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The emission of dislocations from the tip of a newly transformed austenite lath, with a near Pitsch orientation re-
lationship with the ferrite matrix, was observed at 760 °C in a duplex stainless steel, using in-situ transmission
electron microscopy. The dynamics of dislocation loops with [111],,/2 Burgers vector were carefully analyzed.
An estimation of stress concentration at the tip was made using dislocations as stress probes. These real-time ob-
servations verify directly for the first time that dislocation activity assists the growth of austenite precipitates, and
provide quantitative data for revealing the stress field generated by interface migration.

© 2017 Published by Elsevier Ltd on behalf of Acta Materialia Inc.

The phase transformation between austenite (fcc) and ferrite (bcc)
is one of the most important solid-state transformations because of its
practical importance as a metallurgical tool to tailor the mechanical
properties of steels. A fundamental step to understand the phase trans-
formation is to study interfacial structures between product and matrix
phases. Although numerous experimental and theoretical studies have
been made on the structure of fcc/bec interfaces [1-13], only few in-
situ experiments have been conducted to directly observe the interface
migration [14,15]. There are considerable and persuasive evidence that
the phase transformation is frequently associated with dislocation activ-
ity, especially when the product phase exhibits a plate, lath or needle
shape. It has been reported that matrix dislocations connect with
growth ledges in a Ni-Cr-alloy [1,16,17] and that matrix dislocations in-
terconnect precipitate needles throughout the matrix in a Fe-Cu alloy
[2]. An in-situ transmission electron microscopy (TEM) study has re-
vealed the emission of dislocations both in austenite and ferrite to re-
lease stress near the transformation front during the decomposition of
Fe-C austenite [15]. However, the details of dislocation activity associat-
ed with the moving interface remain unclear, and a complete disloca-
tion characterization is still lacking in the previous work. The
dislocation activity is probably due to a long-range stress field caused
by the phase transformation. Therefore, a detailed description of the dis-
location activity may shed some light on this stress field, which is often
uneasy to measure quantitatively.
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In this study, we carried out in-situ TEM experiments to observe di-
rectly growth of fresh austenite from ferrite matrix in a duplex stainless
steel, and tracked dislocation activity associated with the interface mi-
gration. Fe-24.9Cr-7.0Ni-3.1Mo (wt%) alloy was used in the present
work. 10 mm x 10 mm x 10 mm alloy blocks were encapsulated in silica
tubes for a solution treatment at 1300 °C for 30 min, followed by water
quenching so that ferrite phase could be preserved at room tempera-
ture. TEM sample preparation was obtained by mechanical thinning
and twin-jet polishing (with an electrolyte of 8 vol% perchloric acid in
ethanol at —30 °C and with an applied voltage of 20 V). In-situ TEM ex-
periments were performed in a Philips CM20FEG microscope operated
at 200 kV using a GATAN heating holder. Samples were heated first at
the highest temperature rate (several °C/s) up to 700 °C, and then slow-
ly heated by 5 °C increments until the first fresh austenite was noticed.
The interface motions were recorded using a Gatan Orius side entry
camera operated at 15 fps. After in-situ experiments, crystallographic
features were determined by a Kikuchi line analysis, with an average
misorientation error of 4-0.5°. All crystallographic indexes are self-con-
sistent with a selected variant of the orientation relationship (OR).

Upon heating, fresh austenite precipitates are formed by nucleation
and growth from the ferrite matrix. As in bulk materials, the fresh aus-
tenite in thin TEM foils also exhibits a lath morphology, with the long
axis lying approximately in the foil. The observations reported below
focus on the phenomena of growth close to the moving tip.

Fig. 1 shows a series of bright field images extracted from a video se-
quence (see Supplementary movie S1) taken at 760 °C, with the time for
Fig. 1a being arbitrarily set at t = 0 s. It can be seen from Fig. 1 that be-
sides the foil surfaces the growing austenite lath is enclosed by two near
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Fig. 1. Wedge-shaped tip of austenite (vy) lath growing in ferrite (o) matrix at 760 °C: a) t = 0's; b) t = 20 s. ¢) is the image difference a)-b) highlighting the growth of the austenite lath. X

is a reference marker. See Supplementary movie S1 for details.

parallel flat interfaces and one inclined interface, resulting in a wedge
tip. Using X as a fiducial marker, the overall tip migration along the
long axis can be measured from the image difference between Fig. 1a
and b, as given in Fig. 1c. An average growing rate of 15.6 nm/s is esti-
mated. A bending contour adjacent to the inclined interface at each tip
was observed during the motion. The location of the bending contour
suggests an asymmetrical stress field near the migrating tip. For this
case, no dislocation activity was observed. A probable reason is that
the stress field at the lath tip is below the critical value for dislocation
nucleation.

In contrast to the case in Fig. 1, dislocation emission has been ob-
served near the tips of a number of austenite laths. Fig. 2 shows an ex-
ample of dislocation emission from such a tip. Seventeen dislocation
loops were emitted one after another in a similar manner. Fig. 2a-d con-
sist of sequential snapshots (see Supplementary movie S2) of a typical
process of the expansion of a dislocation loop at the lath tip. These bright
field images were recorded under two-beam condition using go11)p.
The loop is unclosed, with two ends connecting to two sides of the tip.
Once generated, the portion of the loop in the immediate vicinity of
the tip does not expand to the matrix immediately, but it apparently
hesitates to detach from the tip (as seen from the new small loop in
Fig. 2c). After leaving from the tip, the dislocation loop expands rap-
idly ahead of the tip. It indicates that the emitted dislocation is
strongly repelled by the stress field present at the lath tip. When
the loop meets the foil surface, it breaks into two dislocation seg-
ments that leave a visible trace, due to the presence of a thin oxide
layer on the surface. The dislocation meets first the upper surface
and then the lower surface, yielding traces tq, (Fig. 2b) and ty; (Fig.
2c), respectively. The two dislocation segments, marked by s; and
s, in Fig. 2¢, continue to move. While segment s; moves away from
the tip at a similar rate as the tip-front portion of initial loop, seg-
ment s, slows down as it moves towards a lath side. After gliding
for a certain distance, segment s; will cross slip, as evidenced by
the change of trace direction (Fig. 2d). The new straight traces on
upper and lower surfaces are referred to t,, and ty), respectively.
This indicates that s, is largely a screw dislocation. Meanwhile, a
new dislocation loop was nucleated, as seen in Fig. 2c. In addition
to these continuously generated dislocation loops, several other dis-
locations were occasionally observed in the vicinity of the tip, with-
out being clearly determined. They present a very weak contrast,
indicating that they are out of contrast with this diffraction
condition.

Post-mortem crystallographic analysis was made on the austenite
lath in Fig. 2. The OR between austenite and ferrite was found near
the Pitsch OR [18], i.e., (100)¢~ 11(110)},,0.6" and [011]¢~I[111],,,0.6 |
which was seldom observed in steels (the subscript f and b refer to fcc
and bcc lattices, respectively). Fig. 2e illustrates schematically
the geometry of the austenite lath and the crystallography of several

typical planes of ferrite in Fig. 2a-d. The long axis of austenite lath is
[17.36.6]1[5.16.6 5.4],, i.e. lying in the flat interface, with an orien-
tation of (0.48 0.50 0.72)¢11(0.08 0.61 0.79)},. The measured foil nor-
mal is (0.850.38 0.36),. Based on the measured directions of slip
traces and widths between traces on the upper and lower surfaces,
the slip planes were determined as (112), and (101),, respectively
(see Supplementary materials for the detailed calculation). The Bur-
gers vector of the emitted dislocations is thus determined as the in-
tersection of these two planes, namely b=[111],/2. This result is
consistent with the diffraction contrast of the dislocation under
Zo11)p in Fig. 2.

In order to analyze the tip motion, a custom made script was used to
track the tip position in Fig. 2. To avoid artifacts due to the contrast
changes when the dislocations are emitted, the tip motion was analyzed
manually by image difference during a short period of time around the
dislocation emission. The displacement of the tip along the long axis
versus time is given in Fig. 3. The time reference is chosen as the mo-
ment of the dislocation being emitted in Fig. 2a. It can be seen from
Fig. 3 that the moving rate is almost constant (7-8 nm/s), but with sev-
eral decelerations shown as kinks on the displacement curve. The
change in tip velocity is concomitant with dislocation emission noted
by D in Fig. 3. The jerky nature of the tip moving rate is probably due
to the accumulation and relaxation of stress field near the tip. The emis-
sion of a dislocation loop from the tip may also affect tip moving rate via
interaction between the local dislocation loop and the possible interfa-
cial dislocations in the semicoherent interface surrounding the tip. Con-
sequently, the tip halted temporarily. It has been checked that the
length and width of austenite lath in Fig. 1 are both smaller than those
in Fig. 2, and the foil containing the lath in Fig. 1 is also thinner. In this
sense, though the austenite lath in Fig. 1 shares a similar OR with that
in Fig. 2, the stress accumulated near the tip could be smaller. This
might be a reason why the growth of the small laths in Fig. 1 is not as-
sociated with dislocation activity.

Dynamics of dislocations can be explained according to an analysis of
dislocation displacement. Fig. 4 shows image differences at difference
time intervals between snapshots extracted from the video (see Supple-
mentary movie S2). Dislocations numbered D1 to D5 in Fig. 4a-d show
white and black contrasts before and after. Accordingly, the displacement
between white and black contrasts can be used to estimate the average
moving rate of dislocations. The net shear stress acting on each dislocation
results from a combination of the stress field at the lath tip (Tup),
the image stress tending to attract the dislocation loop to the surface
(Timage)» the line tension (7;) and the interaction stress between disloca-
tions (Tinter)- AS can be seen from Fig. 4a, dislocation D1 moves first rapid-
ly mainly due to the T, and crosses a zone about 200 nm ahead of the tip.
The shear stress required to nucleate the loop can be evaluated by
measuring the loop size at the critical configuration before loop expan-
sion, i.e. when Ty, is comparable to T; (i.e. neglecting Timage and Tinter)-
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Fig. 2. (a-d) In-situ observation of the expansion of a dislocation (D) loop from the tip of an austenite lath. The two sets of dislocation moving traces t; and t, in the upper surface (u) and
lower surface (1) are marked by dashed lines (color online). X is a reference marker. See Supplementary movie S2 for details. (e) Schematic diagram showing the general geometry of
austenite lath with ferrite matrix in the foil and two activated slip planes (112), and (101),,.

This can be achieved by calculating the line tension using anisotropic elas- A slowly moving pile up is formed 200 nm away from the tip in
ticity (DISDI software [19]). Since the critical loop just nucleated is hard Fig. 4. In the zone of the pile up, dislocations are almost arranged uni-
to capture, a lower bound of stress can be measured when the loop be- formly. After the rapid motion of D1, the interaction stress pushes all

comes visible, i.e. few frame before Fig. 2a. An estimation of 170 MPa is dislocations in the pile up in Fig. 4b away until the net stress acting on
retrieved. D1 decreases. The final position of D1 almost replaces the initial position
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Fig. 3. The displacements of the lath tip along the long axis as a function of the transformation time in the time region corresponding to the micrographs in Fig. 2. The blue arrows indicate
the emission of a dislocation (D) loop (color online). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

of D2. This indicates here that the critical resolved shear stress necessary
to move the dislocation is of the order of the interaction stress, which
can be estimated as:

TinterEGb/ an7 (1 )

where G is the shear modulus for the alloy, b is the length of the
Burgers vector and r is the distance between these two dislocations. If
we take r = 170 nm (Fig. 4a), a, = 0.2881 nm (lattice parameter of
ferrite) and G = 80 GPa, Tjn¢er is around 19 MPa. These observations
indicate that the stress generated at the lath tip decreases rapidly
from ~170 MPa to 19 MPa over a 200 nm wide region, a value
comparable to the foil thickness (~411 nm). This further indicates that
free surfaces should be highly involved in strain relaxation.

All the above real-time observations provide direct and quantitative
information about the nature of dislocation emission from the austenite
tip with a near Pitch OR. Austenite laths with the near K-S OR and the N-
W OR have also been observed growing from ferrite during in-situ
heating. Dislocation emission was generally observed from tips of
most of these austenite laths with three types of ORs. This implies the
strain field due to the transformation of austenite is large enough to
cause the nucleation and emission of dislocations from an austenite
lath tip. The knowledge of the activated slip systems and the evaluation
of the stress field at the tip can be compared to results from phase trans-
formation models. This will be included in our further work.

In summary, dislocation loops were observed to be emitted from the
tip of austenite lath newly precipitated from ferrite matrix by in-situ
TEM. A detailed analysis has been made on an austenite with a near
Pitsch OR, that is (100)¢~ 11(110),,0.6" and [011]¢~II[111],,,0.6 . The dis-
locations with the Burgers vector of [111]y/2 gliding first in (112), and
then in (101), plane were emitted during the tip motion. The jerky na-
ture of the lath speed is associated with the emission of dislocations. The
shear stresses in front of the tip can be evaluated using dislocation as
stress probes. These quantitative results based on the dislocation analy-
sis provide useful data for revealing the important strain and stress field
associated with the interface migration.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scriptamat.2017.10.014.
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Fig. 4. Image differences between snapshots at different time showing the displacements of emitted dislocations, numbered by D1-D5: a) 126.2 s-127.2 5,b) 127.25-131.25,¢) 131.2 s—
135.2s,d) 135.2 s-139.2 s. The dislocations appear white and black before and after, respectively. See Supplementary movie S2 for details.
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