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Abstract. Understanding of the mechanisms of annealing faimation is fundamental for grain
boundary engineering. In this work, the formatidrapnnealing twins in a 304L austenitic stainless
steel is examined in relation to the thermo-med@rhistory. The behavior of annealing twins of
various morphologies is analyzed using an in-siioiealing device and EBSD. The results confirm
that there is a synergistic effect of prior stré@mel on annealing twin density generated during
recrystallization. The higher the prior strain lgvihe higher the velocity of grain boundary
migration and the higher the annealing twin densitythe recrystallized grains. This effect
decreases as the recrystallization fraction inega3he existing mathematical models (Pande's
model and Gleiter's model), which were establisteedredict annealing twin density in the grain
growth regime, can not predict this phenomenon.

1. Introduction

In 1926, Carpenter and Tamura [1] were the firglieerve the formation of annealing twins. Since
then, annealing twins have been observed in atyaok deformed and subsequently annealed
F.C.C. materials. A "twin" refers to a grain thaistone or two twin boundaries with a larger grain
in which it is embedded. For the F.C.C. crystalctire, the twin boundary misorientation can be
obtained by rotating the orientation of the pargrdin 60° about<111>. For a coherent twin
boundary, the boundary plane is parallel to {11Bnpwhile the boundary plane differs from {111}
plane for an incoherent twin boundary. Being onthefmost important kinds of special boundaries,
annealing twin boundaries affect many propertige kanti-corrosion and anti-fatigue in a large
variety of materials, including such technologigathportant material as superalloys [2]. Today,
eighty years after the discovery of annealing twingetallurgists still do not have a clear
understanding of their formation. The growth acotdineory, which suggests that a coherent twin
boundary forms at a migrating grain boundary dua stacking error, is supported by a majority of
recent experimental results [3-5]. In the growtttident theory, the migration distance and
migration velocity of grain boundary are two keysjiiwve factors to annealing twin generation.
However, the only two mathematical models basethantheory [6,7], which were established to
predict annealing twin density in the grain growglgime, are not capable of predicting annealing
twin density in the recrystallization regime. Thmaof the present work is to extract some regular
patterns of annealing twin formation during recaiistation especially the relationship between the
stored energy level and the annealing twin dersjtyanalysing the experimental results from a
304L austenitic stainless steel.

2. Experimental details

2.1 Material and thermo-mechanical treatments. Austenitic stainless steels, which do not
undergo discernible phase transformation during th& working over a wide temperature range,
are ideal model alloys to investigate recrystalima 304L austenitic stainless steel has a low
stacking fault energy< 002Jm*) and so annealing twins are generated easilyT}8it is why this
alloy is also favorable for annealing twin formatiobservation. The melting temperature of 304L is
1400°C. The recrystallization phenomena of 304L waaalysed in detail in the PhD work of K.
HUANG [9]. The chemical composition (weight percage) of the material is given in Table 1. In



the following, two 304L samples are analyzed. Bsdimples have been submitted to a hot torsion
test, at the same strain rate but with a diffestratin level:=0.3 (sample 1) and 1.5 (sample 2). As

the average grain size in sample 1 is apparengigebithan in sample 2, sample 2 was very likely
dynamically recrystallized during the hot deforroati However, according to the experimental

results that will be shown in the next section, glEn? that was deformed with higher strain level

has higher stored energy level.

Chemical composition of 304L
C Mn Si P S Cr Ni N

<0.03 <2.00 <0.75 <0.045 0.03 8.0~12.0 8.0~112.60.10

Table 1, Chemical composition of 304L

After thermo-mechanical treatment, samples werema@tenched to fix as much as possible the
microstructure. After the quenching, the samplegevamnealed at 1000°C inside a SEM chamber
using anin situ annealing device [10]n situ observations were performed sequentially durireg th
anneal using an Electron Backscattered Diffrac{iBBSD) system. Several scans were collected
during the heat treatment, and the EBSD acquisitwere analyzed with the OIM software.

2.2 Quantitative analysis of the microstructures. Annealing twins are quantified by their
density, which is defined as the number of inteteed annealing twin boundaries per unit length
[7]. Both coherent and incoherent twins are tak&o account. In the OIM software, annealing
twins are defined by a misorientation by 60° aldhg axis <111> with a tolerance of 8.66°
according to the Brandon criterion [11].

In the present work, the annealing twin densitgdaesermined only in the recrystallized grains.
The recrystallized grains are extracted from theSBEBnaps by applying a criterion that the GOS
(Grain Orientation Spread) value must be smallanth® as illustrated by Fig. 1, The annealing
twin density is obtained by using Eqg. 1[12], whetg is the total length of annealing twin

boundaries an&,; is the surface area of recrystallized grains,

Twin Density:ﬂxE ) Q)
S, 7T
The average grain size is evaluated in the OlMwso with a minimum that equals 5° and
twins are ignored in the evaluation. The averagéngooundary migration velocity is estimated as
the change of average grain size of recrystallgmihs per unit time. More precisely, the average
migration velocity equals the ratio between thengjgaof average grain size and the time increment
between two successive EBSD acquisitions.

Al Fig .1, Sample 1 microstructure, (a): EBSD

j‘yy Ty, map obtained from Sample 1 after a short
f ) A annealing; and (b) Recrystallized grains
e 2% a. i

detected using GOS<1°; thick, white lines

(a) Al grains (b) Recrystallizethmns denotex3 boundarie.

3. Experimental results

3.1 Statistical analyses. In Fig .2, the evolutions of annealing twin densitgcrystallization
fraction, and average grain boundary migration sigfoof the two samples are shown. As the
average grain boundary migration velocity is higilesample 2 than in sample 1 and the average
grain size of recrystallized grains in sample 2rngller than in sample 1, sample 2 has certainly a
higher stored energy level than sample 1. Samplehih was more deformed than sample 1, has
not only slightly bigger maximum value of twin dégsbut also higher twin density for a given
average grain size<B0um) compared with sample 1. In addition, in bsdimples the twin density
increases as the recrystallization fraction in@eaa the beginning of the recrystallization regime
and the maximum value of annealing twin densityregponds to the maximum value of grain
boundary migration velocity. Both the stored enelgyel and the average grain size influence
positively the average grain boundary migratioroe#y in the recrystallization regime. The higher



stored energy level of sample 2 has a synergisfiieance on annealing twin density via its
accelerating effect on grain boundary migrationisTobservation is consistent with the Growth
Accident Theory [13]. Finally since the remnantretbenergy level decreases continuously during
the recrystallization regime, the positive effettlwe initial stored energy level on annealing twin

density mitigates as well.
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Fig .2, (a): Evolution of annealing twin densityarxgerage recrystallized grain size; (b): evolutdn
recrystallization fraction vs annealing time at Q00; and (c): Evolution of average grain boundary
migration velocity as a function of recrystallizatifraction.

3.2 Topological analyses.

3.2.1 Evolution of annealing twins with different morphologies. In situ studies offer an
opportunity to classify and quantify annealing tsvion a topological basis. Annealing twins in
F.C.C. alloys exhibit four morphologies labelled By, C, D in Fig .3 [14]. This classification is
based on 2D sections. Real annealing twin morplegogpuld be observed only by performing 3D
characterization [15, 16]. The growth accident thigavhich is supported by many experimental
evidences, is considered as the theoretical bdsiheo annealing twin formation mechanism.
However, there is no specific atomistic model bamedhis theory that could explain the formation
mechanisms of all these four kinds of annealingqi$wb, 7, 13, 14]In situ observations offer an
opportunity to study the generation process ofttties with different morphologies. In order to
determine if the different annealing twins are fedrwith equal probability and their preferential
formation location, the newly generated twins vitiese four morphologies in eaghsitu scan are
counted separately. For statistical analysis, timdyrecrystallized grains are taken into account. |
addition, to analyze the evolution of annealingnsviduring the growth of grains, the newly
generated twins are counted only in the grainsahatbe identified in the previous EBSD scan.
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The evolution of the proportion of newly formed aafing twins including all the four types in
sample 1 and sample 2 among all the annealing tihisiscan be identified is shown in Fig .4. In
both samples, this proportion is higher at the maigg than at the end of the recrystallization
regime. This phenomenon is consistent with the losan of the statistic analysis. As the average
grain boundary velocity is much lower at the endnthat the beginning of the recrystallization
regime and as the annealing twin formation proligbihcreases with the migration velocity
according to the growth accident theory [6, 7, 114, the fact that there are fewer newly generated
annealing twins at the end of the recrystallizatiegime is logical. In addition, when approaching
the grain growth regime (Rex%>80%), as the proporbof newly generated twins is around 10%,
the evolution of annealing twin density is maintefmined by the propagation, the interaction or
the disappearance of the existing twins. Howeveth of the existing predictive mathematical
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models (Gleiter's model [6] and Pande’s model {¥§re established to simulate the annealing twin
generation but not the propagation or annihilation.

3.2.2 Topological evolution of annealing twins. As already mentioned, in the grain growth
regime, the change of the annealing twin densitynastly determined by the propagation, the
interaction or the disappearance of the existinghdwthat is why it is crucial to study the
morphological evolution of annealing twins. Sinte fgrain growth regimes in the two analyzed
samples are short, two successinesitu EBSD scans of another sample that underwent simila
thermo-mechanical treatment but has relatively mofermation of the grain growth regime are
chosen to analyze topologlcal evolutlons of anneatlivins, shown in Fig .5.
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boundaries (misorientation > 5°)

In Fig .5, two representatlve anneallng twin togatal changes are marked by black and blue
circles. For the black circle marked change, the thoundaries migrated due to the capillarity
force, while a9 boundary merged into%8 boundary. The decrease of the total free enargye
driving force of this evolution. Three differenairsformations contribute to this reduction: deaeas
of the total boundary length, transformation fr& boundary t&3 boundary, and disappearance
of the two triple junctions. For the blue circle nked change, an incoherent twin boundary merged
into a coherent twin boundary while the interfagljch is a9 boundary, between the incoherent
and coherent parts faded away. Since E®tboundary and incoherent twin boundary have greate
interfacial energy than coherent twin boundary [1fHis transformation is also energetically
favorable. To summariz&€3 andX9 boundaries evolve to minimize the total interdenergy.

4. Conclusion

The annealing twins are generated mostly duringehgystallization regime. In the grain growth
regime, the evolution of annealing twin densitynminly determined by the propagation, the
interaction or the disappearance of the existinqpigwA higher stored energy level favors the
formation of annealing twins, but mainly at the in@gng of the recrystallization regime. In the
grain growth regime, incoherent twin boundaries arebile, which allows thex3 and X9
boundaries to evolve to minimize the total inteidaenergy.
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