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Abstract

The thickening kinetics of L plates in an Al-4Cu-0.3Mg-0.2Ag (wt. %) alloy have been measured
at 200 °C, 250 °C and 300 °C using conventional transmission electron microscopy techniques.
At all temperatures examined the thickening showed a linear dependence on time. At 200 °C the
- plates remained less than 6nm in thickness after 1000h exposure. At temperatures above 200 °C
the thickening kinetics are greatly increased. Atomic resolution Z-contrast microscopy has been
used to examine the structure and chemistry of the (001) oll (111), interphase boundary in sam-
ples treated at each temperature. In all cases, two atomic layers of Ag and Mg segregation were
found at the broad face of the plate. The risers of the growth ledges and the ends of the plates
were free of segregation. No significant levels of Ag or Mg were detected inside the plate at any
time. The necessary redistribution of Ag and Mg accompanying a migrating thickening ledge
occurs at all temperatures and is not considered to play a decisive role in the excellent coarsening
resistance exhibited by the € plates at temperatures up to 200 °C. Plates transformed at 200 °C
rarely contained ledges and usually exhibited a strong vacancy misfit normal to the plate. A large
increase in ledge density was observed on plates transformed at 300 °C, concomitant with acceler-
ated plate thickening kinetics. The high resistance to plate coarsening exhibited by Q plates at
temperatures up to 200 °C, is due to limited ledge nucleation under these conditions. The prohibi-
tively high barrier to coherent ledge nucleation on the broad faces of plates aged at 200 °C arises
from the contribution to the total free energy change attending nucleation from elastic interactions
between the misfitting coherent ledges and the significant strain field that can exist normal to the
broad face of the Q plate.
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1. Introduction

- The addition of trace amounts of Ag to Al-Cu-Mg alloys with high Cu:Mg ratios (eg., 10:1) sig-
nificantly alters the precipitation sequence usually observed in these alloys [1-4]. The most nota-
ble change is the appearance of a thin, hexagonal-shaped phase, designated , that forms as
platelets on the {111}, slip planes of the matrix. Several structures for the © phase have been
proposed [5-7] although the most widely accepted structure is orthorhombic (Fmmm,
a=0.496nm, b=0.859nm, ¢=0.848nm) [8, 9]. The orientation relationship between Q and the o
matrix is (111), 1 (001)g and [110] I [010]g. The appearance of the Q phase promotes
greater hardening, and alloys based on the Al-Cu-Mg-Ag system have shown promising creep
properties at temperatures up to 200 °C because of the apparent resistance of the Q phase to par-
ticle coarsening [10]. The reported coarsening resistance of Q has been confirmed by Ringer ez.
al. [11]. Those researchers directly measured the changes in plate thickness using conventional
transmission electron microscopy (CTEM) techniques as a function of time for temperatures
between 200 °C and 300 °C. The plates examined in that study remained less than 6nm in thick-
ness after 1000h exposure at 200 °C. At temperatures above 200 °C the thickening was greatly
accelerated.

It is now generally accepted that rationally oriented plate-like precipitates thicken by a ledge
mechanism [12] (Fig. ). The thickening of plate-like precipitates therefore depends on the
kinetics of the nucleation and growth of thickening ledges on the broad faces of the plates. Previ-
ous studies on precipitate thickening kinetics in Al-alloys [13-15] have concluded that the over-
all thickening kinetics are ultimately restricted by limited ledge nucleation.

Direction of interface migration

T Cuflux Ag,Mg redistribution

Direction of ledge migration <€——— Q Phase

Figure 1. Schematic illustration of the necessary Ag and Mg redistribution and Cu flux
accompanying the migration of a thickening ledge on an Q plate.

Q plates differ from other {111} precipitate plates in at least two important aspects. The first
concerns the relatively large lattice misfit between the precipitate and the matrix that exists nor-
mal to the (111), 1 (001)g, interphase boundary. Other examples of {111}, plates include T,
(Al,CuLi) in Al-Cu-Li alloys, n” (MgZn,) in Al-Zn-Mg and y’(Y) (AlAgy) in Al-Ag. Each of
these phases has a hexagonal structure whereas  is usually assummed to be hexagonal. The
misfit normal to the precipitate for each of these phases is 0.12% for T, 0.03% for 1", 1.46%
for y* and 9.3% for Q. The misfit normal to the Q plate is accordingly considered large. On the
basis of this large misfit, Fonda er. al. [16] initially postulated that the source of the enhanced
thermal stability of & may be the relationship between ledge nucleation and propagation and the
elastic strain field. Fonda er. al. [16] investigated the accommodation of misfit strain surround-
ing Q plates and found the plates consistently exhibit a vacancy type strain field normal to the
habit plane (Fig. 2), independent of plate thickness. Two types of thickening ledges were
observed, coherent 1/2€ unit cell high ledges and less commonly, larger ledges which contain a
misfit compensating dislocation of the type b=1/3<111>,. Similar dislocations were also
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observed at the ends of the plates with an average spacihg of 2 1/2 or 3Q unit cells, which pro-
duces a minimum strain normal to the plate. '

The second characteristic that differentiates Q from other {111} plates is the well reported seg-
regation of Ag and Mg to the broad face of the L plate. This segregation was first detected by
Muddle and Polmear [9] and most recently by Reich et. al. [17] using 3D-APFIM. The 3D-
APFIM work of Reich et. al. has provided evidence to warrant careful consideration of the usual
assumption that ledge nucleation controls the overall plate thickening rate in Al-based alloys. In
Reich er. al.'s atom probe study, they captured an £ plate thickening ledge in an Al-1.9Cu-
0.3Mg-0.2Ag (at. %) alloy aged 10h at 180 °C. Their observations show the presence of a
monoatomic layer of Ag and Mg at the Q plate/matrix (001)q Il (111), interface but no Ag or
Mg was detected within the plate itself or at the riser of the ledge. The motion of the thickening
ledge must then involve the simultaneous flux of Cu from the matrix to the riser of the ledge and
the redistribution of Ag and Mg from the original broad face of the Q plate to the terrace of the
migrating thickening ledge. Fig. 1 is a schematic illustration of this process'. This complicated
diffusion geometry raises two interesting questions. (a) What interaction (if any) is there
between the redistributing Ag and Mg and the incoming flux of Cu? and (b) If an interaction is
expected, could it be sufficient to retard ledge migration to the point where it becomes the rate
controlling process for plate thickening instead of ledge nucleation?
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Figure 2. Schematic illustration of (a) Figure3. Mean Q plate thickness (nm) as |

vacancy and (b) interstitial a function of time at 200 °C, 250
strain fields normal to the broad °C and 300 °C, in an Al-4Cu-

face of a precipitate plate. 0.3Mg-0.4Ag (wt. %) alloy.

The present work addresses the need for a systematic study of the structure and chemistry of the
Q plate/matrix (001)g Il (111), interface as a function of time and temperature to examine the

respective roles of ledge nucleation and migration in accounting for the excellent coarsening

resistance of Q plates at temperatures up to 200 °C.

1. The diffusion path for Ag and Mg redistribution from the broad face of the plate to the terrace of the
migrating thickening ledge shown in Fig. 1 is only one of several possible diffusion paths. This schematic
is not intended to imply that this is the path of solute redistribution, only that some interaction between the
flux of Cu and the Ag and Mg may be expected. '
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2. Experimental Procedure

The composition of the alloy used is Al-4.0Cu-0.3Mg-0.4Ag (wt. %). Strips of material 0.5-
Imm thick were solution treated (ST) at 525 °C for lh, water quenched (WQ) and aged in mol-
ten salt-baths at 200 °C * 2°C, 250 °C + 2°C or 300 °C £ 2°C for various times up to 1000h.

Specimens for transmission electron microscopy (TEM) were punched mechanically from the
strips and twin-jet electrolytically polished in a solution of 33 vol. % nitric acid and 67 vol. %
methanol at -25 °C. The microstructural evolution was monitored using CTEM techniques with
a 200 kV microscope. High resolution phase contrast microscopy was performed using a top
entry HREM operating at 400 kV. The high resolution phase contrast simulation was performed
using the Crystalkit and MacTempas software packages [18]. Atomic resolution Z-contrast

nd o ~F
mu,roscnpy {19, 20} was used for u"‘le syst\,matu. examination of the ¢ vuuxyumuuu ana structure ot

the Q plate/matrix (001)g |l (111), interface as a function of time and temperature. This tech-
nique is capable of providing two-dimensional intuitively interpretable images of atomic struc-
tures with compositional sensitivity without the need for model structures and simulations
associated with the phase contrast imaging techniques. A Z-contrast image is formed by scan-
ning an electron probe of atomic dimensions across a specimen and collecting the high angle
scattered electrons with an annular dark-field (HAADF) detector. Since the scattering is incoher-
ent at high scattering angles, the image is essentially a map of the total scattering intensity of
each atomic column, which is approximately proportional to the square of the atomic number
(Z). This technique is especially well suited to the investigation of Ag in the Al-Cu-Mg-Ag sys-
tem due to the relatively high atomic number of Ag. The microscopy was performed using a VG
Microscope HB603U scanning transmission electron microscope operating at 300kV which is
capable of forming an electron probe size of 0.126nm. The EDS analysis was carried out using a
ATEM operating at 200 kV equipped with a field emission gun and an EDSX system.

Measurements of the thickness of  precipitate plates were made from CTEM micrographs
recorded with the electron beam parallel to the precipitate habit plane (i.e. parallel to <112>,//
[100]g or [110]g). In each case, the "edge-on" thickness of between 70 and 100 precipitates was
measured from the negatives magnified using a 4x graticule.

3. Results

3.1 Conventional Transmission Electron Microscopy (CTEM)

Observations of the <100>,, <110>, and <112>, zone axes of the Al matrix were made to
ensure a true representation of the precipitate distribution was obtained. At all times and temper-
atures examined, the Q phase was found to be present. At 200 °C and 250 °C, the Q phase co-
exists with 8" (Al,Cu) and S (Al,CuMg) phases. At 300 °C, the £ phase was the only precipitate
found at all times observed. The thickening kinetics of & plates were measured at each tempera-
ture. A plot of plate thickness as a function of time is shown in Fig. 3. At all temperatures exam-
ined the precipitate thickness shows a linear dependence on time. At 200 °C, the Q plates reach a
thickness of approximately 5.5nm after 100h exposure, after which there is no detectable change
in average thickness. At 300 °C the rate of thickening is rapid and thicknesses greater than 30nm
are reached within 50h at 300 °C. At 250 °C, thicknesses of 25-30nm are obtained after 1000h
exposure. These observations are qualitatively consistent with those of Ringer et. al. [11].
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3.2 High Resolution Electron Microscopy

3.2.1 Z-Contrast Microscopy

Atomic resolution Z-contrast microscopy was used to examine the structure and chemistry of the
Q plate/matrix (001)g Il (111), interface in samples transformed at each temperature.

A low magnification Z-contrast image of an Q plate (right) and a 6’ plate (left) is presented in
Fig. 4(a). The intensity in a Z-contrast image is approximately proportional to 72 and the bright
bands bounding each side of the Q plate are interpreted as preferential segregation of at least Ag
to the Q plate/matrix (001)g Il (111),, interphase boundary, consistent with previous investiga-
tions [9, 17]. Q plates in this orientation (Fig. 4(a)) were found to be very long, straight and typ-
ical of Q plates observed in samples transformed at 200 °C. An atomic resolution Z-contrast
image of a 4 unit cell thick Q plate is shown in Fig. 4(b). Two atomic layers of enhanced inten-
sity are seen at the £ plate/matrix (001)g |l (L11), interface. These correspond to two layers of
segregation. This is in contrast to the monoatomic layer reported by Reich et. al. [17]. The layers
of enhanced intensity within the plate parallel to the habit plane are separated by 0.424nm and
correspond to layers enriched in Cu. This is qualitatively consistent with the projection of the
proposed orthorhombic € structure down zone axes parallel to the habit plane. EDS was used to
determine that the interfacial segregation contained both Ag and Mg, consistent with recent ana-
lytical investigations [17]. No significant quantities of Ag or Mg were detected within the Q
plate or the adjacent matrix.

Figure 4. Z-contrast images of sample transformed 100h at 200 °C. (a) Low magnifica-
tion image of Q plate (right) and 0’ plate (left). (b) Atomic resolution image of
an Q plate illustrating two atomic layers of interfacial segregation.

Fig. 5(a) is a Z-contrast image of an Q plate thickening ledge in a sample exposed for 70h at 250
°C. The ledge is 1/2 Q unit cell high and coherent with the matrix. The image shows a double
layer of interfacial segregation to the terraces of the growth ledge but not at the riser of the ledge.
The lack of segregation at the riser of the thickening ledge is consistent with the APFIM obser-
vations of Reich et. al. [17]. Energy dispersive spectra were obtained from the matrix, the
(001)g Il (111), interphase boundary and wholly within the Q plate. They showed segregation
of both Ag and Mg to the interface. As was the case for the sample treated at 200 °C, no signifi-
cant quantities of Ag or Mg were detected within the & plate or the adjacent matrix. At 300 °C
the 2 plates thickened at a greatly enhanced rate, and the Z-contrast image in Fig. 5(b) shows
thickening ledges are plentiful on  plates transformed at this temperature. Two atomic layers of
segregation to the Q plate/matrix (001)q l (111), interface were again observed. EDS analysis
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confirmed that the intensity seen at the plate/matrix interface in the Z-contrast image was due to
both Ag and Mg segregation. No significant quantities of Ag or Mg were detected within the
plate or adjacent matrix. Different sized ledges can be observed on the broad faces of the Q plate
shown in Fig. 5(b). Small 1/2 Q unit cell high ledges are observed on the top face of the plate,
whilst a much larger ledge can be seen on the lower broad face. These ledges are consistent with
the two types of ledges observed by Fonda et. al. [16] in their studies of misfit strain accommo-
dation surrounding Q plates. /

i

Figure 5. Z-contrast images of sample transformed (a) 72h, 250 °C and (b) 50h, 300 °C.

3.2.2 High Resolution Phase Contrast Microscopy

The Z-contrast observations indicated thickening ledges were rarely observed on Q plates
treated at 200 °C. Conventional high resolution phase contrast imaging has been used to examine
the generality of this observation in samples treated for 10h and 1000h at 200 °C.

In almost all cases the plates observed did not contain any ledges. A typical example is shown in
Fig. 6(a). Ten Q plates have been documented from HRES images and the ledge density and
thickness of each of the plates recorded in Table I. Of the ten plates recorded on film, only one
plate contained a ledge. The ledges observed in Fig. 5(a) and on the top face in Fig. 5(b) were 1/
2 Q unit cell in height and coherent with the matrix. A survey of the literature also shows that
when ledges are observed on Q plates, they are most commonly 1/2 © unit cell in height [16].
Plate thicknesses can be determined directly from HRES images and this has been illustrated in
~ Fig. 6(b). A high resolution simulation was performed from a model structure containing a 6.5
unit cell thick plate bounded by two atomic layers of mixed Ag and Mg and embedded in the Al
matrix. The simulation inset is shown in Fig. 6(b). The agreement between experimental and

simulated images is satisfactory and it is concluded that the plate is 6.5  unit cells in thickness.

The thickness of each of the 10 plates examined has been evaluated and included in Table 1. This
information along with the number of Frank partial dislocations at the ends of the plates allows
the unrelaxed misfit normal to the plate to be calculated. The plate shown in Fig. 6 is suitably
oriented to directly image the Frank partial dislocations at the ends of the plate. Fi gs. 6(b) and (c)
are enlarged images of both ends of the plate in (a). Two misfit dislocations exist at the end of
this 6.5 unit cell thick plate and have been clearly labelled.
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a) High resolution phase contrast image of an Q plate after exposure for 1000h
at 200 °C. The plate contains no ledges. b=<112>,//[110]g, (b) High magnifica-
tion image of the left end and (c) right end of the plate in (a). The ends of the
plate contain two dislocations (arrowed) of type 1/3<111>, with the extra half
plane in the precipitate phase.

Figure 6.

Table I: Summary of Q plate thickness and ledge density recorded from high resolution
phase contrast images of samples treated at 200 °C.

Number of Inferred Unrelaxed

Q Plate Heat Treatment Plate coherent 1/2 Q number of misfit (%) in
Condition Thickness unitcellhigh ~ 1/3<I11>, [001 Ig {111 Ia
(2 unit cells) ledges dislocations at © direction.
plate ends
1 200 °C, 10h 4 0 1 -24.6
2 200 °C, 10h 1 0 0 -18.7
3 200°C, 10h 2535 2 1 +338  -153
4 200 °C, 10h 2.5 0 i +3.38
5 200 °C, 10h 3 0 i -5.9
6 200 °C, 1000h 6 0 2 -11.9
7 200 °C, 1000h 6 0 2 -11.9
8 200 °C, 1000h 7 0 2 -30.5
9 200°C, 1000h 6.5 0 2 -21.2
10 200 °C, 1000h 5.5 0 _ 2 26

a. The ledge on this plate is in fact a single 1 Q unit cell high coherent ledge.
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4. Discussion

This study has shown that despite considerable differences in & plate thickening kinetics
between 200 °C and 300 °C, no significant changes in the segregation behavior of Ag and Mg
are observed. Two atomic layers of Ag and Mg segregation are found at the coherent broad faces
of the plates. No segregation is found at the risers of thickening ledges, consistent with the
observations of Reich ez. al. [17], nor is any significant segregation observed at the ends of the
plates or within the plates themselves. Consequently, the necessary Ag and Mg redistribution
from the broad face of the plate to the terrace of a migrating ledge (Fig. 1) must accompanying
ledge migration at all temperatures. Any interaction between the redistributing Ag and Mg and
the flux of Cu to the ledge riser is expected to occur at all temperatures and is not considered
unique to temperatures below 200 °C. Therefore, if an interaction does exist it is not considered
to play the decisive role in the excellent coarsening resistance exhibited by L plates at tempera-
tures up to 200 °C. The characteristic feature that distinguishes Q plates transformed at 200 °C
from those at higher temperatures is the thickening ledge density. Samples transformed at 200 °C
for times greater than 10h rarely contained ledges (Table I). A large increase in thickening ledge
density was observed for samples treated at 300 °C, concomitant with greatly enhanced plate
thickening kinetics. The excellent coarsening resistance of  plates at temperatures up to 200 °C
can be ascribed to a limited supply of thickening ledges.

The most commonly observed thickening ledges on € plates are coherent and 1/2 Q unit cell in
height. Nucleation of these ledges replaces two matrix {111}, planes and introduces a vacancy
misfit of more than 0.04nm normal to the habit plane of the plate [16]. The nucleation of a coher-
ent misfitting crystal in an elastically constrained matrix can be strongly influenced by elastic
interactions with pre-existing strain fields in the matrix. Since the 1/2 Q unit cell high coherent
ledge exhibits a vacancy misfit normal to the plate, the nucleation probability is highest (activa-
tion barrier is lowest) when the plates exhibit a residual interstitial misfit and increasingly less

probable for increasing vacancy strains normal to the broad face of the plate. A plot of the

change in unrelaxed misfit (expressed in nm) normal to the & plate habit plane as a function of
€ plate thickness is shown in Fig. 7. As successive coherent vacancy misfitting 1/2 Q unit cell
ledges are added to the broad face of a plate, the overall vacancy misfit normal to the plate
~ increases. This is represented by the solid line (AB) in Fig. 7. Above some critical value of this
misfit! it becomes energetically favorable for a dislocation of the type b=1/3[111], to form with
the extra half plane in the precipitate phase (e.g. Fig. 6(b)). The resulting misfit associated with
the plate becomes interstitial in nature (B — C, Fig. 7). Subsequent nucleation of coherent
vacancy misfitting ledges reduces the interstitial misfit and the strain field normal to the broad
face once again becomes vacancy in nature (C — D, Fig. 7), with an associated increase in the
activation barrier for coherent vacancy misfitting ledge nucleation. For those plates transformed
at 200 °C and listed in Table I, the inferred number of Frank partial dislocations and the unre-
laxed misfit normal to the plate have been evaluated on the basis of Fig. 7. The table shows that
in all cases except plates 3 and 4, a vacancy misfit exists normal to the plate. In the case of plate
4, the misfit is interstitial, albeit only slightly. These plates contain no ledges because the nucle-
ation barrier for a coherent vacancy misfitting ledge in a pre-existing vacancy field is prohibi-
tively large. Plate 3 provides an interesting example. It was the only plate observed with a ledge,
and the ledge is a single coherent full Q unit cell in height. The plate was initially 2.5 cells thick,
corresponding to an interstitial strain field (E, Fig. 7), but after propagation of the ledge, the
plate is 3.5 cells thick with a strong vacancy misfit (F, Fig. 7). Nucleation of the coherent

L. The critical misfit normal to the plate corresponding with the formation of a Frank partial dislocation of
the type b=1/3[111] may depend on plate thickness. At very small plate thicknesses, the plate is expected
to behave as an elastically constrained thin film, but as the plate thickens the elastic properties of the plate
would be expected to more closely approach those of bulk £
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vacancy misfitting ledge is assisted through mitigation of the interstitial strain field normal to the
plate. In all cases observed, plates that contain ledges have a residual interstitial misfit (or only
slightly vacancy) and those that contain no ledges exhibit a vacancy misfit!. Most of the plates
listed in Table I exhibit strong vacancy misfits, conditions very unfavorable for the nucleation of
coherent vacancy misfitting ledges. It is concluded that nucleation of coherent ledges during the
coarsening stages of Q plate thickening are dominated by strain energy considerations and that
this effect is responsible for the excellent coarsening resistance of {2 plates at temperatures up to
200 °C. '

Q Plate thickness (A)

0.00 8.48 16.96 25.44 33.92 424 50.88 59.36
0.15 L L 1 1 L L 1 1 1 ) I 1 ] 1 i kN
Interstitial
increasing barrier to
coherent ledge nucleation
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Figure 7. Plot of the change in unrelaxed misfit (nm) normal to the Q plate habit plane as
a function of Q plate thickness.

The analysis presented above applies only at relatively small plate thicknesses. The matrix dislo-
cation density greatly increased during the later stages of thickening of Q plates at 250 °C and
300 °C and these dislocations interacted strongly with both the edges and the broad faces of the
plates, presumably to aid in the accommodation of strain associated with the plate. The regime
of thickening that includes the generation of matrix dislocations and their interaction with the
strain fields of the plates is beyond the scope of this study.

1. Fonda et. al [16] observed that the average spacing of Frank partial dislocations at the ends of thick
plates was 2.5-3.0 € unit cells. This is an average spacing and was used to construct Fig. 7. Deviations
from this average spacing may reveal plate thicknesses that appear inconsistent with the arguments pre-
sented above on the basis of Fig. 7. In those cases, direct observation of the number of dislocations at the
ends of the plates is necessary.
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5. Conclusions

Z-contrast observations revealed two atomic layers of Ag and Mg segregation to the
(001)g IF(111), interphase boundary at all times and temperatures examined. No segregation
was found to the risers of thickening ledges or to the ends of the plates. No Ag or Mg was
detected in any significant quantities within the plate at any time. The necessary Ag and Mg
redistribution from the broad face of the plate to the terrace of the migrating thickening ledge
must accompany ledge migration at all temperatures and is not considered to play a decisive role
in accounting for the excellent coarsening resistance of Q plates at temperatures up to 200 °C.
Consistent with previous investigations of the thickening kinetics of precipitate plates in Al-
alloys [13, 14, 15], the thickening of Q plates is restricted by a limited supple of ledges. The den-
sity of thickening ledges on plates transformed for times longer than 10h at 200 °C was very low,

usually zero. A large increase in ledge density is associated with the increase in thickening kinet-

ics at 250 °C and 300 °C. The prohibitively high barrier to coherent ledge nucleation on the

“broad faces of plates aged at 200 °C arises from the contribution to the total free energy change
attending nucleation from elastic interactions between the misfitting coherent ledges and the sig-
nificant strain field that can exist normal to the broad face of the Q plate.
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