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The recrystallization without previous deformation is reported in literature for a small, selected group of alloys.
The present work provides evidence for the first time that the commercial stainless steel 15-5 PH also shows this
recrystallization phenomenon during austenitization. A set of in-situ and ex-situ high-temperature techniques
reveal that, on heating of the martensitic microstructure, recrystallization takes place after phase transformation
between 900 and 1000 °C, causing a distinct reduction of the austenite grain size. This work also shows that the
recrystallization correlates with the mechanisms involved in the prior martensite to austenite transformation. It
is observed that increasing heating rates lead to decreasing grain sizes. This is attributed to increased defect
density in the reverted austenite and increased driving pressure for the nucleation of recrystallized grains. It is
proposed that, during martensite to austenite reversion, a defect arrangement of highly stable low-angle grain
boundaries and, with increased heating rate, an increased density of internal, grown-in dislocations is inherited
from martensite laths. This highly defect-loaded microstructure, formed without external plastic deformation,
leads to a recrystallization at increased temperatures. The experimental results agree well with thermokinetic
calculations based on the proposed defect arrangement, underpinning the mechanism of spontaneous recrys-
tallization in 15-5 PH.

austenite formation is accompanied by an elemental redistribution and
segregation of Ni or Mn to martensite lath boundaries, retained austenite

1. Introduction

The commercial alloy 15-5 PH is a so-called precipitation hardenable
maraging steel and exhibits a good combination of strength, toughness,
and oxidation resistance. It is typically used in structural components in
aircrafts or specific conveyor systems in the industry. After a standard
metallurgical production process, including several thermomechanical
processing steps, solution annealing is conducted to dissolve predomi-
nantly Cu-based precipitates for subsequent precipitation hardening
during tempering. In addition to the fine particle precipitation, the
formation of so-called reverted-, or intragranular austenite at elevated
or even high temperatures in various steel grades, such as 15-5 PH,
PH13-8, soft martensitic steels, duplex steels, or Mn steels, is reported in
the literature during tempering. These works claim that reverted
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or particles, such as cementite or Cu precipitates [1-7]. At lath bound-
aries, this reverted austenite forms with a restricted orientation rela-
tionship (OR) to the martensitic microstructure, which is reported to be
close to Kurdjumov-Sachs (KS) [8] and shows the same orientation as
the previous austenite [9-11].

During further heating from tempering temperatures to austenitiza-
tion temperatures, the formation of reverted austenite can be extended
to a nearly complete transformation, which is, in some references,
denoted as austenite memory or structural inheritance (SI) [4,12-20]. It
is the complete reversion of martensite to austenite with the same grain
orientation, shape, and size as the previous austenite in the trans-
formation sequence of y — o — y. Nakada et al. [9] proposed that this
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becomes possible due to nucleation at martensitic lath- or block
boundaries in KS-OR with accompanied variant restriction caused by
stress fields within martensite. While the existence of this phenomenon
is evidenced and very well known, the character of this reversion is still
an ongoing debate. Brandl et al. [4] also reported an austenite memory
effect in 15-5PH steel. They claimed that its formation is initially
accompanied by Ni partitioning to martensitic lath boundaries, implying
at least a partially diffusion-controlled formation. This mechanism is in
accordance with Niessen et al. [21], proposing a diffusion-controlled
two-stage transformation at comparatively low cooling rates below
0.3 Ks~! in similar steel. Moszner et al. [22] proposed a split mechanism
in the martensitic Fe-Mn-Pd system. Apart from a diffusion-dominated
mechanism, a shift towards an interface-dominated (i.e., diffusionless)
austenite formation is observed at heating rates above 3.3 Ks™*.

At the same time, or following the martensite to austenite reversion,
some studies report a second type of austenite that lacks austenite
memory and has a smaller number of defects compared to the reverted
austenite [5,9-11,18,23-27]. Depending on the steel grade, the heating
rate, and the holding temperature, a parallel formation of globular
austenite [5,19,27], or a recrystallization process, also denoted as
spontaneous recrystallization [10,12,20,24], is described in literature.
Spontaneous recrystallization is the nucleation and growth of this sec-
ond type of austenite without previous deformation in the reverted
austenite. The globular austenite might be an early recrystallization of
the reverted austenite or, as described in [5,27], nucleation in
martensite at prior austenite grain boundaries, where a variant restric-
tion does not affect the forming austenite. All previously mentioned
steels have in common that they are alloyed with Ni or Mn, elements that
tend to segregate to lath boundaries or other interfaces and form a
reverted austenite. Studies dealing with low-alloyed Mn-Ni-Cr steels
report an early formation of globular austenite, whereas studies dealing
with highly alloyed Ni-Cr report a later recrystallization. Dyachenko and
Chernov [20] reported a so-called “point b” at higher temperatures than
A3, which is the temperature for the recrystallization or formation of
globular austenite. According to these authors, the range between A 3
and “point b” gets larger by a higher content of alloying elements.
Generally, recrystallization can only occur in a highly defect-loaded
reverted austenite, offering enough driving force. In the current litera-
ture, limited understanding is available about the materials in which the
particular phenomenon of recrystallization without prior deformation
occurs. Its correlation with the prior transformation of martensite into
austenite as a function of the heating rate is even less investigated and
understood. However, this is of great importance for modeling and
correctly predicting the prior austenite grain size and the mechanical
properties.

For this reason, the present work demonstrates for the first time that
the commercially important steel 15-5 PH exhibits a recrystallization
phenomenon during austenitization without prior deformation by
combining state-of-the-art in-situ and ex-situ techniques. The depen-
dence of the recrystallization process on the heating rate and its cause is
investigated by a systematic variation of the heating rate and a defect
analysis by evaluating high-temperature in-situ electron backscatter
diffraction (EBSD) measurements as well as high-temperature in-situ
high energy X-ray diffraction (HEXRD) measurements. Their combina-
tion with thermokinetic calculations allows for an in-depth interpreta-
tion of the physical phenomenon of spontaneous recrystallization and its
correlation with the prior transformation of martensite into austenite.

1.1. Experimental and computational methods

The present work investigated a conventional 15-5PH steel pro-
duced at voestalpine BOHLER Edelstahl GmbH & Co KG and processed
at voestalpine BOHLER Aerospace GmbH & Co KG. Table 1 shows the
chemical composition of the investigated steel.

To investigate the austenitization in 15-5PH, in-situ EBSD mea-
surements with two varying heating rates of 10 Ks ' and 3.3 Ks ! were
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Table 1
Chemical composition of pH 15-5 in wt.%.
C Si Mn Cr Ni Cu Nb N
0.03 0.3 0.5 15.0 5.1 3.2 0.3 0.01

performed with a Zeiss Gemini Crossbeam 340 SEM device equipped
with an Oxford Instruments Symmetry EBSD detector. For these EBSD
measurements, a step size of 250 nm was chosen to ensure a good
compromise between low retention time during scanning and acceptable
resolution. The EBSD data was evaluated using the AZtecCrystal Pro-
cessing Software of Oxford instruments and its version 5.1.

In-situ high-temperature HEXRD measurements were carried out at
Deutsches Elektronen-Synchrotron (DESY) on beamline PQ7 at Petra III
[28] operating with a photon energy of 87.1 keV, which corresponds to a
wavelength of 0.142350 A. During HEXRD measurements, specimens
were heated in a TA instruments dilatometer type 805A using rates of
0.33, 3.3, and 33 K/s. For the calculations of defect densities via [29,30],
the burgers vector b was derived for the [110] crystallographic direc-
tion by using the lattice parameter (a) measured by in-situ HEXRD
measurements at respective temperatures. Data gained by HEXRD
measurements were processed using an in-house programmed evalua-
tion tool directly tailored for automated evaluation of the large amount
of data produced during in-situ measurements.

Additional heat treatments were conducted on a TA instruments
dilatometer type 805A for complimentary ex-situ prior austenite grain
size determination. The so-produced specimens were metallographically
prepared according to the procedure published in [31,32]. In these
dilatometry experiments, a variation of 9 heating rates between 0.033
and 200 Ks ! was conducted up to the austenitizing temperature of
1030 °C, where all were held for 0.5 h. In addition, dilatometry curves
were evaluated regarding the start and finish of martensite to austenite
reversion.

All thermodynamic and thermokinetic calculations of this study were
carried out with the software package MatCalc [33], version 6.04.0153,
with the open thermodynamic databases “mc_fe.tdb” (version 2.060)
and “mc_fe.ddb” (version 2.012).

1.2. Results

1.2.1. Evidence of spontaneous recrystallization in 15-5 PH and its
dependence on heat treatment parameters.

The evolution of the microstructure during heating at a rate of
10 Ks™! to the austenitizing temperature of 1030 °C is shown in Fig. 1 at
the same position as inverse pole figure (IPF) as well as kernel average
misorientation (KAM) mappings. Fig. 1a and c represent the recon-
structed prior austenite microstructure of martensite at room tempera-
ture and the formed austenite at 850 °C, respectively, whereas Fig. 1b
refers to the original martensite. Comparing Fig. 1a and c, a similarity of
shape and orientation between reconstructed austenite and the austenite
at 850 °C is obvious, confirming the austenite memory effect in this
temperature range in 15-5 PH. A detailed description of the formation
mechanism of austenite memory, hereafter referred to as reverted
austenite, is precisely described elsewhere [4]. When analyzing the KAM
in Fig. 1d, an increased misorientation is observed at the reverted
austenitic phases, implying an increased defect density. However, more
detailed inspection reveals already small nucleated grains, preferably at
the prior austenite grain boundaries in the form of necklace grain
structures (marked by red arrows). These small grains are surrounded by
reverted austenite and show significantly lower KAM values, depicted in
blue, evidencing that 15-5 PH shows recrystallization after martensite to
austenite reversion in Fig. 1d. Notably, this is not caused by prior
deformation but apparently after the formation of the reverted
austenite. The spontaneously recrystallized grains exhibit similar ori-
entations to the original reverted austenite, suggesting a nucleation
mechanism by strain-induced grain boundary migration (SIBM) of
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Fig. 1. In-situ investigation of the austenitization of 15-5PH by high-
temperature EBSD with a heating rate of 10 K/s. (a) Reconstructed austenitic
microstructure at room temperature as IPF (b) IPF of the original martensitic
microstructure. (c), (e) and (g) show the IPFs for austenite at temperatures
850 °C, 950 °C, and 1030 °C, respectively. (d), (f) and (h) show the corre-
sponding KAMs at the corresponding temperatures. In (c) and (d), austenite
memory is shown as austenite grain orientation and shape, being the same as
the reconstructed austenite shown in (a). Its KAM in (d) shows the first small
recrystallized grains marked with red arrows. Increasing the temperature pro-
vokes progress in recrystallization with a completely new and finer structure (as
shown in (e) to (h)).

critical subgrains [34]. Upon further heating from 850 °C to 950 °C
(Fig. 1e-f), a growth of these small recrystallized grains is discernible
since, at the same positions, a higher fraction of newly formed austenite
grains is found with a completely new arrangement, orientation, and
shape, compared to the reverted austenite. Further increasing the tem-
perature to 1030 °C (Fig. 1g-h) reveals an almost completely recrys-
tallized microstructure with a new and finer appearance than the
original austenitic grain structure.

This work also confirms spontaneous recrystallization by in-situ
HEXRD measurements, shown in Fig. 2. It is evidenced, on the one hand,
by the evolution of the full width at half maximum (FWHM) (solid line)
and, on the other hand, by the normalized spottiness of the {200}
diffraction signal (dashed line), which can also be an additional measure
for recrystallization [35]. Fig. 2 depicts both as a function of tempera-
ture and heating rate (i.e., 0.33 °C/s, 3.3 °C/s, and 33 °C/s). For
comparability, the difference between the FWHM value to them of the
recrystallized structure (i.e. dFWHM) is shown. At all heating rates, a
spontaneous drop of the FWHM at temperatures higher than 930 °C can
be seen, confirming the presence of spontaneous recrystallization with
lower FWHM and, thus, defect density in this temperature range.
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Fig. 2. Comparison of the FWHM evolution of the austenite (200) diffraction
peak (solid line) as well as normalized spottiness (dashed line) of the diffraction
patterns as a measure for recrystallized phase fraction of austenite for different
heating rates. Whereas the red, green, and blue graphs correspond to heating
rates of 33, 3.3, and 0.33 K/s, respectively, the magenta graph results from
heating with 33 K/s during the formation of reverted austenite and, subse-
quently, heating with 0.33 K/s during recrystallization. The respective onset of
recrystallization is marked with arrows. (For interpretation of the references to
color in this figure, the reader is referred to the Web version of this article.).

Recrystallization is also corroborated by the increased spottiness of the
diffraction pattern, as illustrated in Fig. 2. The lower FWHM after
recrystallization agrees with the results of in-situ EBSD measurements,
showing lower KAM in recrystallized austenite grains. (Note: The onset
of recrystallization in EBSD is underestimated, as accelerated surface
diffusion is active during this method. Thus, HEXRD measurements
reveal recrystallization in the bulk of 15-5 PH and EBSD at the surface).

In order to corroborate existing in-situ investigations and to
strengthen the understanding of the recrystallization process in reverted
austenite of 15-5 PH, additional heat treatments with varying heating
rates up to austenitizing temperature were carried out by dilatometry
and analyzed with respect to prior austenite grain size. As shown in
Fig. 3 15-5 PH shows a smaller austenite grain size after austenitization
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Fig. 3. Results of the heating rate-dependency of spontaneously recrystallized
grain size in 15-5 PH. With an increasing heating rate, decreasing grain size is
observed. The region between 1 and 10 Ks ™! strongly affects the grain size.
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compared to the initial grain size at all heating rates, confirming the
previous finding of spontaneous recrystallization. Additionally, the
variation in the heating rate shows a direct correlation to the recrys-
tallized grain size. With increasing heating rate, the recrystallized
austenite grain size decreases. Further analysis reveals two plateaus of
grain sizes, divided by a region between 1 and 10 Ks™! of enhanced
decrease of grain sizes, implying an increasing driving force for nucle-
ation during recrystallization in this region.

Additional heat treatments with more complex time-temperature
profiles were also performed by dilatometer measurements to extend the
information on the behavior of 15-5PH during the recrystallization
process. Here, recrystallization was again identified by subsequent ex-
situ grain size determination. Fig. 4a depicts the time-temperature
profiles of the conducted heat treatments S1-S3. Whereas S1 corre-
sponds to the standard heat treatment heated with a rate of 3.3 Ks™!
directly to the austenitization temperature of 1030 °C, S2 represents a
heat treatment with an intercritical holding step at 730 °C for 1 h with
subsequent heating to austenitization temperature to investigate the
stability of defects in reverted austenite, affecting subsequent recrys-
tallization. Ex-situ grain size evaluation in Fig. 4b showed that the
refining effect of recrystallization is still operative in this condition since
the grain size decreases from ~ 50 um to ~ 24 um. This fact confirms the
presence of stable defect arrangements such as, e.g., subgrains in the
reverted austenite, where annealing at 730 °C for 1 h is insufficient to
suppress spontaneous recrystallization upon subsequent heating. These
defects still provide enough driving force. This is underlined by the fact
that holding at 730 °C in S3 and subsequent cooling to room tempera-
ture showed no grain refining effect, excluding the possibility of
recrystallization already at 730 °C. Grain size determination further
revealed even a smaller grain size for S2 than for S1, suggesting an
increased nucleation rate in S2 compared to S1. This is probably due to
increased Cr/Ni partitioning during reverted austenite formation and
metastable martensite formation as well as additionally formed NbC.
Arising particle-stimulated nucleation (PSN) from the metastable
martensite and NbC might cause increased nucleation rates for recrys-
tallization. In contrast, the chemical heterogeneities can also cause so-
lute drag effects, reducing the grain boundary mobility and thus growth
of spontaneously recrystallized grains.

1.2.2. Heating rate-dependency on the onset of recrystallization and defect
density in reverted austenite

Since the recrystallized grain size in 15-5 PH is sensitive at heating
rates between 1 and 10 Ks ™! (see Fig. 3), in-situ EBSD and HEXRD ex-
periments were performed in this work precisely in this range. Fig. 5 and
its evaluation in Table 2 compares the fraction of spontaneously
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recrystallized austenite of the heating rates 10 Ks™! and 3.3Ks™! at
different temperatures and gives an insight into the onset and kinetics of
recrystallization. When comparing both heating rates, an increased
amount of recrystallized grains at 850 °C is observed at a heating rate of
10Ks™ ! (15.4 % compared to 8.9 % at 3.3 Ks_l), which can again be
distinguished from the reverted austenite by its low misorientation and,
thus, blue appearance in Fig. 5. This applies despite the shorter time at
elevated temperatures. Additionally, at 10 Ks~!' heating rate, these
recrystallized grains appear smaller but higher in number density.

In contrast, at 950 °C, the proportion of recrystallized grains
changed, and at 3.3 Ks™! an almost entirely recrystallized microstruc-
ture is present (92.2 %), whereas at 10 Ks ! the proportion of recrys-
tallized microstructure increased only slightly to 24.1 %. Consequently,
in-situ EBSD measurements suggest an earlier onset of recrystallization
with an increased nucleation rate for the 10 Ks~! heating rate, but the
process takes place over a wider temperature range. This is expected in
thermokinetic processes, such as recrystallization. In-situ HEXRD mea-
surements in Fig. 2 agree with this finding, indicating a somewhat
earlier onset of recrystallization at a heating rate of 33 Ks~! (marked by
arrows in Fig. 2). This is further confirmed by an additional measure-
ment in HEXRD with a split heating rate of 33 Ks~! during martensite to
austenite reversion up to 800 °C, followed by a low rate of 0.33 Ks ™ in
the temperature range of spontaneous recrystallization. A comparison of
its FWHM evolution in Fig. 2 with the constant heating rate of 0.33 Ks !
confirms an increased FWHM and earlier onset of recrystallization by an
approximately 50 °C lower temperature in this specimen. These results
show a significant effect of the heating rate during reversion on the onset
of recrystallization, confirming the previous assumption of a higher
driving force for nucleation with increased heating rates.

Since the earlier onset of recrystallization strongly correlates with
the defect density as the main driving force [36], EBSD measurements
were analyzed in detail towards misorientations in reverted austenite.
For KAM values in reverted austenite, recrystallized austenite with a
grain orientation spread (GOS) lower than 4° was not considered. KAM
and GOS evaluation, shown in Fig. 5 and Table 2, yield increased
misorientation values at both temperatures up to a KAM of 3.95° and a
GOS of 17° for the 10 Ks ™! heating rate compared to a KAM of 3.46° and
GOS of 12° for 3.3Ks™!, agreeing with increased FWHM values in
HEXRD measurements with increased heating rate. However, these
misorientations are reduced at higher temperatures. This is shown in
Fig. 5 by arrows, as, even at 10 Ks™!, GOS values of certain grains in
reverted austenite decrease during heating from 850 °C to 950 °C, which
is also supported by the KAM values in Table 2, showing the same trend.

From these KAM values, geometrically necessary dislocation den-
sities (denoted as p) to achieve the misorientations can be estimated
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Fig. 4. Variation of heat treatments investigating the effect of defect stability against annihilation on the grain refinement caused by recrystallization. S1 shows the
heat treatment investigated in Fig. 2 with heating to 1030 °C with 3.3 K/s, exhibiting a grain refinement to ~ 30 pm, whereas S2 comprised a heat treatment with a
holding step at 730 °C for 1 h and subsequent heating to 1030 °C, causing the finest final recrystallized grain size of ~ 25 um. In S3, specimens underwent a
tempering at 730 °C for 1 h, exhibiting approximately the same grain size as the initial specimen.
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1-SM 01

Fig. 5. KAM (a, b, e, f) and GOS (c, d, g, h) of the in-situ high-temperature EBSD measurements heated with a heating rate of 10 Ks! (a-d) and 3.3 Ks™! (e-h) ata
temperature of 850 °C (a, c, e, g) and 950 °C (b, d, f, h). Higher heating rates result in increased misorientations with the reverted austenite, implying increased defect
densities. In addition, these measurements corroborate the earlier onset of recrystallization since an increased proportion (shown here in blue as they exhibit low
KAM and GOS values) is present at 850 °C and a heating rate of 10 Ks 1.

Table 2

Results of the evaluation of in-situ high-temperature EBSD measurements evidencing increased defect density in reverted austenite at a heating rate of 10 Ks™*
compared to 3.3 Ks~1. Additionally, a higher proportion of recrystallized microstructure is found at a heating rate of 10 Ks ! at 850 °C, implying an earlier onset of

recrystallization.
Temperature  Heating- fraction of mean KAM @ a b(110) Pmean KAM.po9  p=p9o KAM- pgg.9 P>P99.9
[°Cl rate recrystallized unrecrystallized reverted [m] [m] [m~2] [°] [m~2] [°1 [m~?]
[Ks™1] austenite (GOS < 4°) austenite (GOS > 4°) [°]
[%]
850 3.3 8.9 0.62 3.645.1071°  2577.1071°  3.4.10" 173 9.4.10" 3.6 1.9-10"°
10 15.4 0.85 3.645-107'°  2577.107'°  4.6.10"  2.80 1510  3.95 4.0-10"
950 3.3 92.2 0.25 3.655-1071° 25851071 1.4.10" 1.01 5510 2.42 1.3-.10"°
10 24.1 0.73 3.655-1071°  2.585.1071°  3.9.10'* 2.24 1.2.10'°  3.03 3.5.10"°
according to [29,30]. Besides the KAM, the step size of EBSD measure-
. 2 e KAM
ments representing the length of the kernel (denoted as s) and the P 1)
se

Burgers vector b are included in the following relation:
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Based on the relation (1) and the EBSD mappings, mean p and
maximum p were estimated in reverted austenite and compared between
heating rates and temperatures. At 850 °C, calculations yield a mean p of
4.6:10"* m2 and 3.4-10'* m~2 for 10 Ks~! and 3.3 Ks~!, respectively.
To emphasize the maximum local defect density, KAM and p beyond the
99 % and 99.9 % percentiles (in Table 2 denoted as p~pgg and ppgg.9)
were additionally determined. Evaluation yields a highly defect-loaded
microstructure at 850 °C and 10 Ks-1 with a p-pgg of 1.5-10"° m 2 and a
p>p99.9 Of 4.0-10" m2. Comparing the results of the different heating
rates suggests that the p of the 10Ks ™! is the highest in reverted
austenite. Interestingly, even p-pgg 9 of the 3.3 Ks! heating rate ach-
ieves 1.9-10'°m™2, in the range of materials that recrystallize at
elevated temperatures. This is noteworthy since the maximum p values
directly correlate with Ap as driving pressure for recrystallization
nucleation, confirming that higher heating rates produce increased 4p
and an earlier onset correlated with increased nucleation rates for finer
recrystallized grains. As already shown previously by GOS values, p
slightly reduces from 850 °C to 950 °C, suggesting that, during heating,
defects recover in a moderate amount, thus reducing p. As expected, a
smaller proportion of dislocations annihilates during heating with
10 Ks’l, reducing, e.g., Pmean DY 0.7-10'* m’z, whereas the annihilation
is stronger at 3.3 Ks~! with 2.10'* m~2.

From these results, it can be concluded that the defect-loading in
reverted austenite increases with increasing heating rate. This affects
recrystallization with an earlier onset and a higher nucleation rate,
forming a finer grain structure in the end and explaining the dependence
of the grain sizes on the heating rate shown in Fig. 3.

1.2.3. On the character of martensite to austenite reversion in 15-5 PH
From experimental findings in the present work, it is evident that the
origin of spontaneous recrystallization is directly correlated with the
mechanism and character of the martensite to austenite reversion in 15-
5 PH. Fig. 6a shows the calculated driving forces for the martensite to
austenite transformation and vice versa. The solid lines refer to the
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transformations with a partitioning of elements, whereas the dash-
dotted lines are calculated for the diffusionless transformations (with
no change in the chemical composition). The lines denoted with “cool-
ing” represent driving forces for martensite formation from austenite.
The “heating” lines correspond to the cases where reverted austenite
forms within the martensite microstructure. Note that the driving forces
for the case of heating-partitioning below 800 °C are shown as dashed
lines because numerical problems prevented a complete equilibrium
partitioning from being evaluated. The dotted line was evaluated for a
constrained equilibrium case, where the chemical composition of
austenite was taken to be invariable below 800 °C. In the driving force
calculations, no kinetics are taken into account, which means that these
calculations only deliver the temperatures at which a particular trans-
formation becomes thermodynamically possible.

The cooling curves in Fig. 6a are relevant for the austenite to
martensite transformation, and they are plotted for the sake of
completeness. Mostly, the cooling-no partitioning case is of relevance
since it refers to the temperature below which the martensite trans-
formation becomes thermodynamically possible. The heating-related
curves are of significantly higher relevance for the present work since
they refer to the situation where reverted austenite forms during the
heating of the martensite microstructure. Accordingly, the formation of
partitioning reverted austenite is possible at practically all calculated
temperatures, as elaborated by Brandl et al. [4] with DICTRA calcula-
tions and assuming local equilibrium at the transformation interface.
However, the partitioning transformation occurs along with long-range
diffusion of Cr and Ni, and it is, thus, dependent on sufficient diffusional
mobility of these elements. In the previous work [4], this transformation
has been proven feasible under the present conditions, at least, with low
enough heating rates. Above roughly 575 °C, the thermodynamic anal-
ysis suggests that the austenite reversion is also thermodynamically
possible without partitioning and, thus, without the need for long-range
diffusion of Cr and Ni. The partitionless fast transformation occurs in
competition with the slower diffusion-controlled reaction above this
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Fig. 6. Results of thermodynamic calculations revealing the driving force as a function of the temperature of a diffusion-controlled (solid lines) and diffusionless
(dash-dot lines) reversion in (a), three-stage martensite to austenite reversion shown by the evolution of the austenite fraction and FWHM in (b) and depiction of the
start- and finish temperatures of the second stage of reversion measured by dilatometry in (c) and (d).
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temperature, which is elaborated in more detail subsequently. In any
case, the thermodynamic analysis already indicates that the diffusion-
controlled transformation will dominate the reversion process at tem-
peratures below 575 °C and compete with the fast diffusionless trans-
formation above this limit.

To get a better insight into the possible competition during the
reversion process, HEXRD measurements were conducted in this work to
analyze the transformation process in detail, as shown in Fig. 6b. Mea-
surements revealed three different stages during the martensite to
austenite reversion. Following the evolution of FWHM, a local maximum
can be found at a temperature between 630 °C and 730 °C in all heating
rates. Comparison with the austenite fraction reveals that the beginning
of the increase in FWHM correlates with the beginning of the trans-
formation. As already outlined, at lower temperatures and thus in the
first stage of reversion, reverted austenite forms accompanied by a Ni/Cr
partitioning and segregation of Ni to lath boundaries. The local
maximum of FWHM is most likely related to the same phase fraction of
retained and reverted austenite, with a maximum chemical difference in
Ni and Cr content, respectively [4]. Apparently, increased heating rates
lead to increased transformation temperatures, indicating a time-
dependent transformation. However, with increasing heating rates,
transformation temperatures converge since 33 Ks ' shows only a
somewhat higher transformation start temperature than 3.3 Ks™?, indi-
cating an increased athermal proportion of the transformation with
increased heating rates. Subsequently, in the second stage of reversion, a
substantial decrease of the FWHM is detected, representing the main
transformation of approx. 75 % of martensite to reverted austenite. In
this temperature range, it is assumed that the part of martensite trans-
forms that is dominated by partitionless formation and, thus, tends to
show a lower chemical difference to the martensite and melt composi-
tion. This stage is most likely the interface-dominated part of the multi-
staged reversion behavior. Due to the high amount of austenite formed
and its chemical homogeneity, it drastically reduces the FWHM during
its formation. This also may superimpose the effect of the inheritance of
defects in this stage. It is evident in Fig. 6b that the highest amount of
austenite formed in this stage is formed during heating with 33 Ks™?,
which finally shows the highest FWHM value, indicating increased
defect densities before recrystallization. Finally, in the third stage of
reversion, the FWHM decreases at a much lower rate, which is accom-
panied by a lower rate of austenite formation. This type of austenite
formation is retarded again by metastable martensite stabilized by the
chemical Ni/Cr redistribution during the first stage, where Ni is depleted
and Cr is enriched. Additionally, partial recovery of defects in reverted
austenite might also contribute to the decrease in FWHM in a moderate
amount, which is also reflected in later simulations.

When comparing transformation temperatures of the reversion
revealed via HEXRD with those measured with dilatometry, shown in
Fig. 6¢-d, the dilatometry reveals predominantly the second stage of
reversion. In general, dilatometry results confirm previous HEXRD
measurements that the reversion is time-dependent at all heating rates,
but the transformation temperatures converge at higher heating rates.
Interestingly, the temperature span between the start and finish of the
second stage increases between 1 and 10 Ks !, but stays constant below
and beyond this range, indicating that, particularly between these
heating rates, the amount of the second stage transformation increases.
Precisely in this region, the defect density increases, and the recrystal-
lized grain size decreases significantly, as shown in Fig. 3.

1.2.4. Simulation of recrystallization of reverted austenite without prior
deformation

To corroborate experimental findings of the recrystallization phe-
nomenon without prior deformation, thermokinetic calculations are
conducted with MatCalc. For the simulation of dislocation evolution
during plastic deformation, recovery, and recrystallization, several
models have recently been developed and implemented in the MatCalc
package, described in detail in refs. [37-41].
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The original kinetic equations describing the nucleation rate of
recrystallized grains on the basis of the Rayleigh distribution [42] and
the evolution of mean subgrain diameter and critical size of subgrains
contain two terms that will activate subgrains to act as nuclei: (i) if the
mean subgrain size increases at a constant Ap and (ii) if the critical size
of subgrains decreases due to, e.g., increasing Ap. Both mechanisms can
make a certain portion of undercritically-sized subgrains become over-
critical and initiate recrystallization during deformation. In the present
case, no external plastic deformation is involved in the thermo-
mechanical history. Instead, based on experimental findings of this
work, it is suggested that a highly defect-loaded microstructure
(martensite) re-transforms into reverted austenite and inherits a certain
portion of the original defects and, eventually, adds new defects due to
the displacive nature of the martensite transformation to reverted
austenite. This means that the simulation starts with a pre-defined
microstructure, in contrast to an evolving microstructure with contin-
uous plastic deformation. This implies that, on the one hand, (i), a pre-
defined “subgrain size distribution” is inherited from the martensitic
substructure, in the present case, approximated by the lath-thickness of
the martensite. In addition, (ii), a certain fraction of dislocations is also
inherited from the interior of the martensite laths. In the simulations, a
constant lath thickness of 300 nm is used, in agreement with experi-
ments [4]. As outlined later, the dislocation density of the lath interior is
taken as a weak function of transformation temperature (heating rate)
with values between 0.95 and 1.25-10'° m™2, the lower dislocation
density values corresponding to the lower heating rates, again, in
agreement with the experimental observation described in section 1.3.2.

These initial defects are accounted for in the simulations with a
certain density of geometrically necessary dislocations (GNDs), which
are stored in the parent martensite lath boundaries, and the internal
dislocation density in the interior of the former martensite laths. The
GNDs are parameterized by the misorientation angle between two sub-
grains and the so-called Read-Shockley dislocation density, which de-
fines the minimum number of dislocations required to form a subgrain
boundary with a misorientation angle 6. The value, which is chosen as
constant in the simulations, is 6 = 6°. It is higher than the experimentally
observed values present in martensitic lath boundaries. However, the
angle 0 refers to a perfectly recovered subgrain boundary, which is not
present after the austenite transformation. The Read-Shockley disloca-
tion density corresponding to # = 6° and a subgrain size 6 = 300 nm is
calculated [35] as ppg 1.5 @ 10°m~2. It will decrease during the reaction
due to moderate subgrain growth/coarsening and, thus, reduce the
driving force for recrystallization.

Fig. 7a shows the calculated recrystallized fractions as obtained in
the simulations. The curves are in good agreement with the experiments
described in section 1.3.2, where the EBSD analysis of samples heated
with either 3.3 Ks ! or 10 Ks ! shows almost complete recrystallization
at 950 °C in the slowly heated sample, while the fast-heated sample
shows only a small number of recrystallized grains. Interestingly, all
slowly heated samples up to 10 Ks~! recrystallize already during heating
and before reaching the isothermal holding temperature of 1030 °C. The
calculations show that higher heating rates lead to incomplete recrys-
tallization during heating.

While Fig. 7b shows the (spontaneously) recrystallized grain sizes as
a function of time, Fig. 8a displays the recrystallized grain size as a
function of heating rate after the austenitization at 1030 °C for 0.5 h.
The experimental points (full red triangles) decrease from roughly 36
um at the lowest heating rates of approx. 0.1 Ks™! to 19 um at 100 Ks .
The open square symbols connected by the green dashed line show the
simulation results assuming a constant internal dislocation density with
a value of 1.1-10'® m~2. They reproduce the trends in the recrystallized
grain size well, although they are quantitatively incorrect. The blue solid
line with the open circles represents simulations, where the initial in-
ternal dislocation density is assumed to follow the trend of the measured
dislocation densities as described in section 1.3.4. Accordingly, at the
lowest heating rates, a lower dislocation density is used in the
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simulations, starting with 0.95-10'> m~2 and increasing to 1.25 10'°
m~2, as shown in Fig. 8b. Interestingly, this relatively small variation in
dislocation density brings the simulations into almost perfect agreement
with the experimentally observed recrystallized grain sizes.

1.3. Discussion

1.3.1. Evidence of recrystallization without prior deformation in a
commercial 15-5 PH

For the first time, recrystallization without prior deformation is
evidenced directly by sophisticated in-situ high-temperature experi-
ments in the commercial alloy 15-5 PH. After the formation of so-called
reverted austenite, in-situ high-temperature EBSD and HEXRD mea-
surements of this work confirm recrystallization during austenitizing to
1030 °C. The recrystallized grains exhibit a lower KAM and cause a
spontaneous drop in FWHM at temperatures above 930 °C during
continuous heating. Also, ex-situ investigations of this work in Fig. 4
confirm the presence of spontaneous recrystallization and reveal a
decrease in the recrystallized austenite grain size from 50 um to 17-35
um. This remarkable fact is essential to note as the commercial alloy 15-
5PH is, e.g., used as material for the aerospace industry, where the
control of prior austenite grain size is essential for controlling
martensitic block sizes. Besides other microstructural features [43],
these block sizes affect the mechanical properties, such as cleavage crack
propagation of components consisting of pH steels [44]. Liu et al.
[23,24] found the spontaneous recrystallization and an accompanied
grain size reduction using a confocal laser scanning microscope (CLSM)
at soft martensitic steel without Cu and NbC precipitates and lower Cr
content. Furthermore, Tsuchiyama et al. [45,46] found this kind of
recrystallization process without prior deformation also in highly defect-
loaded martensite, forming recrystallized ferrite in low-alloyed ultra-
low carbon steels with 1.5 wt% Mn. This also supports the presence of
this phenomenon in other types of steels and phases. However, the steel
investigated by Liu shows a lower onset of recrystallization than the

actual 15-5 PH. This can be due to smaller microstructural sizes and
increased defect densities or caused by the analyzing method. CLSM is a
method investigating phase transformations at the surface of a spec-
imen, where accelerated diffusion triggers recrystallization at lower
temperatures. This is also found in the present work, where EBSD
measurements at the surface indicate an earlier recrystallization as
HEXRD, detecting transformations in bulk. Additionally, some studies
[5,10,11,27] have found a parallel formation of so-called globular
austenite at lower temperatures in lower-alloyed Mn steels, exhibiting a
lower defect density than the reverted austenite. The formation of this
globular austenite can also be an accelerated early recrystallization or a
nucleation in martensite at prior austenite grain boundaries, where a
variant restriction does not affect the austenite formation [5,27]. The
onset might also correlate with the chemical composition outlined by
Dyachenko [20] and Chernov [47]. These authors proposed that the
range between A.3 and the onset of recrystallization (in their work
denoted as point b) becomes more prominent by a higher content of
alloying elements. This fact agrees with the findings of the present work
since actual 15-5 PH shows increased onset temperatures compared to
the lower-alloyed alloys in the literature. Generally, recrystallization is
not affected only by alloying elements but at least by four parameters
[36]. First, by the driving force represented by the stored energy and,
thus, the material’s local defect density difference (correlates with
defect density). Second, by the mobility and ability of cross slipping of
dislocations, which is a function of the stacking fault energy (SFE).
Third, by the availability of nucleation sites, which also depends on the
grain- and subgrain sizes as pre-existing nuclei. Fourth, by the mobility
of the recrystallized grain boundaries, which is affected by temperature,
misorientation, and defect density (especially internal dislocations from
a different gliding system can act as pinning points of moving grain
boundaries, causing a bulging in-between [48]), as well as solute- and
Zener drag [36,49-51]. Apparently, after martensite to austenite
reversion, 15-5 PH shows a combination of these factors, allowing for
subsequent recrystallization.
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Furthermore, by analyzing Fig. 1, recrystallization in 15-5 PH seems
to follow the theory of SIBM [34,36,42], where subgrains beyond a
critical radius act as nuclei for recrystallization, causing a bulging of
high-angle grain boundaries. Exactly this can be found in Fig. 1, as grain
boundaries are bulged at 850 °C, and a relation between the recrystal-
lized orientations and the previous is implied. Bulge nucleation is also
found in highly defect-loaded martensite, forming recrystallized ferrite
in ultra-low carbon steels [45,46].

1.3.2. Heating-rate dependency of recrystallization and defect arrangement
in reverted austenite

At least three characteristics can be found when analyzing recrys-
tallization and the defect loading of reverted austenite as a function of
heat treatment variation.

First, at all heating rates (even at the lowest with 0.033 Ks’l),
enough stored energy is available for recrystallization. Calculating
dislocation densities from KAM values in this work yield comparatively
high values between 10'* and 10'°m™2 despite the fact that this
method tends to underestimate the dislocation density [52]. At some
local positions, defect densities beyond 1 e 1015 m~2 are observed. This
is in the range of martensitic microstructures [53] and deformed ma-
terials that are able to recrystallize [36]. In comparison, cold-worked
copper with a dislocation density of 10'® m~2 exhibits a stored energy
of approximately 2 MJ/m® leading to recrystallization [36], suggesting
enough stored energy for recrystallization at these dislocation densities.

Second, even intercritical holding at 730 °C for 1 h does not reduce
the defect density in a way that recrystallization is impeded. This means
a certain number of dislocations remains stable, allowing for recrystal-
lization. In literature [36,49], it is well known that the low-angle grain
boundaries (LAGB) between subgrains contain dislocations in a highly
stable arrangement [49]. As the reverted austenite in 15-5PH also
shows an austenite memory effect, it is suggested that this can be
possible when a nucleation with a variant restriction at martensitic lath
boundaries is present. With that mechanism, the misorientation angle of
the martensitic laths, amounting to 4 to 5° [54,55], can be inherited to
reverted austenite when they coalesce with the adjacent reverted
austenite crystal. Consequently, the size of the subgrains and the
misorientation angle 0 of their LAGBs are mainly controlled by the na-
ture of martensitic laths.

Third, a heating rate dependency on the defect density is observed in
our investigations. Especially between 1 and 10 Ks~!, the decrease in
grain sizes implies an increasing driving force for nucleation during
recrystallization in this region. From the dilatometer measurements, it is
obvious that, exactly between these heating rates, an increase in the
temperature span during the second stage of martensite to austenite
reversion exists. In-situ HEXRD and EBSD measurements investigated
this sensitive region and revealed that the martensite to austenite
reversion shows increased FWHM and KAM values in the reverted
austenite with increasing heating rate. Heating with 10 Ks™! achieved
dislocation densities up to 410’5 m~2 compared to heating with
3.3 Ks ™1, exhibiting dislocation densities up to 1.9 e 105 m~2. HEXRD
measurements confirm this trend since increased FWHM values are
detected with increased heating rates. These heating rate-dependent
dislocations imply an increasing displacive transformation character
with increasing heating rate and are assumed to be internal, grown-in
dislocations inherited from prior martensite.

Consequently, these experimental findings and their perfect agree-
ment with thermokinetic simulations, as shown in Fig. 8, suggest the
following defect arrangement in reverted austenite after martensite to
austenite reversion causing spontaneous recrystallization: (i) subgrains
inherited from martensite in size distribution and misorientation of
martensitic laths and (ii) a varying, heating rate-dependent amount of
internal dislocations.
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1.3.3. Character of the martensite to austenite reversion affecting the
subsequent recrystallization

As defect characteristics indicate that the origin of recrystallization is
directly related to the previous martensite to austenite reversion, a
detailed discussion about the character of the reversion is necessary.
Thermodynamic calculations reveal that at temperatures beyond
approx. 575 °C, a competition between diffusion-controlled and dif-
fusionless transformation becomes possible. Since in all implemented
heating rates, the transformation takes place beyond this temperature, it
is suggested that the martensite to austenite reversion consists of a
combination of both diffusion-controlled and diffusionless character.
Investigation of the reversion process in more detail suggests a three-
stage mechanism in 15-5PH, representing an extension of the pro-
posed two-staged reversion of refs. [4,21]. By considering the FWHM
evolution, besides the austenite fraction, the distinction between initial
formation dominated by Ni-enrichment and Cr-depletion of austenite
(first stage) and subsequent reversion dominated by diffusionless for-
mation, i.e., interface-dominated (second stage) becomes possible. This
implies that the first and the third stages are primarily diffusion-
dominated, whereas the second stage is interface-dominated. Accord-
ing to the HEXRD measurements, the proportion of the first and third
stages decreases with increasing heating rate, while the proportion of
the second stage increases. This underlines the increasingly interface-
dominated character and the increased amount of defects inherited
from highly defect-loaded martensite with increasing heating rate, as
shown by FWHM and KAM values. It also agrees with the results of
Brandl et al. [4], who showed an increased amount of austenite without
chemical redistribution with increasing heating rates. Since, for parti-
tioning, long-range diffusion is necessary, it is reasonable to assume that
a shift toward the fast, diffusionless transformation becomes plausible. A
phase transformation showing a combination of diffusion-controlled and
diffusionless character is discussed as state-of-the-art in literature
[22,56]. Moszner et al. [22] proposed similar findings in a Fe-Mn-Pd
alloy. It is also in analogy to, e.g., the bainitic transformation as pro-
posed by Olsen et al. [57], Bhadeshia [58], and others [59]. They pro-
posed that diffusionless growth can occur, even when nucleation still
requires some partitioning.

Furthermore, it is suggested that the phase transformation has a
displacive character, characterized by an interface migration with the
coordinated motion of atoms, causing additional transformation dislo-
cations. It is also characterized by coherent or semi-coherent interfaces
combined with crystallographic ORs, allowing for an inheritance of the
suggested heating rate-dependent internal dislocations in martensitic
laths. In literature, it is well known that a displacive transformation
inherits defects from the parent phase to the child phase [26,60-62]
during cooling. However, a displacive transformation is much less
described in the literature during heating. Eggbauer et al. [63-65] dis-
cussed in their work an imperfect transformation from martensite to
austenite during fast, inductive heating in a quenched and tempered
steel, producing distorted, defect-loaded austenite and implying that
even in low-alloyed carbon steel this may also be present.

1.4. Conclusion

In the present work, a sophisticated and comprehensive set of
experimental and computational methods has been conducted to
investigate the transformation from martensite to austenite of the
commercial alloy 15-5PH. It is demonstrated that 15-5PH shows
recrystallization without prior deformation after martensite to austenite
reversion, reducing the final austenitic grain size. The presence of
recrystallization is directly correlated with a three-stage martensite to
austenite reversion. Depending on the stage, it is assumed that the
reversion process can be subdivided into a diffusion-dominated or
interface-dominated transformation. This reversion mechanism allows
for defects arrangements in reverted austenite consisting of (i) LAGBs
inherited from martensitic laths and (ii) internal, grown-in dislocations,
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which are directly correlated with the heating rate. In 15-5 PH, the
sensitive range seems to be between 1 and 10Ks™!, implying an
increasing inheritance of defects and thus driving force for nucleation
during recrystallization, especially in this region.
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