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When studying crystal lattice fragmentation during plastic deformation of metals, it is of great importance to have qualitative
characteristics of high angle deformation-induced boundaries since their formation and evolution control grain refinement.
It is challenging, however, to separate the contribution of deformation-induced boundaries (DIBs) to overall misorientation
distribution from the contribution of original grain boundaries, particularly when total lengths of high-angle deformation-
induced and original grain boundaries are comparable. The present study suggests a method making this separation possible
basing on electron backscattering diffraction (EBSD) and uses the method to characterize the evolution of DIB misorientations
in polycrystalline iron deformed under various conditions. The method provides a reasonable accuracy up to the strain of
about 2 in the case of uniaxial compression and up to the strain of 5 in the case of biaxial forging. It has been shown that the
character of evolution of DIBs in iron changes weakly when the deformation temperature increases from the room one to 400°C.
At the same time, the evolution differs significantly in iron deformed by uniaxial compression and biaxial forging. In all cases
considered in the present study the misorientation distribution of DIBs can be represented as a superposition of three partial
distributions. The first two partial distributions correlate with those obtained earlier in transmission electron microscopic
studies. The third one suggested in the present study describes the highest-angle part of misorientation distribution of DIBs.
Each partial distribution evolves according to its own law in the process of deformation.
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Pacnipenenenne pa3opueHTUPOBOK Ha 00/IBIIEYITTOBBIX IPAHUIIAX
nedopManIOHHOTO IPONCXOKIEHUA: ONpeNie/ieHIe M aHATTN3
Ha 6a3e maHHBIX MO AN pakuy 06PaTHO pacCceTHHBIX TTeKTPOHOB
Ha IIpuMepe ene3a, HOJBEePrHyToro 60nbmmmM gedopmManysam

3onotopesckuit H. 0., Pe16un B. B.!, MarBuenko A.H.!, Yimanosa E. A.?, Ceprees C. H.?
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’LleHTpa/IbHBII HAYYHO-UCCIEROBATENbCKII MHCTUTYT KOHCTPYKLMOHHBIX MaTepuanoB «[IpomeTeii»,
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Jna nsydenus ¢parMeHTany KpUCTa/UIMYECKON pellleTKN MeTajUIoB B Ipolecce 60npux gedopMaLuil BaXXHO MMeTDb
KO/IMYeCTBEHHbIE JaHHbIE O OOJBIIEYITIOBBIX I'paHMIaX HedOpPMALIOHHOIO IIPOUCXOXKAEHNA, IIOCKOIbKY (pparMeHTanys
KOHTpONMpyeTcs Mx GopMmpoBaHueM 1 spomonyeit. OgHako mpobmeMoit ABIAeTCA pasjeneHye BKIAfoB OT TPaHMI] Jie-
(bOpManMOHHOTO MPOUCXOXK/EHNA ¥ MCXONHBIX TPAaHNI] 3epeH B obllee pacmpesieNieHNe Pa3OPUEeHTNPOBOK, B 0COOEHHO-
CTH, eC/IY CYyMMapHBIe IPOTAKEHHOCTN OO/IbLIEYIVIOBBIX I'paHML] e OpMaLMOHHOTO IIPOUCXOXKAEHNA U MCXOHBIX IPaHNUI]
3€PeH COIOCTaBMMBL. B HacToAImeit paboTe MpefyIoskeH MeTO, ITO3BOMAIOIINIT OCYIIeCTBUTD TaKOe pas/ieNeHe Ha 6ase JaH-
HBIX, ITOJTyYeHHBIX C IIOMOLIbI0 Au(paKIuy 06paTHO paccesAHHBIX 371eKTpoHoB (EBSD) B monmkpucTammaeckoM xenese,
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IepOopMIPOBAHHOM B PasHbIX YCTOBMAX. IIpe/yIoskeHHbI MeTOJ] aeT MpYeMIeMYI0 TOYHOCTD IIPU lepopMariy IpUMepHO
7o 2 B caydYae OJHOOCHOTO CKaTHA U JI0 5 B CIy4yae JABYXOCHON KOBKU. IIokasaHo, 4TO Npy CXKaTuy >kele3a IOBBIIIEHNe
TeMIlepaTypsl fieopMaryy ot KoMHaTHOI1 1o 400°C crmabo BIusAeT Ha XapaKTep 9BOJIOLNH TPaHNI e OPMaIMOHHOTO MTPO-
UCXOXTeHMA. B To e BpeMs, sBOMIONNA TPaHMI AepOPMALMOHHOTO MPOUCXOX/EHNA CYLIECTBEHHO PasIMyaeTCs B JKee-
3e, leopMUPOBAHHOM CXKATMEM M IBYXOCHOI KOBKOII. Bo BCeX pacCMOTpeHHBIX CTyJasax paclpefieNieHne pa3opyeHTanui
Ha TpaHNIaX TepOPMAI[IOHHOTO MPOUCXOX/IEH MOKHO IPEICTaBUTD, KaK CYNepPIIO3NIINIO TPEX YACTHBIX PacIIpefe/IeHNil.
IlepBrie 1Ba pacIipesieNieHNA KOPPEMUPYIOT C pacIipeieNleHMAMY, TTOTyYeHHBIMM paHee C IOMOIIbIO TPOCBEYMBAIOLIel S7IeK-
TPOHHOIT MUKpocKomuu. TpeTbe pacrpenienenne, MpeaokeHHOe B HACTOAIell paboTe, ONMMChIBAET OONIbIIEYTTOBYIO YacTh
pacrpefieieHNsl pa3opMEHTUPOBOK Ha IpaHNUIAX HepOPMAILMOHHOTO TIPOMCXOKAeHNUA. B mpolecce mepopmarym kaxjoe
U3 TPexX YaCTHBIX pacIpefiefieHnil pasBuBaeTCA 10 CBOMM 3aKOHAM.

KiroueBble cmoBa: mactiyeckas gedopMannsa, MUKPOCTPYKTYpa, TPaHMIIBI 3epeH, pasopueHTnposky, JOIL

1. Introduction

Formation of ultra-fine grain structures in metallic materials
by plastic deformation is controlled by fragmentation, i.e.
the subdivision of original grains into microscopic volumes,
misorientations of which gradually increase while the sizes
decrease with increasing strain [1]. A common character of
this phenomenon was shown by numerous investigators,
though morphological and crystallographic characteristics
of the fragmented microstructure may depend on the
material and deformation conditions [1-11].

The process of fragmentation is associated with the
emergence and development of deformation-induced
boundaries (DIBs). Initially the dislocation cell boundaries
appear, next fragment boundaries form, which have
higher misorientations as well as denser and straighter
configurations [1]. At equivalent strains up to about 1, the cell
and fragment boundaries are characterized by misorientation
angle distributions, which retain their shape with increase
in strain when scaled by the average angles [12]. However,
with a further increase in strain, the scaling of misorientation
angle distribution of the fragments breaks down due to the
appearance of multiple high-angle DIBs [1,4 - 5]. It should be
noted that the above mentioned studies of DIB misorientation
distributions were based on the TEM analysis. At the same
time, EBSD technique, although not allowing one to visually
distinguish boundaries of different types, provides much
better statistics of misorientations than TEM does [13 - 14].

The high-angle DIBs are of a particular interest since
their formation alone controls the formation of ultra-fine
grain structures. It is challenging, however, to separate the
contributions of high angle DIBs from those of original grain
boundaries (OGBs) to the overall misorientation distribution
when using EBSD, particularly, at mediate strains of about 1
to 3, when total lengths of these boundaries are comparable.
The EBSD-based method suggested in the present study
makes it possible to solve the problem. The method will be
briefly described and then used to analyze the distribution of
misorientation angles of DIBs in iron.

2. Experiment

Polycrystalline Armco-iron was used for the study. The
initial mean grain size determined by the linear interception
method was about 26 pm. Uniaxial compression (UC) tests
were carried out in the laboratory system Gleeble-3800
at room temperature (RT) and 400°C with a strain rate of

10 s7'. The examined areas were located at an approximately
half-height of the upset sample. At that, the strain ¢ within
the equatorial plane of the specimens was evaluated with
regard to the barreling effect. Biaxial forging (BF), i.e. the
cyclic compression in two mutually orthogonal directions,
was applied by using MAXStrain unit of the Gleeble at RT
with the same strain rate and with a true strain of 0.5 per
pass. In this case, the examined areas were located at the
central part of the specimens.

The EBSD measurements were performed with scanning
microscopes Quanta 2003D FEG and TESCAN MIRA 3LMH.
Orientation mapping was conducted with the scanning steps
of 100 nm for e=1 and 50 nm for larger strains. The areas
of the mapped regions varied from about 50x50 um to
60x 60 pm. To determine misorientations, processing of the
orientation data and crystallographic analyses was carried
out with the help of MTEX software [15] with a threshold
angle of 2°.

3. Method of separating DIBs contribution
to overall misorientation distribution

The idea behind the method is based on the observations,
according to which misorientation does not increase
uniformly over the length of a DIB in the process of
deformation. Instead, the misorientation angle can vary
from tens of degrees at one segment of the boundary to the
values as low as about 1° at the other segment [1]. On the
contrary, the majority of OGBs retain a high angle, although
non-uniform [16], misorientation over their total length.
This difference of DIBs and OGBs alone provides a basis for
separation of boundaries of these two types.

First, let us consider iron compressed at RT to e=1. The
EBSD map in Fig. 1a shows multiple DIBs developed inside
original grains, where the gradations of gray indicate the
misorientation angle. Our first purpose is to obtain a map
where only OGBs remain. Since the majority of DIBs are
low angle ones, at least over a part of their length, they can
be removed from the map with MTEX function of “grain
detection’, which only keeps boundaries with misorientation
angles exceeding the specified value 6 over their total
length (6 of 15°is used in the first approximation, yet the
tuning of the value may be required). Although most of DIBs
disappear from the map after this procedure, some minor
“grains”, which are supposed to be deformation-induced
fragments, still remain. In order to remove them too, MTEX
option for removing grains that occupy the area smaller than
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a specified one, A__ , can be used'. The result obtained with
0 .=16°and A =20 um’ is shown in Fig. 1b. Based on
visual perception and with regard to the mean grain size of
26 um, mainly OGBs are present on this map. For the initial
map (Fig. 1a) and the final map (Fig. 1b), the overalland OGB
misorientation distributions are determined, respectively, in
terms of the boundary length. Then, by subtracting the second
distribution from the first one, the required DIB distribution,
shown by a full line in Fig. 1c, is determined.

The other example is iron compressed at RT to e=1.6. As
it could be expected, the increase of strain complicates the
separation of OGBs due to the enhanced fragmentation. The

fact that both boundaries of the large fragments and OGBs
are similarly extended perpendicular to the compression
axis involves difficulties as well. As a result, basing on the
morphology of the grains presented in Fig. le (the map
was obtained with 6 =16°and A_._=10 um?), it cannot be
asserted with high confidence that we deal with the OGB
network. To validate the result, it is useful to compare a mean
transverse grain size measured along the compression axis
on this map to a theoretical transverse grain size calculated
on assumption that the grain shape follows the sample shape
during compression as D, =D e, where D is an average
grain size in the undeformed material. With D =26 ym and

———

\

|
M\\m
‘“\Q

1500

- = overall
--=-0GBs
—DIBs

1000

@
8
misorientation angle

500

Length (boundary point pairs)

10

Misorientation (°)

C

60 3000
- = overall
----0GBs

2000

1000

8
misorientation angle
Length (boundary point pairs)

Misorientation (°)

f

g h

e 3000

- = overall
--=-0GBs
—DIBs

50

2000

x.
S

30
1000

misorientation angle

Length (boundary point pairs)

H Misorientation (°)
i

Fig. 1. EBSD boundary maps and misorientation angle histograms?® illustrating the procedure used to determine a DIB misorientation
distribution: iron, UC, RT, e=1 (a,b,c); iron, UC, RT, e=1.6 (d,e,f); iron, BE ¢=5 (g,h,i). The shades of gray indicate misorientation angles

as shown in the shading key.

1 The optimal value of A__ is selected taking into account the morphology and sizes of the “grains” obtained on the map. The author’s

experience in using this procedure shows that this value rather depends on fragmentation peculiarities (hence, on materials, conditions

of deformation and the level of strain) than on the grain size of the initial microstructure.

2 Here and further, the misorientation angle histograms obtained with the bin width of 2° are represented using line plots for simplicity

of their comparing.
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£=1.6, the value of 5.2 um is obtained for D, . The measured
mean size, which is close to 5 pm, agrees quite well with this
estimate.

Although separation of OGBs in the case of compression
to £=1.6 was found to be reasonable, its accuracy is expected
to deteriorate considerably with a further increase in strain.
At the same time, it turned out that this procedure remains
applicable to much larger strains when using BF. In the latter
case the applicability of the method seems to be provided by
maintenance of the equiaxed grain shape and diminished
formation of high-angle boundaries. Figs. 1g,h show the
microstructure of the sample deformed by BF to e=5 and
the result of OGBs selection (6 =13° and A_,_ =20 um?),
respectively. Although some smaller “grains” in Fig. 1h may
be deformation-induced fragments, the contribution of
ambiguous boundaries is estimated to be about 10%, which
characterizes the accuracy of the results presented in Fig. 1i.

4. Results and discussion

The method described above was employed to compare the
evolution of DIBs in different deformation conditions. Here,
it is reasonable to represent DIB misorientation distributions
in terms of a boundary length instead of the common
representation in terms of frequencies. For the given sample,
we initially have the boundary length expressed in numbers
of boundary point pairs (Fig. 1). However, since the
orientation mapping was conducted with different scanning
steps and/or the orientation maps have different areas, the
boundary length per unit area should be considered in order
to ensure that the misorientation distributions found for
different samples are comparable. It should be noted that the
length per unit area of the boundaries with misorientation
angles larger than a certain value 0, L(0>0"), is inversely
proportional to the mean linear intercept length, d(6>0"),
measured for these boundaries [17]. Thus, the data on the
boundarylength distribution can not only be used to evaluate
relative fractions of boundaries with different misorientation
angles but to evaluate structure refinement as well.

Fig. 2 demonstrates the evolution of DIBs in iron under
UCand BF depending on strain and temperature. It is seen that
the variation of deformation temperature has a weak, if any,
effect on the fragmentation during UC. At both temperatures,
the length of the low angle boundaries increases with further
strain but the shape of the low angle peak remains the same.
The high angle part of the distributions in case of UC changes
more significantly: a pronounced high angle peak appears
at strains of 1.6 and 1.8. In case of BE the misorientation
distribution is similar to the distribution formed after UC
at e=1. However, the further evolution of DIBs under BF
differs significantly: only a minor formation of high angle
boundaries occurs with increasing strain up to 5. Note that
this result agrees qualitatively with those obtained for low-
carbon and microalloyed steels deformed by BF [18-19]. At
the same time, no final conclusion should be drawn about
the potential of bi-axial forging as the structure refinement
technique for iron. Further studies based on much larger
mapping areas are needed.

The DIB misorientation distributions, which have been
obtained and compared above, can be then evaluated using a
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Fig. 2. DIB misorientation angle distributions represented in terms of
boundary length for iron deformed under various conditions.

more sophisticated approach by means of their representation
as a sum of partial distributions, each corresponding to the
boundaries of a certain type [20-21]. In order to represent
the low angle part of the distribution, the results obtained
in TEM studies of Risg school [12] should be taken into
account. The studies have shown that, if misorientation
angle distributions f(6) are plotted separately for (A) cell
boundaries termed incidental dislocation boundaries (IDBs)
in [12] and (B) fragment boundaries termed geometrically
necessary boundaries (GNBs), they can be well approximated
by gamma distributions which turn out to be self-similar
when using the average misorientation angle 6 as a scaling
parameter: g(x)zaa/r(a)x"*1 exp(-ax), where x=60/6  and
I'(a) is the gamma function evaluated at argument a; a=3 for
IDBs and a=2.5 for GNBs. However, the GNB distribution
does not scale at strains larger than e~ 1 due to the formation
of high angle DIBs that create an additional peak [1,4-8].
Taking this into account, it is reasonable to consider three
partial distributions: f, and f, corresponding presumably to the
IDB and GNB distributions, respectively, and f, accounting
for the high angle boundaries which go beyond the scope
of f,. Therefore, the first two distributions are determined
as f(x)=g(x=0/6;a=3), f(x)=g(x=60/0;a=2.5), where
g(x) is defined above; 6, and 6, are average angles for these
distributions. Concerning the third distribution, let us
suppose that a fragment boundary passes on from f, to f, when
its misorientation begins to increase rapidly after reaching
critical angle 6. It can be expressed as 6=06_+ 86, where 6_is
a constant (6 =12° which approximately fits to all the data
considered, was used in the modeling) and the increment
00 is described as f,(x) =g(x=060/80,;a=2.5). The parameter
a was taken here as in case of the partial distribution f, for
simplicity.

Concerning the distribution f,, it should be taken into
account that angles 6 can exceed the maximum disorientation
angle (the disorientation is defined as a minimum angle
relationship between crystallites with regard to crystal lattice
symmetry [22]). In such a case a crystallographic texture must
be considered as long as the disorientation angle distribution
depends on the occurrence of a preferred rotation axis [23].
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The latter is the case for UC of iron, since then the two-
component <111>-<100> fiber texture develops [24]. Taking
into account that these components are related by rotation
about <110> axis, the disorientation angle distribution f,
was generated assuming that angles 0 are distributed as
stated above, while rotation axes concentrate near <110>
and their angular deviation from <110> obeys the Gaussian
distribution (the standard deviation was taken as 15° in the
modeling).

The parameters of the partial distributions were estimated
from the best fit to experimental data. Fig. 3 demonstrates
some examples of the analysis. Note that, according to
TEM [5,8], IDB misorientations increase so slowly with
deformation that the average angle 6, reaches the level of
~2° only at £>1. Thus, when using a threshold angle of 2°,
about one half of IDBs is ignored in the EBSD analysis. As a
result, estimations of 6, based on these data are expected to
be very rough: angles 6, belonging to the range ~1.5-2.5°
provide equally good fit to the experiment. At the same time,
the present estimation of 6, appears to be representative.
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The agreement of the estimates of 6, and 6, for the samples
deformed to e=1 (Figs. 3a,b) with TEM results on IDBs and
GNBs [5,8,12] confirms that representation of the lower angle
part of DIB distribution as a sum of two partial distributions
corresponding to IDBs and GNBs is plausible.

With increasing strain, only a slight increase of 6, occurs,
while a relative contribution of f, remains approximately
constant or becomes smaller (Figs. 3c,d). At the same time,
the contribution of f, as well as the value of 6, increases
considerably, especially in the case of UC. Therefore, the most
significant feature of the evolution of DIBs at strains £ > 1 is an
accelerated development of partial distribution f,.

As is seen in Fig. 3, the suitability of gamma distribution
for f, distribution is not as apparent as for f,. Note, however,
that in the cases of e=1 the discrepancy between the
predicted and experimental distributions might appear
since only rare DIBs with misorientations above 20° occur
at this strain, which increases a statistical error. For larger
strains experimental distributions are more statistically
representative in the high angle range and, thus, a better
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Fig. 3. DIB misorientation distributions (crosses) in iron deformed at room temperature to e=1 by UC (a), e=1 by BF (b), e=1.6 by UC (c)
and e=5 by BF (d), with their representations as a superposition of partial distributions f, (dot lines), f, (dash-dot lines) and f, (dash lines).
Full lines show the sum of the partial distributions. The magnified images of high angle parts of the distributions are displayed separately.
Average angles 0, and 0, of partial distributions f, and f, estimated from the best fit to the experimental data are given on the plots.
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agreement may be expected. Indeed, a good description of
the high angle part of distribution has been obtained for BF
to €=5, when a pronounced texture was absent. For UC to
e=1.6 the description seems to also be reasonable, whereas
the deviation taking place in this case may be due to a rough
approximation of the texture effect. Anyway, it should be noted
that the choice of gamma distribution, although plausible, is
purely empirical [25]: it has no significance concerning our
understanding of the fragmentation mechanism. Further
investigations are required for an adequate theoretical
description of the evolution of high angle DIBs.

5. Summary

The method of separating a contribution of DIBs to the
overall misorientation distribution suggested and described
in the present study provides an acceptable accuracy within
a certain range of strains and deformation modes. It has been
shown that the character of DIBs evolution in iron changes
weakly when increasing the deformation temperature from
room one to 400°C. At the same time, the evolution differs
significantly in iron deformed by UC or BE In both cases
the DIB misorientation distribution can be represented as
a superposition of three partial distributions. The following
features of this representation should be noted:

1. In the low angle range, the DIB misorientation angle
distribution can be described as a sum of distributions f, and
f,» the parameters of which correlate with the parameters
of IDB and GNB misorientation distributions determined
previously by TEM.

2. The high angle DIBs, the misorientations of which fall
beyond the range of the first two partial distributions, are
described using distribution f,. Its contribution appears to be
noticeable at the strain ~ 1 and then gradually increases with
further deformation.
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