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Texture Development During Annealing
in a Low-Carbon Formable Steel Containing
Impurities from Increased Scrap Use

JIAQI DUAN, DIDIER FARRUGIA, CLAIRE DAVIS, and ZUSHU LI

Impurities (Cu, Sn, Cr, and Ni) have been added to a low-carbon formable strip steel to simulate
the scenario of increased use of scrap during steel production. Texture evolution during
annealing of the cold-rolled base steel and impurity-added steel have been investigated. The
impurities were shown to suppress the development of the c-fiber texture. Meanwhile, a higher
fraction of random orientations was developed in the impurity-added steel. However, the
adverse effect of impurities on the c-fiber was mitigated during annealing at higher temperatures
(650 �C to 750 �C). The correlation between texture development and microstructure
heterogeneity, and the effect of impurity additions on texture development are discussed. This
work provides guidelines on recycling scrap for the production of low-carbon formable steels.
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I. INTRODUCTION

STEEL is the most recycled material in the world.
Recycling steel scrap for steel production via the Electric
Arc Furnace (EAF) route or Blast Furnace–Basic
Oxygen Steelmaking (BF-BOS) route can significantly
reduce CO2 emissions, and helps drastically reduce steels
carbon footprint.[1] EAF routes can use 100 pct steel
scrap, or a mixture of scrap and direct reduced iron,
while the blast furnace–basic oxygen furnace steelmak-
ing (BF-BOF) route can use up to 25 pct scrap steel.[2]

However, the steel scrap often contains impurities that
cannot be removed by the steelmaking process, such as
Cu and Sn. The impurity content depends on the quality
of the scrap and the amount of scrap used as feedstock
in steelmaking;[3] and the impurity content will accu-
mulate in final steel products with an increase in
recycling cycles. The effect of impurities has been
investigated in a hot-rolled low-carbon steel with regard
to microstructure, but also effect of residuals on
transformation kinetics and grain size, and hence
mechanical properties.[4]

Low-carbon formable steels are primarily used for
drawing applications. Good drawability requires a high
degree of true strain in the planar direction and good
resistance to plastic flow in the thickness direction;
meanwhile the planar anisotropy should be low to
reduce the extent of earing. Since drawability is strongly
influenced by the crystallographic orientations, studies
of the development of deformation and annealing
textures are of great importance for the formability of
low-carbon and ultra-low-carbon steels.[5–11]

It is well known that two types of fiber textures are
developed during cold rolling of ferritic steels, partial
a-fiber with h110i//rolling direction (RD), and c-fiber
with {111}//normal direction (ND).[12,13] The partial
a-fiber starts at {001} h110i and ends at {111} h110i,
which also belongs to the c-fiber. Conventional models,
such as ‘relaxed constraints’[14] and ‘self-consistent’[15]

models, can be used to predict the cold rolling textures.
Advanced models[16] have been developed to achieve
more precise predictions in terms of the texture inten-
sities. It has been confirmed that the deformation is
heterogenous when reduction is< ~ 80 pct, with grains
with a c-fiber orientation undergoing a higher degree of
deformation than a-fiber orientation grains, i.e., the
grain microstructure and stored energy are strongly
correlated with the orientation of the grains.[17–20] The
c-fiber grains exhibit a higher density of geometrically
necessary dislocations (GND), i.e., higher orientation
gradients and more low-angle boundaries (LABs), hence
higher stored energy compared to a-fiber grains.[21,22]

This affects the recovery and recrystallization processes
during annealing after cold rolling, for example, the
c-fiber grains show a quicker formation of new grains
than a-fiber grains as the higher stored energy provides a
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higher driving force for nucleation (recovery).[23–25]

Kapoor et al.[26] observed faster recovery in c-fiber
grains than in a-fiber grains during a quasi in-situ
annealing experiment on a cold-rolled low-carbon steel.
As annealing proceeds, the newly formed grains enjoy a
growth advantage and consume surrounding unrecrys-
tallized regions.[27] Meanwhile, selective growth mecha-
nism was proposed to account for the texture
evolution.[28] In this theory, the h110i 26.5 deg bound-
aries exhibit higher mobility, accordingly, grains of
{111}< 112> orientations will grow faster than other
grains when they are surrounded by deformation
structure of {112} h110i orientations.

Texture evolution is known to be affected by the
presence of alloying elements.[6] It has been proposed
that interstitial atoms, e.g., C and N, can interact with
substitutional atoms, e.g., Mn, forming complexes that
can pin dislocations at elevated temperatures, thus
adversely affecting the formation of new c-fiber
grains.[29] The addition of Ti and Nb can enhance the
development of c-fiber by fixing the C and N in
precipitates.[30] Although there is abundant literature
on the mechanisms through which the microstructure
and textures develop in the rolled and annealed steels,
there is no information on how impurities, at the level
relevant to that likely to arise in low-carbon formable
steels from increased scrap use, affect the microstructure
and texture evolution during annealing, which is crucial
for the formability of the steel. In this work, impurities
(Cu, Cr, Ni, and Sn) have been added to a formable
low-carbon steel to mimic the scenario of scrap utiliza-
tion in steel production. Comparisons in annealing
microstructure and textures have been made between the
steels with and without impurity additions.

II. EXPERIMENTAL PROCEDURE

The chemical compositions of the steels under inves-
tigation are shown in Table I. The ‘Base’ steel represents
the composition of the low-carbon formable steel
produced via the BF-BOF steelmaking route. The
‘Residual Scrap (RS)’ steel, with impurity elements Cu,
Ni, Cr, and Sn, represents the simulated composition
when scraps containing high levels of impurities are used
for production. The only difference in composition
between the Base and RS steel is that the later contains
impurity elements, i.e., Cu, Ni, Cr, and Sn. Therefore,
the influence of other elements on texture evolution can
be ruled out. Ingots of 25 kg were cast using a vacuum
induction melter in Tata Steel IJmuiden. Ingots of
100 mm thick were heat treated at 1220 �C for 60 min-
utes, hot rolled to 32 mm transfer bars in six passes.
Then, the transfer bars were heated to above 1100 �C
and finish rolled to 3 mm sheets in six passes with a
finish rolling temperature of ~ 900 �C (above the recrys-
tallization stop temperature (TNR)[31]). After hot rolling
and phase transformation during cooling, textures were
expected to be weak in both steels. Meanwhile, their

grain sizes were comparable. The average grain sizes
measured from the mid-thickness position are 16 and
13 lm for the Base and RS steel, respectively. Thus, any
difference observed in texture evolution between the
Base and RS steel were not originated from hot
rolling.[6] Subsequently, the sheets were cold rolled to
0.8 mm, giving around 73 pct cold-rolled reduction. The
principal directions of the sheets are denoted as the
rolling direction (RD), transverse direction (TD), and
normal direction (ND). Cold-rolled samples were put
into the pre-heated muffle furnace for static annealing at
550 �C to 750 �C, for up to one hour. After the
annealing experiments, samples were removed from
the furnace and cooled in air.
Electron backscattered diffraction (EBSD) scans were

performed using an Oxford EBSD system attached to a
JEOL SEM to reveal the microstructural features and
orientation information in both the Base and RS steels
after cold rolling and annealing, with step sizes varying
from 0.075 to 1 lm, depending on the feature size. The
scans were carried out from the quarter thickness to the
center thickness to exclude any surface effects such as
frictional shear deformation on rolling. EBSD samples
were prepared by mechanical polishing, using 0.05 lm
colloidal silica for the final polishing stage. The
microstructure and crystallographic information were
determined by using AZtecCrystal software. Quantifi-
cation of the texture components was determined using
the area fraction that belongs within 15 deg spread of
that component. In addition to a- and c-fiber, {411}
h148i was also considered. After excluding the two
fibers, {411} h148i became the dominant texture com-
ponent while other components were insignificant in the
orientation distribution function (ODF) maps of the
deformed steels. The {111} h110i component at the
intersection of the a- and c-fiber was assigned to the
c-fiber. Orientations excluded from a-fiber, c-fiber and
{411} h148i were considered as random orientations.
The crystallographic boundaries were classified based on
their misorientations, i.e.,> 15 deg misorientations for
high-angle boundaries (HABs, denoted in black in
EBSD maps), and 2 to 15 deg misorientations for
low-angle boundaries (LABs, denoted in gray in EBSD
maps). Transmission Electron Microscopy (TEM)
observation was carried out using a FEI TALOS
operated at 200 kV. TEM specimens were prepared
using focused ion beam (FIB) lift-out using a Versa
Dualbeam.

III. RESULTS

A. Cold-Rolled Microstructure and Texture

Figures 1(a) and (b) show the overall microstructures
in the RD–ND cross-section in the cold-rolled Base and
Residual Scrap (RS) steels, respectively. For both steels,
the microstructures are characterized by thin lamellar
bands (LB) elongated along the RD, which are charac-
teristic features in high strain rolled microstructures.[32]
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LBs are divided by HABs, and the average thickness of
these bands in the Base and RS steel is 3.7 and 3.5 lm,
respectively. The addition of impurities did not cause
any visible difference in the cold-rolled microstructure.

The crystallographic textures for the cold-rolled Base
and RS steels are presented in the /2= 45 deg section of
ODF in Figures 1(c) and (d), respectively. For both
steels, the orientations comprise the typical a-fiber and
c-fiber. The area fractions of a-fiber in the Base and RS
steel are 0.394 and 0.411, respectively; and those of
c-fiber in the Base and RS steel are 0.402 and 0.387,
respectively. In addition, the {411} h148i texture com-
ponent was also developed, and its fraction was mea-
sured at 0.101 in the Base steel and 0.110 in the RS steel.
The {411} h148i component belongs to the {h11}< 1/h
1 2>R-fiber, which is parallel to the a fiber in the u2=
45 deg section of the ODF. It has been proposed that
this component forms when the a-fiber is highly
deformed, and shearing is involved to maintain strain
compatibility. When deformation deviates from pure
plane strain conditions, the a-fiber rotates toward the
{411} h148i component.[22,33] Overall, the cold-rolled
Base and RS steels appear to exhibit similar textures
(See Figure 1).

B. Heterogeneity in Deformed Microstructure

Deformation generates geometrically necessary dislo-
cations (GNDs) that lead to the formation of orienta-
tion gradients in the form of intragranular
misorientations and LABs. Further deformation could
promote some rotation of the subgrains, and the former
LABs becomes HABs. Figure 2 gives a high-magnifica-
tion EBSD image of the cold-rolled Base steel for a
closer examination of the deformation microstructure.
The microstructure is not homogenous as some regions
appear to exhibit higher local misorientations and finer
structures than other regions, implying heterogeneities
in deformation. Various regions were chosen to illus-
trate the different deformation microstructures, and
their corresponding orientations are displayed in the
{200} pole figures.
Region 1 appears smooth without any sharp features.

The orientations of this region are close to
{100}< 011> from a-fiber, and they are highly con-
centrated. In Region 2, the area is divided by LABs and
show some orientation spreading, i.e., ~ 6 deg in the
pole figure. This region is oriented near {311}< 011> ,
i.e., part of the a-fiber. It appears that Region 2 was
subjected to a higher deformation than Region 1.

Table I. Chemical Compositions of the Base and the Residual Scrap (RS) Steels (Wt Pct)

C Mn Al + S + B Cr Ni Cu Sn

Base 0.024 0.165 0.036 — — — —
RS 0.021 0.162 0.037 0.122 0.163 0.153 0.041

Fig. 1—EBSD maps showing the lamellar grains after cold rolling in the (a) Base and (b) Residual Scrap (RS) steels, and the /2= 45 deg
section of orientation function (ODF) for the (c) Base and (d) RS steels. (e) gives the location of important texture components at /2= 45 deg
section of ODF.
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Regions 3 and 4 exhibit similar microstructures. In
contrast to Region 1, they show large orientation
spreads, e.g., ~ 15 deg, and refined subgrains. The
orientations of Regions 3 and 4 are centered near
{111} h110i and {111}< 112> , i.e., part of the c-fiber,
respectively. Region 5, an area with a random orienta-
tion, exhibits microstructural characters similar to those
in Regions 3 and 4. The results suggest that Regions 3–5
underwent a higher degree of deformation than Regions
1–2.

Kernel average misorientation (KAM) was calculated
to reveal the correlation between the local misorienta-
tions with the orientations in the deformed structures.
The KAM value of a pixel from the EBSD map was
calculated by averaging the misorientations between this
pixel and every other pixel around the perimeter, and
the KAM was calculated for each pixel of the map. The
Kernel size was set as 5 9 5. Misorientations over 5 deg
were discarded to exclude distinct subgrain and grain
boundaries. Structures along a-fiber and c-fiber orien-
tations were divided into subgroups with a step size of
10 deg, and the average KAM values were obtained for
each subgroup. Figure 3 shows the average KAM value
of each subgroup along the a-fiber and c-fiber in both
the Base and RS steels. The results indicate that, in both
steels, the misorientations are low in a-fiber grains of
low U, but they increase with the increasing U. In
comparison, c-fiber grains exhibit higher misorienta-
tions, except at the intersection of the a- and c-fiber. In
addition, the results do not show significant variations
in the KAM values along the c-fiber. The average KAM

values for the {411} h148i and random orientations in
both steels are also marked in Figure 3 for reference.
Moreover, grain boundary (GB) areal densities were

calculated in the deformed structures of the different
textures. Briefly, the deformed microstructures were
divided into subsets in the EBSD map based on their
orientations, i.e., a-fiber, c-fiber, {411} h148i and ran-
dom orientations. Each subset was dilated by one pixel,
and the length of the GBs in each subset was measured.
The areal density of the GBs in each subset was obtained
via dividing the GBs length by the area of the subset.
Note that the GB between two adjacent subsets were
counted in both subsets. Figure 4 shows the areal
density of three types of GBs, i.e., 2–5 deg LAB,
5–15 deg LAB, and> 15 deg HAB, in the regions of
different orientations. The results reveal that the distri-
butions of GBs are orientation dependent in the
deformed structures in both Base and RS steels. For
every GB type, the a-fiber shows the lowest GB density.
The c-fiber and random orientations contain compara-
ble LAB density (2–5 deg & 5–15 deg). The highest
HAB density (> 15 deg) is found in the random orien-
tation regions.

C. Annealing Microstructure

Figure 5 shows EBSD maps of the Base and RS steels
with annealing times for 1, 10, and 60 minutes at
550 �C. After 1 minute, new grains appeared in the
deformed structure in the Base steel, as marked by
arrows in Figure 5(a1). In contrast, the RS steel retained

Fig. 2—EBSD orientation map of the cold-rolled Base steel showing a heterogeneous deformation microstructure. Region 1 (c-fiber), Region 3
(random orientations), and Region 5 (from the intersection of a-and c-fiber) show relatively fine substructures and a large spread of orientations;
Region 4 (a-fiber) shows coarse substructures and a mild orientation spread; Region 2 (a-fiber) shows no substructure and exhibits clustered
orientations. Locations of the important texture components are given at {200} pole figure.
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the deformation structures without any change
observed. Note that the majority of the new grains are
found in the vicinity of the boundaries of the deformed
lamellar grains. After 10 minutes, the Base steel was
partially recrystallized, while some new grains were
sparsely observed in the RS steel. After 60 minutes, the
Base steel showed full recrystallization, while some
unrecrystallized bands could still be observed in the RS
steel. Increasing the annealing temperature to 600 �C
caused more rapid recrystallization in both steels, as
shown in Figure 6. After 1 minute, about 90 pct of the
structure was recrystallized in the Base steel; and the
formation of the new grains was evident in the RS steel.
Both steels reached complete recrystallization after
10 minutes of annealing at 600 �C. At 650 �C and

above, recrystallization finished within 1 minute
(Figure 6) in both steels, followed by grain growth
during the subsequent annealing. The grain size changes
in both steels during grain growth were measured from
the EBSD maps (GB threshold: 15 deg), and the results
are given in Figure 7. The results show that grain
growth was less in the RS steel.
Figure 8 compares the hardness changes between the

Base and RS steels during isothermal annealing at
various temperatures. At 550 �C, the Base steel showed
a large drop in hardness in the first 10 minutes due to
recrystallization, followed by a minor decrease during
the subsequent annealing time. In contrast, the RS steel
showed a slight decrease in hardness in the first
10 minutes, followed by continuous softening. By the

Fig. 3—Kernel average misorientation (KAM) along a-and c-fiber in the cold rolled: (a) Base and (b) Residual Scrap (RS) steel. The KAM
values of the {411} h148i and random orientations are marked in the plot.

Fig. 4—Areal density of 2–5 deg LAB, 5–15 deg LAB, and> 15 deg HAB in the regions of various orientations in (a) Base and (b) Residual
Scrap (RS) steel.
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Fig. 5—EBSD maps of the (a1-3) Base and (b1-3) Residual Scrap (RS) steel subjected to annealing at 550 �C for various time. The Base steel
showed a faster recrystallization kinetics than the RS steel. Example of new grain formation near the BGs are marked by arrow in (a1) and (b2).

Fig. 6—EBSD maps of the (a1-3) Base and (b1-3) Residual Scrap (RS) steel subjected to annealing at 600 �C and 650 �C. Both steels completed
the recrystallization within 10 min at 600 �C and within 1 min at 650 �C.

Fig. 7—Grain size changes after annealing at various temperatures and time in the Base and Residual Scrap (RS) steel.
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end of the annealing, the RS steel still exhibited a
noticeably higher hardness than the Base steel. Increas-
ing annealing temperature to 600 �C caused more rapid
decrease in hardness in both steels. The hardness in the
Base steel dropped significantly in the first minute and
slowly decreased until 10 minutes, before it became
stable during the following annealing time. The hardness
changes in the RS steel resembled the pattern in the Base
steel, but the changes were more sluggish. The hardness
results agree with the microstructure observations that
Base steel exhibited a faster recrystallization kinetics
than RS steel. At 650 �C and above (not shown), the
hardness in both steels dropped significantly in the first
minute and became stable thereafter.

D. Annealing Texture

The fraction changes of the main texture components
and random orientations in the Base and RS steels
during annealing are given in Figure 9. The key obser-
vations when comparing the behavior of the two steels
are summarized as follows:

Similarities

� The changes in the fractions of textures mainly
occurred during recrystallization, while during the
grain growth stage the textures remained relatively
stable. For example, at higher temperatures, major
changes in textures only took place in the first
minute when recrystallization happened.

� Significant weakening was found in the a-fiber at all
annealing temperatures. For example, in the Base
steel, the a-fiber fraction was reduced from 0.392 in
the deformed condition to 0.221 after recrystalliza-
tion at 750 �C.

� During recrystallization, random orientations
increased their fractions. The {411} h148i compo-
nent showed negligible variations.

Differences

� During recrystallization, the c-fiber fraction
decreased at lower annealing temperatures (550 �C
to 600 �C) and remained stable at higher annealing
temperatures (650 �C to 750 �C) in the Base steel.

Fig. 8—Vickers’s hardness changes in the cold-rolled Base and Residual Scrap (RS) steel after annealing at (a) 550 �C, (b) 600 �C, and (c)
650 �C for up to 60 min.

Fig. 9—Evolution of the fractions of the various orientations during annealing at various temperature and time in the Base and Residual Scrap
(RS) steel.
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Whereas in the RS steel, the c-fiber fraction
decreased at all temperatures, and greater decreases
are found at lower temperatures.

� In each annealing condition, a higher fraction of
c-fiber and a lower fraction of a-fiber are found in
the Base steel. Fraction ratios of c/a fiber in the Base
and RS steels after cold rolling and annealing at
various temperatures for 60 minutes are given in
Figure 10. The Base steel always displays a higher c/
a ratio than the RS steel.

� In each annealing condition, a higher fraction of
random orientations is found in the RS steel than in
the Base steel. After the RS steel was recrystallized at
lower temperatures (< 650 �C), the random orienta-
tions occupied a higher fraction than the c-fiber; as
the temperature increased, their fractions became
comparable. By comparison, the fraction of random
orientations was always lower than that of c-fiber in
the recrystallized Base steel.

The textures of the Base and RS steels after annealing
at certain temperatures are presented in /2= 45 deg
section of ODF in Figure 11. After 550 �C/60 minutes
annealing, the Base steel still showed evidence of a-fiber
and c-fiber in the ODF, but the a-fiber appeared
weakened. Whereas in the RS steel, the textures con-
sisted of an incomplete c-fiber and an a-fiber with a
maximum at {100} h110i. At 650 �C and 750 �C, both
steels saw the weakening of the a-fiber and strengthening
of the c-fiber in the ODF. At 750 �C, the maximum
intensity was found around the {111} h110i compo-
nent. Note that the weakening of the a-fiber is not
homogenous. Figure 12 gives the normalized density
profiles along a-fiber in the deformed and 750 �C/
60 minutes Base steel. The decrease in intensity is more
significant at lower U, e.g., the {100} h110i at U =
0 deg component was subjected to the greatest
weakening.
To capture the early stage in the formation of the

recrystallization textures, the newly recrystallized grains
were separated from the deformed microstructures in
the 550 �C/1 minute Base steel and 550 �C/10 minutes

Fig. 10—Fraction ratios of c/a-fiber in the Base and Residual Scrap
(RS) steel after annealing at various temperatures for 60 min.

Fig. 11—/2= 45 deg section of ODF showing the textures in both steels in various annealing conditions.
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RS steel, respectively, Figure 13. The corresponding
/2= 45 deg section of ODFs for the new grains are also
given in Figure 13. Here, new grains were defined as
regions: a. surrounded by HABs; b. minimum equiva-
lent circle diameters of 1 lm; c. fitted ellipse aspect ratio
is less than 3; and d. mean orientation spread is less than
3 deg. Manual inspection of the selection of the new
grains indicated that the criteria chosen here are
reasonable. Note that these new grains are not neces-
sarily ‘recrystallization nucleus’ because they probably
already underwent some degree of growth. The ODFs
show that in both steels, c-fiber was developed while
a-fiber was weakened in the new grains, with significant
intensity decrease of the {100} h110i component.
Meanwhile, it appears that the c-fiber was stronger in
the new grains from Base steel. By comparing the ODF
in Figure 13(c) to that of the 550 �C/60 minutes fully
recrystallized Base steel in Figure 11, it is concluded that
the textures developed in the early stage of recrystal-
lization resembled the overall textures after
recrystallization.

Fig. 12—The normalized density profile along a-fiber as a function
of U (when /2= 45 deg and /1= 0 deg) for the Base steel in the
deformed condition and the recrystallized (750 �C/60 min annealed)
condition, respectively.

Fig. 13—New grains are highlighted in the band contrast map of (a) 550 �C/1 min Base steel and (b) 550 �C/10 min Residual Scrap (RS) steel.
The corresponding /2= 45 deg section of ODF of the new grains are given in (c) and (d), respectively.
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Texture analyses, Table II, show the new grains in the
Base steel exhibit a higher area fraction of c-fiber than
those in the RS steel. Additionally, in both steels, new
grains of random orientations formed with a dispropor-
tionately high area fraction. For example, in the RS
steel, the fraction of random orientation was only 0.104
in the deformed structures; however, it increased to
0.392 in the new recrystallized grains. The random
orientations contributed to the background of the
ODFs.

E. 3.5 TEM Observation

TEM samples were prepared for the deformed and
650 �C/30 minutes annealed RS steel. Figure 14(a)
shows the deformed microstructure characterized by
elongated grains with dislocation networks. The EDS
maps in Figure 14 reveal the presence of secondary MnS
particles of about 20 nm in size, which are expected to
form during the reheating and hot rolling stages. TEM
investigations on various locations of the FIB specimen
did not detect any sign of Cu or Ni precipitates. The
overall view of the specimen in Figure 15(a) shows a
recrystallized structure with equiaxed grains. Several
particles of 200 nm in diameter appear. EDS elemental
maps, Figures 15(b2) through (b5), reveal those parti-
cles are carbides rich in Cr and Mn, which could be
formed during the annealing experiments. Fine MnS
particles are also present. Cu or Ni precipitates were not
detected. Note that calculations from FactStage indicate
that the 0.15 wt pct Cu and 0.16 wt pct Ni content in the
Scrap steel are soluble in the Fe matrix above 550 �C in
the equilibrium condition. Figures 15c2 and c3 show
line profiles for Cu and Mn, respectively, across a grain

Table II. Texture Component Fractions in the New Grains

from the 550 �C /1 min Base Steel and 550 �C /10 min
Residual Scrap (RS) Steel, Respectively

Base Steel RS Steel

a-fiber 0.219 0.232
c-fiber 0.322 0.256
{411} h148i 0.108 0.120
random 0.351 0.392

Fig. 14—(a) STEM image of the Residual Scrap (RS) steel showing the deformation microstructure; STEM image (b1) and EDS chemical maps
of Mn (b2) and S (b3) in the deformed RS steel.

Fig. 15—(a) Panoramic STEM image of the 650 �C/30 min Residual Scrap (RS) steel; STEM image (b1) and EDS chemical maps of C (b2), Cr
(b3), Mn (b4), and S (b5) in the annealed RS steel. Line profiles of Cu (c2) and Mn (c3) across a grain boundary in (c1).
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boundary from Figure 15(c1). Segregation of Cu and
Mn along grain boundaries are observed in the 650 �C/
30 minutes annealed Scrap steel. Note that Cu signals
were also generated from the TEM sample holder,
contributing to the background counts in the Cu map,
but a clear peak can be seen at the grain boundary.

Segregation energy for various solute elements at one
type of grain boundary, i.e., R 5, in bcc Fe has been
calculated using Density-functional theory.[34] It was
shown that the segregation energy sequence for the
relevant solutes is Cu>Ni>Mn>Cr. The observed
Cu segregation in Figure 15(c1) can be explained by its
high segregation energy, while the Mn segregation could
be associated with its considerable bulk concentration.
The segregation energy of Sn to GB in bcc Fe has been

reported to be 0.52 eV (8:3� 10�20J),[35] which is higher
than that of Cu. Sn tends to segregate to grain
boundaries (as well as to surfaces), and the magnitude
of segregation is a function of Sn content, temperature,
time, and composition.[36] It is possible that, in the
current case, the segregation was too low to be detected
by EDS due to its low bulk concentration.

IV. DISCUSSION

Analyses of cold-rolled microstructures and orienta-
tions have ascertained that there is a strong correlation
between the deformation structures and their orienta-
tions. Along the a-fiber, higher misorientation values
(Figure 3) and a finer substructure (Figure 2) are
associated with higher U values. Meanwhile, the c-fiber
overall exhibits higher misorientations and a finer
substructure than the a-fiber (Figures 2 through 4).
The microstructural heterogeneity indicates the distri-
bution of the stored energy is orientation dependent,
which has important implications for recrystallization
and texture development.

A. Microstructure Heterogeneity on Texture Evolution

Recrystallization consists of the nucleation of new
strain-free grains (the so-called ‘nucleus’) and the
growth of those grains. The nucleation is essentially a
recovery process when subgrains undergo growth,
driven by the energy stored in dislocations and LABs.
The new grains need to have HABs so that they have the
necessary mobility to grow into the adjacent deformed
material. When a region exhibits large orientation
gradients, a new grain with HABs will form more
rapidly.[37] Next, new grains start to consume the
deformed structures. The velocity of the HABs of the
grains can be expressed as V ¼ MP, where M is the
boundary mobility and P is the driving force present
from the dislocations and GBs in the adjacent
microstructure. Here, P depends on the density and
characters of the GBs. The GB energy increases with the
increasing misorientation with a cut-off angle of
deg15.[27]

Since c-fiber orientated grains possessed higher stored
energy than a-fiber grains, new c-fiber recrystallized
grains could nucleate more quickly and start their
growth earlier. Therefore, it is not surprising to see in
the recrystallized grains, c-fiber exhibited a higher
fraction than a-fiber, which agrees with the trend
observed in other ferritic steels.[21] It is also important
to note that the stored energy along the a-fiber is not
homogeneously distributed, leading to inhomogeneous
weakening of the a-fiber in the recrystallized grains
(Figure 12). Here, it is not necessary to involve the
selective growth theory to account for the development
of c-fiber. Firstly, EBSD results did not show a signif-
icant number of h110i 26.5 deg boundaries in the
partial recrystallized structure. Secondly, the results
showed that orientations of the early new grains
primarily determine the recrystallization textures.
One interesting observation is that random orienta-

tions show the greatest fraction increase in the new gains
in both steels during recrystallization. A tentative
explanation is given as follows. As aforementioned,
the random orientations contain high density of LABs,
implying they exhibit high stored energy for nucleation.
Moreover, they show a HAB density higher than any
other textures. HABs are preferred nucleation sites
because they give rise to local misorientations due to the
operation of different slip systems during deforma-
tion.[37] Hence, high HAB density is conducive for the
random orientations to nucleate. In addition, the high
HABs density in the random orientations can provide
large driving force for grain growth.
However, the growth of the random orientation

grains was not unconstrained. For example, in both
steels annealed at 550 �C, the random orientations
occupied higher fractions in the newly recrystallized
grains than in the 60 minutes of annealed structure. By
checking the partially recrystallized microstructures one
can frequently find that the new grains of random
orientations clustered together. One example is given in
Figure 16. As the nucleation of random orientations
could occur more quickly and frequently, the growing
grains of random orientations were more likely to meet
other random orientation grains from the local regions.
Resultantly, those grains were pinned, and further
growth became difficult.
During the growth of the new grains, regions of high

stored energy were firstly consumed.[38] In the current
case, it is not surprising that the a-fiber grains of low
stored energy would be retained until the later stage of
recrystallization. For the 550 �C/60 minutes RS steel
with a recrystallization fraction of ~ 0.8, the corre-
sponding ODF shows that the intensity maximum was
at {100} h110i. In the intermediate stage of recrystal-
lization, regions oriented in {100} h110i provided
limited stored energy and discouraged new grains from
invading those regions. While in the recrystallized
regions, the textures were weakened by the nucleation
and growth of the random orientation grains. The net
effect is that the high intensities appear at {100} h110i
component from the a-fiber.
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B. Effect of Impurity Elements

The comparisons in texture evolutions between the
Base and RS steels demonstrated that the presence of
the impurities has an impact on the annealing textures.
RS steel showed lower c-fiber fractions compared to the
Base steel counterpart, and the decrease in c-fiber
fraction was more significant at 550 �C than at higher
temperatures. As mentioned, the orientated nucleation
was the main mechanism that determined the recrystal-
lization textures; therefore, the effect of solutes on the
nucleation of new grains is discussed. Nucleation occurs
by subgrain growth to produce new grains with HABs.
The subgrain growth depends on the movements of

LABs, which are controlled by the climb of dislocations
with the help of vacancies.[39,40] It was proposed that
when solute atoms are present, they tend to segregate
around the dislocations, and the interactions between
the solute atoms and dislocations slow down the
dislocation velocity, as the vacancies need to escape
from the solute atoms first before they migrate to
dislocations to initiate the subgrain boundary move-
ment.[40] The presence of alloying elements gives rise to
the activation energy for the diffusion of Fe atoms, and
the process requires the vacancies to overcome the
solute-vacancy binding energy, Esolute�vac

b . Faulknerv

et al.[41] proposed a model for calculating Esolute�vac
b in

Fig. 16—Partially recrystallized microstructure in the 550 �C/20 min annealed Residual Scrap (RS) steel. The gray regions are of random
orientations. Black arrows indicate the pinning of the new grains of random orientations.
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steels. The average escape energy, Eesc, is proportional
to the solute segregation level at dislocations, Xsolute

dis :

Eesc ¼ Xsolute
dis � Esolute�vac

b : ½1�

The Xsolute
dis in equilibrium is expressed as[42]

Xsolute
dis ¼

Xsolute exp
Esolute�dis
b

kT

� �

1þ Xsolute exp
Esolute�dis
b

kT

� � ; ½2�

where Xsolute is the bulk concentration of the solute,

Esolute�dis
b is the binding energy between the solutes and

the dislocations, k ¼ 1:38� 10�23J � K�1 is Boltzmann’s
constant, and T is the temperature. The Esolute�dis

b is
estimated as[43]

Esolute�dis
b ¼ 4G � r3Fe �

rFe � rsolute
rFe

����
����; ½3�

where rFe ¼ 1:25� 10�10 m is the atomic radius of Fe,
and rsolute is the atomic radius the solute, and G = 75
GPa is the shear modulus. The relative velocity of the
dislocations with solutes (v) with respect to those in
pure iron (v0) can be expressed as[40]

v

v0
¼ exp

�Eesc

kT

� �
: ½4�

Based on Eqs. [1] through [4], the magnitude of
retardation of a certain kind of solute at given temper-
atures is associated with the bulk concentration of the
solute and the size mismatch between the solute and the
Fe atoms. A higher concentration and a higher size
mismatch give rise to a higher Eesc, thus the dislocation
velocity and subgrain boundary migration will be more
suppressed.

All the solutes present in the low-carbon steel can
exert some degree of dragging force to the dislocations.
To understand how the impurities affect the dislocation
velocity (hence the retardation of nucleation), the V=V0

was calculated for the cases when each species of solute
exists as well as the case in the RS steel when all the
impurities are present. The input parameters for the
calculation using Eqs. [1] through [4] are listed in
Table III, and V=V0 values against the temperature
are plotted in Figure 17. Note that, in addition to Cu
and Ni mentioned in Sect. 3.5, 0.12 wt pct Cr and 0.04
pct Sn should also be soluble in Fe in equilibrium at the
temperatures of interests, based on FactStage

calculation. The overall effect of the impurities was
considered by summing up the Eesc of each kind of
solute as the overall Eesc. The calculations indicate that
Cu has the greatest retarding effect on the dislocation
velocity, followed by Sn, while the effect of Ni and Cr
appear to be negligible. Meanwhile, the V=V0 value
increases with increasing temperature regardless of the
solutes type, indicating the effect of solute atoms on the
dislocation velocity becomes weakened at higher
temperatures.
When the impurity atoms suppressed the dislocation

velocity in the RS steel, the c-fiber nucleation was
retarded, especially at low temperatures, delaying the
time for subsequent growth. On the other hand, the
development of random orientations nucleation
depended more on the high density of HABs that
provides large driving force for grain growth. After
nucleation, grains of random orientations can quickly
grow into the deformed structures. Therefore, a higher
fraction of random orientations can be developed in the
RS steel. At higher temperatures (> 650 �C), the sup-
pression of the dislocation movement was reduced
(Figure 17), hence a higher fraction of c-fiber can be
obtained. However, the effect of the impurities was
persistent. Comparing to the Base steel, the fraction of
c-fiber was lower and that of the random orientations
was higher in the RS steel for each annealing condition.

V. CONCLUSION

Impurities were added to a low-carbon formable steel
to simulate the scenario of increased used of scrap
during steel production. The effect of the impurities on
the microstructure and texture evolution in the steel was
studied, and the conclusions are as follows:

1. In the cold-rolled condition, both the Base steel and
the RS steel showed typical thin-banded grains and
exhibited well-developed a-fiber, c-fiber and {411}

Table III. Parameters for the Effect of Impurities on the

Dislocation Velocity in Eqs. [1] through [4]

Symbol Cu Ni Cr Sn

Xsolute(wt pct) 0.15 0.16 0.12 0.04

rsolute(10
�12m) 138 121 127 141

Esolute�dis
b (10�20J) 6.09 1.87 0.94 7.50

Esolute�vac
b * (10�20J) 7.18 2.05 1.03 7.70

Values of the * marked parameter are obtained from Ref. [41]

Fig. 17—The relative velocity of the dislocations with solutes with
respect to those in pure iron (V=V0). The effects of the individual
specie of solute as well as their overall effects are considered.
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h148i textures. The addition of impurities did not
produce visible difference in the cold-rolled
microstructure nor in the overall textures.

2. It was ascertained that the deformation microstruc-
tures were orientation dependent in the low-carbon
steel. KAM calculations indicated that the c-fiber
grains showed higher intragranular misorientations
than the a-fiber grains. Along the a-fiber, misori-
entations increased with increasing U. The analyses
of the areal density of the (sub)grain boundaries
showed that c-fiber grains also contained a higher
areal LAB and HAB density than the a-fiber grains.
Random orientation grains were found to contain
the highest areal HAB density.

3. Impurities were shown to be detrimental to the
development of c-fiber texture during annealing. It
is proposed that the impurity solutes, such as Cu
and Sn, retarded the dislocation movement, hence
the nucleation of c-fiber was suppressed. At higher
temperatures, the adverse effect caused by the
impurity solutes was less.

4. Random orientations increased their fraction dur-
ing recrystallization. It was proposed that the high
areal HAB density measured in the random orien-
tation regions facilitated the nucleation and growth
of the random orientation grains.
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