e.
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Figure 8 Retained stacking fault debris in the product L12 phase of the DO19 → L12 transformation after heat treating at 600◦C for 30 days
(corresponding to Fig. 5(e)). The stacking faults originated from a grain boundary. The fault marked X was determined to be intrinsic with displacement
vectorRF=−1/3 [111]. (a)–(b) Bright field and centered dark field micrographs with diffraction vectorg= 02̄0 andg= 020 respectively, beam
direction∼[103]. (c) Bright field withg= 111̄, beam direction∼[101]. (d) Bright field withg= 22̄0, beam direction∼[001]. The foil normal was
about [0̄11].

Figure 9 (a) SEM micrograph showing the partially transformed microstructure after the heat treatment according to Table I(b). After the pre-treatment
at 950◦C, the DO19 grains became so large that they could be recognized with the naked eye. The DO19 grains shown were in fact the small parts of
two very large DO19 grains. The magnification was the same as in Fig. 5(d). (b) The trip morphology after heat treatment according to Table I(c).

Fig. 5(e)). The L12 material was then heated at 705◦C,
i.e. 5◦C above the equilibrium temperature, for differ-
ent times according to Table II(a). It was discovered
that the transformation from L12 to DO19 happened
much more quickly than the DO19→ L12. Fig. 10 il-
lustrates the microstructure of the specimens after they
were treated at 705◦C for 105, 110, 120 and 300 sec-
onds respectively. The overall transformation kinetics
are also shown in Fig. 6 for comparison with the op-
posite DO19→ L12 transformation. It can be seen that
the L12 → DO19 transformation completed in 300 s

compared with the 30 days for the DO19→ L12 trans-
formation. It is also evident that the L12→DO19 trans-
formation also exhibits the characteristics of an isother-
mal reaction.

Fig. 10(a) shows that no DO19 formed after the L12
microstructure had been heated for 105 s at 705◦C, but
some DO19 grains were visible in the specimen after
heating for about 110 s [Fig. 10(b)]. After being heated
for 10 s longer, the volume fraction of the DO19 phase
continued to increase [Fig. 10(c)]. In some of the newly
formed DO19 grains in Fig. 10(c), stacking fault strips
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Figure 10 SEM microstructure after the L12 phase shown in Fig. 5(e) was heat treated at 705◦C for (a) 105 s, (b) 110 s, (c) 120 s and (d) 300 s for
transforming into DO19 phase. All micrographs have the same magnification.

Figure 11 TEM microstructure of the product DO19 phase of the L12→
DO19 transformation. The specimen that was originally in the L12 phase
was treated at 705◦C for 120 s.

were seen. These strips disappeared very quickly once
they were formed so that in other well-formed DO19
grains in Fig. 10(b) or (c), no more strips were present.
The strips were usually parallel to one of the{111} twin
planes in the nearby untransformed L12 parent grain
so that their presence suggests that the transformation
into DO19 was by a shear mechanism on the close-
packed planes. After heating for 300 s, the specimen
was entirely occupied by larger grains of DO19 phase
[Fig. 10(d)]. The further development was the growth
of the DO19 grains. Apparently there were no stacking
fault aggregates in the final DO19 grains. Fig. 11 shows

the TEM microstructure of the fully transformed DO19
phase and comparing this with Figs 7 & 8, it can beseen
that fewer stacking faults and dislocations were present
in the product DO19 phase of the L12 → DO19 trans-
formation (Fig. 11) than in the unstable parent DO19
phase (Fig. 7) or the product L12 phase (Fig. 8) of the
DO19→ L12 transformation at 600◦C. The SEM mi-
crostructure of the product phase of the L12 → DO19
transformation (Fig. 10(d)) was also in sharp contrast
to that of the DO19→ L12 transformation (Fig. 5(e)),
in that the former contained very few defects but the
latter was heavily twinned.

3.2.2. Transformation at 750 ◦C
When the transformation temperature was increased to
750◦C according to Table II(b), the first DO19grains ap-
peared after about 80 s. The transformation completed
after heating for about 90 s. In other words, the trans-
formation rate became faster as temperature increased
from 705◦C to 750◦C.

3.2.3. Recrystallisation of DO19 at 750 ◦C
induced by locked-in stacking faults

In an attempt to study the reversibility of the L12
to DO19 transformation, an as-cast Fe3Ge specimen
was first partially transformed into L12 following the
scheme in Table I(b). After this treatment, in the re-
tained DO19 phase which had not yet been transformed
into L12, many stacking fault strips formed in the man-
ner discussed previously [Fig. 9(a) and Fig. 12(a)]. The
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Figure 12 SEM micrographs showing recrystallisation of DO19 at 750◦C induced by locked-in stacking faults. (a) Heavily faulted microstructure of
the retained DO19 phase after heat treatment according to Table I(b). (b)–(e) Microstructures after subsequent heat treatment at 750◦C for (b) 2 min,
(c) 20 min, (d) 45 min and (e) 72 h. All micrographs have the same magnification.

specimen was then further heat-treated through the L12
to DO19 transition at 750◦C for different times. The
original L12 phase then transformed into DO19 as dis-
cussed in sections 2.1 and 2.2. In the previously retained
DO19 phase, surprisingly, the stacking fault strips did
not revert back in a simple mechanism. Instead, the
unstable strip structure of DO19 was eliminated via a
recrystallisation process which was initiated at subgrain
boundaries [Fig. 12(b)–(d)]. The recrystallised grains
were initially small [Fig. 12(b)–(c)], and they proba-
bly nucleated at the stacking faults in the vicinity of
grain boundaries where diffusion was easier. They did
not show any preferred orientation from EBSD analy-
ses, implying that they could not be formed from the
stacking fault strips via a reverting shear mechanism,
since if they did, they should have the same orientation
as the parent grain. Instead, interdiffusion is thought to
be responsible for the recrystallisation, and this claim is

supported by the observation that the eventual growth
of the recrystallised grains into a single crystal fol-
lowed the recrystallisation [Fig. 12(d)–(e)]. Extensive
interdiffusion at around the equilibrium temperature of
700◦C is not surprising, since this temperature already
represents a fraction of∼0.65 of the absolute melting
temperature at the Fe3Ge composition.

3.2.4. Summary
For the L12→ DO19 transformation:

i) The overall kinetics were extremely rapid when
compared with the DO19→ L12 transformation (min-
utes versus∼one month). This is unlikely to be due to
the difference in thermal activation alone since the tem-
peratures chosen for the experiments were relatively
close (e.g. 705◦C versus 695◦C).
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ii) The L12→DO19 transformation showed the char-
acteristics of an isothermal reaction. As temperature
increased, the transformation rate became quicker.

iii) The transformation into DO19 was by a shear type
mechanism involving formation of stacking faults in the
parent L12 phase.

iv) The product DO19 phase contained very few de-
fects. Grain growth also occurred very rapidly after
transformation was complete.

v) Locked-in stacking fault arrays in DO19 induced
recrystallisation when heat treated at 750◦C. Exten-
sive interdiffusion is thought to be responsible for this
reaction.

4. Discussion
4.1. The transformation hysteresis
In order to discuss adequately the transformation hys-
teresis, it is postulated that the formation of stacking
fault strips typical in Fig. 5(a)–(c) and Fig. 10(c) is a
nucleation stage, and the thickening and amalgamation
of these stacking faults to form large volumes of the
daughter phase is the growth process for either L12 or
DO19. This part of the discussion is aimed at answering
two questions.

a) Why was nucleation for the DO19 → L12 trans-
formation so much slower than the reverse transforma-
tion?

The most favorable nucleation sites for L12 forma-
tion were B81/DO19 interphase boundaries as shown
in Fig. 5(a) and also grain and subgrain boundaries of
DO19 as shown in Fig. 7. B81/DO19 interphase bound-
aries were rare, since the volume fraction of B81 was not
high. The nucleation rate was therefore controlled by
the limited availability of grain and subgrain boundaries
of DO19 as is illustrated by the control experiment in-
volving the pre-treatment at 950◦C. The pre-treatment
at 950◦C caused grain growth and subgrain annihila-
tion; both of these decreased the number of nucleation
sites for subsequent stacking fault strip formation at
600◦C. This lead to retarded kinetics of the nucleation
process.

For DO19 formation, nucleation sites were twin
boundaries in the parent L12, which were ample in
number (a fact due to the history of formation of the
parent L12 in the first place). There is also the prob-
lem of statistics: in each grain of L12, there are four
{111} planes on which nuclei of DO19 can form, but in
each grain of DO19, there is only one{0001} plane on
which L12 can nucleate. This crystallographic feature
also accounts for the fact that DO19 can make use of
the numerous L12 twin boundaries to nucleate but L12
cannot nucleate on, for example, any of the stacking
faults in DO19.

b) Why was growth for the DO19 → L12 transfor-
mation so much slower than for L12→DO19 and why
in DO19 → L12, growth was so slow compared with
nucleation?

What is sure is that this is not likely to be due to ther-
mal agitation difference, since 705◦C is very close to
695◦C. For the DO19→ L12 transformation, the rapid
appearance of the strips indicates that nucleation into

L12 platelets was relatively easy [Fig. 5(a)]. It was the
thickening and amalgamation of these nucleus platelets
into large L12 grain which was slow [Fig. 5(c)–(e)].
This is slow because there is only one close-packed
plane in the DO19 parent phase on which nuclei can
form. However, if every part of a whole crystal within
the specimen transformed simultaneously and into the
same direction, the shape change would be too large,
needless to say that statistics will prevent this from hap-
pening. So instead, different parts of the crystal trans-
form by shear along different directions on the same
basal plane of the parent DO19. Incompatible strains
soon develop within the crystal during this process,
and they retard further shears on the same basal plane.
The incompatibility strains can be relieved by shears on
planes which are non-parallel to the parent basal plane,
and one way to do this is by twinning of the newly trans-
formed L12 grains along an intersecting plane. During
the waiting time before twinning can happen, further
transformation is severely handicapped, but once twin-
ning has taken place, the twins intersect one another
and obstruct one another’s growth. Overshooting may
also occur locally which needs to be corrected for, and
this may further slow down the transformation.

Another factor is that within the phase field of L12,
the L12 structure is only marginally stable. This can be
inferred from the observation that the annealing twins
and stacking faults formed during the transformation
are very difficult to anneal out afterwards [14]. The driv-
ing force for nucleation of DO19 is therefore thought to
be small.

For the L12 → DO19 transformation, because there
are now four{111} planes on which DO19 can nucleate
by shear, there is a large freedom for the new nuclei to
minimize the incompatibility strains induced by the pre-
vious nuclei. Shears do not have to be well-coordinated,
and can happen anywhere. Also, judging from the ob-
servation that the product DO19 phase contained only
a few defects, and that recrystallisation can occur, the
DO19 phase seems to have a very high stability with re-
spect to L12 at above 700◦C. There is thus a large driv-
ing force for transforming into DO19 at above 700◦C,
and so the transformation rate is fast.

4.2. Comparison with the normal fcc to hcp
transformation

It is of interest to compare the L12↔DO19 transfor-
mation in Fe3Ge with other similar transformations.
First, it is to be noted that the observed kinetics here for
L12↔DO19 is a lot slower compared with the disor-
dered counterpart of fcc↔ hcp as observed in, for ex-
ample, the Fe-based shape memory alloys [15, 16]. A
typical thermally induced fcc↔ hcp transformation in a
Fe-based shape memory alloy takes place athermally at
around room temperature. The martensite plates grow
almost instantly with continuous cooling below Ms. The
amount of martensite is virtually independent of time,
but is a function of temperature. The speed of transfor-
mation is probably independent of temperature and is
usually very rapid (near the elastic wave speed). On the
other hand, the L12↔DO19 transformation takes place
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isothermally. The amount of transformation increases
with time until complete, and the speed of transforma-
tion varies with temperature. This transformation also
takes place at a much higher temperature (700◦C), but
it takes a much longer time to complete (∼minutes).

The much slower kinetics of the L12↔DO19 trans-
formation when compared with the fcc↔ hcp trans-
formation is likely the result of the difference in shear
vectors in the two cases. The easiest mechanism for L12
to transform into DO19 is to operate the 1/3〈112〉 “super
Shockley partials”, as opposed to the 1/6〈112〉 simple
Shockley partials in the fcc to hcp transformation. The
1/3〈112〉 shear vector is twice the usual 1/6〈112〉 shear
vector. As a consequence, the shape change involved
and hence any incompatibility strain developed in the
L12↔DO19 transformation will be larger than the or-
dinary fcc↔ hcp transformation. Furthermore, there is
also a lot of evidence, both theoretical and experimen-
tal, which supports the view that the 1/3〈112〉 super
Shockley partials have rather low mobility. Atomistic
simulation studies [17–19], for example, have shown
that the 1/3〈112〉 cores in the L12 structure in general
are non-planar, and that substantial changes in the core
configuration happen during the motion of these par-
tials. These lead to the high predicted values of the
overall Peierls stress for motion. For the specific case of
Fe3Ge, Ngan, Jones and Smallman [14] have observed
wide thermal SISF’s in the annealed L12 phase, indicat-
ing that from an energetic point of view, the dissocia-
tion of 〈110〉 dislocations into 1/3〈112〉 partials should
not present any problem. However, when deformed
at temperatures below∼300◦C, substantial non-close-
packed〈110〉{001} cube slip occurred instead of the ex-
pected octahedral slip involving the 1/3〈112〉 partials.
This is evidence that the 1/3〈112〉 partials have lower
mobility than the non-close-packed, cubic slip.

The interesting question is: will Fe3Ge make a good
(high temperature) shape memory alloy? The answer is
seemingly negative. This is partly due to the fact that
the transformation is sluggish and has a large hystere-
sis as discussed above. More importantly, as is shown
in the present work, the L12↔DO19 shear transforma-
tion takes place along with severe interdiffusion which
causes recrystallisation in extreme cases. The paths to
transformation alternative to shear provided by inter-
diffusion is expected to worsen the reversibility of the
shape memory effect, if there is any at all.

5. Conclusions
1. The change from L12 to DO19 and the reverse are
both isothermal transformations. The amount of prod-
uct phase increases with time until the transformation
is complete. The transformation rate varies with tem-
perature.

2. The transformation from DO19 to L12 takes place
much more slowly than the reverse from L12 to DO19.

3. The lack of suitable nucleation sites and the large
shape change constraint caused by the insufficient num-
ber of crystallographic shear planes in the parent DO19
accounted for the sluggish rate from DO19 to L12.

4. From L12 to DO19, the large number of pre-
existing nucleation sites lead to a much quicker trans-
formation rate.
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