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The microstructure fragmentation during necking of the iron tensile specimen was investigated by the electron backscatter
diffraction technique. The material under study was the commercially pure iron containing particles of manganese sulfides and
oxides. The undeformed mean grain size was =54 um. The aim of the research was the characterization of the structural state
preceding ductile rupture. The deformation microstructure was examined on the longitudinal section of the specimen in the
locations corresponding to various true strains from =1 up to 1.8, which allowed studying the structure evolution in a single
specimen. Special attention was paid to the deformation-induced high-angle boundaries, which are known to be preferable
sites of microcracks nucleation. It was shown that a considerable number of high-angle boundaries appear already at a strain
of =1, and their fraction rises with further straining. Large-scale fragmentation peculiarities of different kinds associated with
the formation of high angle boundaries were found and discussed in terms of the effect of the neighborhood of grains on
their fragmentation. Besides, multiple shear microbands of submicron width inclined to the tensile direction by angles =35°
and larger were observed in the longitudinal section, which intersect the previously formed deformation substructure. The
boundaries of these microbands were shown to make significant contribution to the accumulation of high angle boundaries.
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VIsyuenne ¢pparMeHTMPOBAHHOI CTPYKTYPbI, 00pa3yromieiics
B IIeJiKe IPH pacTsKeHnn oOpasia sxene3a
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MetopoM pudpakiuy 06paTHO pacCesHHBIX 9/IEKTPOHOB M3yday GparMeHTHPOBAHHYIO CTPYKTYPY, KOTOpas popMupyer-
cs B Luelike oOpasia xernesa, feOopMUPyeMOro pacTshKeHueM. VIccemyeMblil MaTepya IpefcTaB/Lal cOO0I TeXHIYeCKU
YJCTOE XKele30 CO BKIIOYEHUAMM CYIbGUIOB M OKCUJIOB MapraHija. B MCXOIZHOM COCTOAHUM CpefHMII pasMep 3epHa
cocTaB/l =54 MKM. Ilenbio paboTbl ObIIa aTTecTalA CTPYKTYPHOTO COCTOAHYS, IPELIECTBYIOLIETO BA3KOMY paspyLIeHMIO.
Ha npoponbHOM cedeHnu o6pasiia ucciefoBanu ge¢opMalOHHYI0 CTPYKTYPy 00/1acTell, COOTBETCTBYIOIVIX Pas/INMYHbIM
CTeIleHAM MCTUHHOI fiepopmanny, oT =1 o 1.8, TeM caMbIM Ha OfTHOM 00paslie M3y4a/Iy 9BOJIIOLMIO CTPYKTYpbl. BHUMaHMIe
ObIIO COCPENOTOYEHO Ha OOJBIIEYITIOBBIX IPaHNUIAX HedOpPMAIVIOHHOIO IPOMCXOKIEHMS, KOTOpble, KaK paHee OBLIO
II0Ka3aHO, CITYKaT MeCTaMl IPeNMYIIeCTBEHHOTO 3apOXKIeHNA MUKpoTpemyH. [lokasaHo, 4TO 3HAYNTETbHOE KOTMIECTBO
OO/IBIIEYIIOBBIX IPAHNUL] BO3HNUKAET B LIeVIKe y>ke Ipu fedopMauyax =1, M UX HOJA YBEIUYMBAETCHA C POCTOM CTEIEHU
medopmanyi. BeiaBieHb! KpynHOMacIITabHble 0COOEHHOCTH BeOpMAlLMOHHO CTPYKTYPBI, CBA3aHHBIE ¢ 00pa3oBaHMeM
OO/BILIEYIIOBBIX I'paHMI]. VIX XapaKTepUCTUKU OOCY>KHAIOTCA C TOYKM 3peHMs BIUAHNA JIOKaJTbHOTO OKPY>KeHUA 3epHa
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Ha ero ¢parmeHrayio. Kpome Toro, B mpofonpHOM cedeHnn o6pasiia HaOMONa0TCsA MIUKPOIIOTIOCH! CIBIUTA, COCTABIAIOLIE
C HaIlpaB/IeHNeM PacTsKeHNA yI/ibl =35° 1 6osee, epeceKaroliye paHee 06pa3oBaBIIyiocs NeOPMAIMIOHHYIO CYOCTPYKTYDY.
rpaHI/H.[I)I 9TUX MUKPOIIOJIOC TaK)K€E HAI0T 3HAYUTENTbHBIN BKJ/1a[ B HAKOIIZICHME 60}IbHIeyI‘}IOBI)IX TpaHunL,.

KiroueBble cmoBa: MeTasuIbl, fieopMalyi, BA3KOe paspylleHe, MUKPOCTPYKTYpa, GpparMeHTaIms.

1. Introduction

The phenomenon of grains fragmentation occurring at
large plastic strains has been the subject of many studies in
recent decades [1-5]. The main incentive was the creation of
ultrafine-grained materials [6]. At the same time, knowledge
of laws governing fragmentation is also of interest for
studying the physical mechanism of ductile rupture,
given that the latter occurs after rather large strains. Early
studies carried out using transmission electron microscopy
(TEM), showed that voids (microcracks) nucleate in
pure metals at deformation-induced boundaries (DIBs)
[7-8], predominantly at deformation-induced high-angle
boundaries (HABs) [1,7]. Recent studies on tantalum have
confirmed that incipient voids were formed not at initial
grain boundaries, but at DIBs, and in the overwhelming
majority at HABs [9]. The first voids have been detected at
true strains of =1, which corresponds to approximately half
of the maximum local strain reached as a result of necking
of tensile specimen [1,9-10]. Therefore, the formation of
deformation induced HABs is of particular interest in the
context of ductile rupture.

In the present article, polycrystalline iron loaded by
tension was under consideration. As far as we know, the
structure development during necking in iron has not been
investigated systematically before. Some useful information
can be provided by the studies of metals subjected to
drawing [11,12], since an axisymmetric plastic flow occurs
in the central part of the necked gauge region of the tensile
specimen. Nevertheless, the data obtained are very limited
due to excessively high locality of TEM used in those works.
The aim of the current study is to establish main patterns of
HABs formation by help of electron backscatter diffraction
(EBSD).

2. Experimental

The material under study was 99.9% commercially pure iron
containing particles of manganese sulfides and oxides. The
undeformed mean grain size was =54 pm. Fig. 1a shows one-
half of the specimen obtained after failure. It was cut along
the tensile direction, and further the longitudinal section
was studied. The part of this section adjacent to the fracture
surface is represented schematically in Fig. 1b, where also
the regions examined by EBSD are depicted. The axes of the
specimen (Fig. 1b) are defined as the tensile direction (TD),
radial direction (RD) and normal direction (ND).

Local true strains in the neck of specimen were calculated
from the local diameters D of the specimen using the equation
e=2log(D, /D), where D,=6.15 mm is the initial diameter of
the gauge region of the specimen, thereby assuming that the
local strain near the specimen axis is equal to the average
strain of the given section as the first approximation. Thus,
the estimated local strains in the examined regions are 0.95,

b

Fig. 1. Tensile specimen (a) and schematic drawing of its longitudinal
section with four examined regions indicated (b).

1.15, 1.55 and 1.8. These regions will be referred to as A095,
A115, A155 and A180 below.

EBSD mapping was carried out with a LYRA 3 XMN RL
SEM. The analysis of the orientation maps was performed
with a help of the MTEX software [13]. The percentage of
non-indexed points in EBSD data presented below was about
20% that enabled sufficiently reliable reconstruction of the
(sub)grain structure. At the same time, one should take
into account that the procedure of grain reconstruction can
create artefacts in cases when, with approaching the place of
rupture, large-scale clouds of non-indexed points appear that
are probably large voids.

EBSD mapsrepresented in what follows are the inverse pole
figure (IPF) maps constructed for TD. Besides, boundaries
having misorientations higher than 2° were superimposed
on the maps. The color-coding of the boundaries: 2°<0 <15°,
light grey; 15°<0<45°, dark grey; 0>45°, black. The majority
of the regions was scanned using a stepsize of 200 nm, while
some smaller areas were examined with a stepsize of 50 nm.
In order to estimate the fraction of deformation-induced
HABs, the earlier proposed method has been used allowing
separation of the contributions from DIBs. It included the
following steps: (i) determination of the misorientation
distribution of all boundaries in terms of length fraction,
L, (6), (ii) separation of original grain boundaries and
determination of their contribution, L__.(6), to the overall
misorientation distribution, (iii) obtaining finally the
misorientation distribution of DIBs, L (6), by subtracting
L,.;(0) from L (0). This procedure was described in detail
in Ref. [14].
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3. Results

Fig. 2 shows the percentage of deformation-induced HABs
among other DIBs as a function of the local strain. One
can see that a considerable amount of HABs (=8%) appears
already at a strain of 0.95, and their fraction rises with strain.
In addition, the results obtained earlier for iron deformed by
compression [15] are represented here. As can be seen, the
fraction of HABs formed in tension is a little more than in
compression. This may be associated with a difference in the
patterns of structure evolution, however it seems premature
to draw conclusions, in particular, because actual strain at the
specimen axis may be some larger than the strain averaged
over cross-section [16].

Let us consider now what patterns of structural evolution
are behind these percentages of deformation-induced HABs.

Fig. 3a shows the microstructure of region A095
together with the inverse pole figures, which represent the
microtexture of the areas marked on the orientation map by
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Fig. 2. Percentage of deformation-induced HABs as a function
of local strain in the gauge regions of specimen. The results for
compressed iron [16] are also presented.

dashed contours. One can see the appearance of considerable
orientation non-uniformity of original grains associated with
the developing deformation substructure. It is well known
that dislocation cells first appear separated by walls in which
dislocations are concentrated, and only later the fragment
boundaries stand up against the cell structure because ofhigher
misorientations and more dense constitution [1,4]. Fig. 3b
shows the map of “band slope” (BS), which is the diffraction
pattern characteristic sensible to the local concentration of
dislocations, obtained from the area marked on the map of
Fig. 3a by the white frame. The substructure composed of
submicron cells occurs here. The misorientations between
most cells are lower than 2°. Nevertheless, accumulation of
small rotations over a large distance across the grain results in
the grain-scaled orientation gradients, which can be observed
on the orientation map.

At some DIBs, the misorientation increases to the point
that it exceeds a critical angle (15° is commonly accepted),
at which dislocation subboundaries transform to the
boundaries of intergranular type. Such high-angle portions
of DIBs are most frequent in the vicinity of grain boundaries,
that is natural given the role of the latter at an early stage of
fragmentation [1]. At the same time, large-scale peculiarities
of fragmentation, which seems to be the main contributors to
the HAB production, attract attention.

Peculiarities of the first kind can be seen in region A095;
two such features are indicated in Fig. 3a by white arrows.
These are extended boundaries elongated parallel to the
tensile axis. They can be distinguished from original grain
boundaries, in particular, by the alternation of low and
high angle segments. Besides, their morphology is more
complicated: the upper one is a zone of intense fragmentation
rather than a distinct boundary.

Structural peculiarities of the second kind are large
closed fragments with a cross size of =10 mm or larger. One
can see them both in region A095 (Fig. 3a) and region A115
(Fig. 4). Unlike boundaries of the first kind, their boundaries
are rather uniform, with misorientation varying along the
boundary only slightly. It should be emphasized that, at this
stage of deformation, such fragments are always adjacent to
original grain boundaries.

Fig. 3. (Color online) Region A095: EBSD map together with TD inverse pole figures of areas marked by dashed contours on the map (a),
and BS map of the area marked by white frame on the panoramic map (b). On the BS map, the boundaries with 6>2° are drawn:

2°<0<5° (red), 0> 5° (blue).
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Fig. 4 also presents peculiarities of the third kind, namely
the widely spaced microbands of about 1 pym in width
inclined to TD in the longitudinal section by angles from
=~35° to 45°, which intersect previously formed deformation
substructure. It may be seen that the crystal lattice within
different microbands was rotated relative to the matrix in the
same direction albeit to varying degrees, up to =45°. The area
marked by white frame on the map of Fig. 4 has been scanned
with a stepsize of 50 nm (Fig. 5). One can see in Fig. 5a that,
in addition to micron width bands detected on the map of
Fig. 4, much narrower bands occur having the width down
to =0.1 um. The misorientation angles at their boundaries
vary from =20° to 40° (Fig. 5b). Hence, if such a small step
had been used for the whole region All15, a fraction of
deformation-induced HABs would be even greater than the
value presented in the graph of Fig. 2.

These microbands are similar to the bands observed in
an aluminium alloy [5] and IF steel [17] after cold rolling.
It was shown in those studies that these are the bands of
the localized shear, referred to as “microshear bands” [5] or
“S-bands” [17]. Given the similarity between the patterns of
banding, one can suppose that such bands occur in our case
as well. Note that two grains, in which microbands occur,
have substantially different orientations (Fig. 4). Thus, our
examination does not show apparent orientation dependence
of the microbanding.

When the examined region approaches the fracture
surface, the degree of fragmentation rises owing to increasing
local strain. Correspondently, the boundaries having
various features described above can be found in regions
A155 (Fig. S1, Supplementary material) and A180 (Fig. S2,
Supplementary material), though it is not always easy to
discriminated DIBs of the first two kinds due to general
refinement and complication of the structure. At the same
time, it should be noted that non-fragmented areas with
rather uniform orientation remain even at so large strains.

4, Discussion

It is known that large-scale fragmentation is closely
related to the grain-to-grain plastic interaction [1,18,19].
Particularly this interaction is meaningful in bcc metals
deformed by uniaxial extension. In the case of cold drawing,
the grains, which have orientations close to the stable <110>,
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Fig. 4. (Color online) EBSD map of region A115 together with TD
inverse pole figures of areas marked on the map by dashed contours.

undergo plane deformation accompanied by bending rather
than axisymmetric deformation corresponding to the
macroscopic shape change [11,20]. Other grains have to
accommodate themselves to this non-uniform deformation.
As a result, they become strongly fragmented while their
considerable parts retain orientations strongly deviated from
<110> even at large strains [21]. The inverse pole figures
presented in Figs 3 and 4 as well as other microtextures
recorded in the present study show that similar microtexture
evolution seems to occur in the neck of iron specimen,
namely, grain orientations are scattered throughout the
standard stereographic triangle.

Therefore, it would be reasonable to consider peculiarities
of fragmentation described in the previous section in terms
of the effect of grain neighborhood. Suppose, for example,
that a difference in slip system combinations operating in
two half-fractions of a grain appears under the influence of
its neighborhood. Either of the two regions contacts with
more than one adjacent grains and has to conform to their
deformation. Hence, the patterns of the slip operating in these
regions will most probably be non-uniform. One may expect
in such a case that a deformation-induced boundary having a
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Fig. 5. (Color online) Refined map of the area marked by white frame on the panoramic map of Fig. 4 (a), and point-to-point misorientation

distribution along the segment AB (b).
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significantly non-uniform misorientation will be formed or,
alternatively, a transition zone instead a simple boundary will
develop. Those are just the characteristics of the structural
peculiarities of the first kind. On the other hand, if a part of
the initial grain, in which a slip pattern changes, has smaller
size and contacts with only one adjacent grain, a combination
of active slip systems in it may by quite uniform. In such a case,
a fragment would appear having rather perfect boundary,
just as it was observed for the structural peculiarities of the
second kind.

As for shear microbands, which seem to be the most
effective suppliers of HABs, their formation may be
controlled by the intrinsic laws of grain structure evolution
rather than by the effect of neighborhood. Although the
origin of the microbands remains unclear [5,17], it is likely
that they originate from an instability of previously formed
substructure due to the change of grain orientation during
straining, similar to those developing at a strain-path change
[22]. In the case of cold rolling, the shear microbands appear
at strains =0.5, and misorientations at their boundaries are
initially low [5,17]. Further development of the microbands
with increasing strain results in progressive reorientation of
material within them, which, in its turn, may result in the
formation of HABs. The latter must rotate with straining
in accordance with a rigid body rotation (example of
such a development one can presumably see in Fig. S2a,
Supplementary material), so that at large strains =2 they
become aligned parallel to the tensile direction [5,17] and
indistinguishable from other HABs.

5. Conclusion

In this research, peculiarities of the microstructure
fragmentation in the neck of iron tensile specimen were
investigated. Special attention was paid to deformation-
induced HABs, which are preferable sites of microcrack
origination. The following main conclusions were drawn.

1. The researcher can study the fragmentation evolution
with increasing strain on a sinle sample by examining the
microstructure formed in different regions of the neck.

2. Peculiarities of large-scale fragmentation of different
kinds providing new HABs occur, the features of which are
governed greatly by the effect of grain neighborhood.

3. The boundaries of the shear microbands make the
largest contribution to the total fraction of HABs.

Supplementary material. The online version of this paper
contains supplementary material available free of charge at the
journal's Web site (lettersonmaterials.com).
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