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Reverse austenite transformation behavior in a tempered martensite
low-alloy steel studied using in situ neutron diffraction
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Themicrostructure evolution during reverse transformation of a Cr-Ni-Mo steel consisting of tempered lathmar-
tensite and Cr carbide was examined using in situ neutron diffraction at high temperatures. The microstructural
change from a reversed coarse-grained structure to a fine-grained polygonal structure by further annealing was
monitored through a decrease in the diffraction intensity caused by primary extinction and the full width at half
maximum. This result is different from that for a bainite steel, showing good coincidence with the observations
using electron back scatter diffraction.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
Keywords:
In situ neutron diffraction
Tempered martensite
Primary extinction
Austenite memory
Nucleation and growth

Phase transformation from ferrite (α) to austenite (γ), i.e., reverse
transformation, has been utilized to refine the γ grain size in the steel
production process. However, the γ grain size after the γ reversion in
bainite or martensite steel sometimes becomes as large as that of the
prior γ, which is called “γ memory” [1]. This reversed γ with coarse-
grains changes to a fine-grained polygonal γ by further high-tempera-
ture annealing [2–4], which is similar to recrystallization. The mecha-
nisms of such puzzling phenomena have been studied by many
researchers [1,4–7], because it is a serious problem in industrial steel
production. Shinozaki et al. have recently reviewed past studies and in-
vestigated themechanism of the γ reversion behavior using in situ elec-
tron backscatter diffraction (EBSD) [8,9]. Their results on a tempered
martensite steel [8,9] and a bainite steel [9] are summarized in Fig. 1,
inwhich (a)–(d) show the temperedmartensite steel containingmostly
Cr carbides and a little cementite, while (e)–(h) show the bainite steel
containing cementite particles. As observed, austenite grains nucleated
during the reverse transformation are categorized into two types, A
and B. The microstructures of Fig. 1(b) and (f) consist fully of austenite,
in which examples of type B grains are indicated by red arrows. In Fig.
1(b), small number of type B equiaxed grains are scatted in the type A
grains with lath shape (the matrix: see ref. 8 for more details). On the
other hand, type B grains are dominantly observed in Fig. 1(f). For
type A, γ grains nucleated at the lath boundaries with almost the

same crystal orientation as that of the prior γ grain, whereas for type
B, the γ grains nucleated at the prior γ grain boundaries or inside the
prior γ grainswith different crystal orientations. Type A grains are char-
acterized by high kernel average misorientation (KAM) values, as seen
in Fig. 1(c) and (g); on the other hand, the type B grains show very
low KAM values (see red arrows in Fig. 1(c) and (g)). The most likely
nucleation site inside the grain is the cementite particle. In the case of
the temperedmartensite steel, type A nucleation occurs predominantly
because of the presence of a little cementite. Therefore, after the γ re-
verse transformation was completed, the prior γ grains were recon-
structed by the growth of type A grains as seen in Fig. 1(b), which is
called the γ memory phenomenon. As was discussed in ref. 8, this re-
verse transformation was not displacive (martensitic) but diffusional.
Here, sub-boundaries remaining in such a reconstructed γ grain origi-
nally stemmed from the small-angle lath-boundaries of martensite
(for details, see ref. 8). Hence, by heating to a higher temperature,
type A grains were invaded and eventually replaced by type B grains,
resulting in a new fine-grained polygonal microstructure; this is similar
to recrystallization behavior. These two types of γ nucleation are also
observed in the bainite steel, as shown in Fig. 1(e)-(h). Different from
the tempered martensite, type B grains nucleate predominantly in the
bainite steel, so that a fine-grained γ structure appeared immediately
after the completion of the γ reversion without showing γ memory.
These are the main results recently obtained by surface observations
with EBSD experiments [8,9], and this tentative conclusion is expected
to be confirmed by evidence in the bulk, because the chemical
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compositions, particularlyMnand C, at the surface layerwere suspected
to change at elevated temperatures. Therefore, in situ neutron diffrac-
tion was employed in this study to monitor the γ reversion behavior
of the tempered martensite steel using a bulk specimen.

The same steel as that used in Fig. 1(a)-(d) was used in this study.
The chemical composition of the steel was 0.36C-0.22Si-0.79Mn-
0.007P-0.003S-3.04Cr-1.46Ni-0.43Mo-0.1 V-0.03Al (mass%) and bal-
ance Fe. The specimen was annealed at 1453 K for 3.6 ks, followed by
quenching in water, and then the quenched specimen was tempered
at 973 K for 54 ks with the aim of the precipitating the alloy carbides
and the decomposing the retained γ. The Ac1 and Ac3 temperatures de-
termined by dilatometry were 1003 K and 1088 K, respectively.

In situ neutron diffraction measurements were performed during
the heat treatment using a time-of-flight (TOF) neutron diffractometer,
TAKUMI at theMaterials and Life Science Facility (MLF) in the JapanPro-
ton Accelerator Research Complex (J-PARC). A cylindrical specimen
with 8mm in diameter and 30mm in lengthwas prepared. The neutron
diffraction patterns in the axial and transverse directions were mea-
sured simultaneously using two detector banks having scattering angles
of±90°. The gauge volumewas restricted to 5 × 5 × 5mm3 using an in-
cident beam slit and radial collimators. The TAKUMI instrumental peak
width, i.e., wavelength resolution, was ~0.3% for themedium resolution
mode used in this experiment. A thermocouplewaswelded on the spec-
imen surface to measure and control the temperature. Heat treatment
was conducted in vacuum to avoid oxidation. The specimenwas heated
at a heating rate of 1 K/s from 293 K (RT) to 993 K (before the start of
reverse transformation) and held there for 1.2 ks, then heated up to
1048 K at 0.05 K/s and held there for 1.2 ks, then to 1193 K (after the
completion of γ reverse transformation), 1143 K, and finally 1223 K,
in that order. The heat schedule is depicted in Fig. 2(a). The two-dimen-
sional (2D) plots of the diffraction intensities of 111 γ, 200 γ, and 110α
peaks are presented in Fig. 2(b) as a function of the annealing time. As
seen, it is found that the temperature range for α-to-γ transformation
is almost consistent with that from Ac1 to Ac3 determined by dilatome-
try [8]. Here, both the diffraction peak intensity and full width at half
maximum (FWHM) apparently decrease from 1143 K to 1223 K after
becoming a single γ phase, which will be discussed later in detail. This
corresponds to the EBSD results observed in Fig. 1(b)-(d). Diffraction

profiles (the axial direction) collected for 0.6 ks at the latter half of the
isothermal holding at 1143 K and 1223 K are presented in Fig. 2(c). It
is observed that the diffraction intensities of all the hkl peaks at
1223 K are smaller than those observed at 1143 K (see red arrows in
thefigure). Here the 200 peaks at the two temperaturesweremagnified
in order to show the differences clearly; the peak shift due to thermal
expansion, a large decrease in the maximum intensity and a small
change of line profile broadening are found.

The detailed changes in the diffraction intensities and FWHMs of
some hkl peaks obtained in the axial direction are shown in Fig. 3(a)
and (b), respectively. The plotted values were obtained by time slicing
of every 60 s for the event-mode recorded date and all the hkl peak in-
tensities and FWHMswere normalized to the intensities and FWHMs at
the beginning of holding the temperature at 1093 K, respectively. The
peak intensities were found to drastically decrease upon heating from
1160 K to 1200 K (Fig. 3(a)). The lowest indexed peak of 111 (at the
largest wavelength) shows the most significant drop in peak intensity
(larger than 50%), while the drop in a higher indexed peak like 311 is
small, in which the large scatters are due to its low absolute diffraction
intensity. Similar drops in the hkl diffraction intensities were also ob-
served in the results for the transverse direction. Therefore, such simul-
taneous drops in all peak intensities cannot be explained by a change in
the texture. In the case of texture evolution, the diffraction intensities of
some peaks would become stronger, whereas the others would become
weaker. Kabra et al. observed a similar decrease in the neutron diffrac-
tion intensities of all thehkl peaks for theα-to-β transformation in a zir-
conium alloy and explained it by the effect of the primary extinction of
the incident beam [10]. They have claimed that the increase in crystal
perfection driven by thermal recovery causes a transition from the kine-
matic to the dynamic theory of diffraction. Thewavelength dependence
observed in Fig. 3(a) can also be explained by the effect of primary ex-
tinction. Another possible origin of the decrease in all the peaks intensi-
ties is the effect of the Debye-Waller factor, but Kabra et al. have
disregarded it because the amount of decreasing is estimated to be
very small (approximately 5%) and its wavelength dependence is differ-
ent from the primary extinction (the opposite trend) [10]. Hence, the re-
sults in Fig. 3(a) must be due to the primary extinction of the incident
beam at elevated temperatures related to the growth of type B grains,

Fig. 1. EBSD results: (a)-(d): temperedmartensite steel, (e)-(h) bainite steel; (a) and (e): 923 K (before reverse transformation), (b) 1148 K and (f) 1078 K (after reverse transformation),
(c) and (f) KAM maps of (b) and (f), respectively, and (d) 1173 K and (h) 1153 K (after growth of austenite grains).
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