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Abstract

Ultra-low carbon (ULC) steels, containing a carbon content ~0.055 wt%, have been used in several applications in the form
of thin foils. However, there are limited studies on the effects of foil thickness (#) to grain size (d) ratio and foil condition on
the tensile response and formability of thin ULC steel foils. In the present work, the tensile and forming behaviours of ULC
steel foils of thickness about 400 um were evaluated in both annealed and prestrained (by cold reduction to 2—-7%) condi-
tions as a function of #/d ratio and followed by detailed texture evolution analysis. Vacuum annealing was used to achieve
varying t/d ratios in the specimens. Additionally, thin ULC steel foils of 100 pm thickness in annealed condition were also
used for examining the thickness effect. Microstructural analysis was performed using the electron backscattered diffraction
technique. Microformability was assessed by a miniaturised Nakazima test setup with specimen geometries designed to
produce three different strain paths. The annealed foils displayed a typical yield-point phenomenon, but the total yield-point
elongation decreased with decreasing thickness and grain size. The foils exhibited typical Hall-Petch strengthening, cold
work hardening, and forming limit curves; however, there were substantial reductions in both tensile strength and ductility,
and consequently, the forming strains, with decreasing the #/d ratio. The tensile response and formability of the foils were
adversely affected by both thinning and prestraining. The texture studies revealed the formation of a y-fibre i.e., < 111 >IInor-
mal direction, and its intensity varied significantly with the #/d ratio and mode of strain path.
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1 Introduction

Low-carbon steels (<0.25% C) are highly sought-after in
applications pertaining to automobile body components,
structural shapes, pipes, construction bridge components,
and food cans. The superior ductility (which is a prerequi-
site for better formability) of low-carbon steels has accorded
them an edge over their higher-carbon counterparts in sheet-
forming applications. The superior ductility stems from the
decreased presence of interstitial, which has a detrimental
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effect on the formation of the y-fibre 111 >I[IND compo-
nent, leading to a lower value of the Lankford coefficient
and thereby poor formability. The presence of low carbon
content compensates for the reduction of y-fibre <111 >IIND
(during recrystallization) by increasing the (111) [112] com-
ponent of y-fibre during the later stages of recrystallization
[1]. The industry-prescribed criteria for desirable ** values
for deep drawing operations within the range of 1.6 to 2.0
are met by low-carbon steels such as ultra-low carbon and
interstitial-free (IF) steels [2]. Process parameters such as
hot rolling conditions, annealing temperature, and skin-pass
parameters have a profound influence on the formability of
low-carbon steels [3, 4]. As a result, there exists a strong
quest among the metallurgists for the conceptualization of
the processing parameters-mechanical behaviour correlation
of low-carbon steels [5].

A well-known characteristic of low-carbon steels is the
yield-point phenomenon [6]. The occurrence of this phe-
nomenon is related to the interaction of interstitial carbon
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atoms with dislocations after the start of initial yielding. The
localised yielding spreads uniformly throughout the stressed
regions, causing the formation of Luders bands. Strain hard-
ening begins after the Luders bands spread entirely through
the deformation zone. During stamping operations on steel
sheets, the Luders bands are undesirable. The failure of the
Luders bands to traverse across the entire sheet leads to an
undesirable surface roughness, known as stretcher strain
lines. In industrial practise, the elimination of the aforemen-
tioned problem is attained by subjecting the annealed sheets
to a mild deformation by bending or low percent cold roll-
ing reduction (skin-pass rolling). Also, it is unnecessary to
deform the entire cross-section of the sheet to eliminate the
yield point effect. Proper dispersion of deformed regions is
required to prevent any localised thinning during the form-
ing process [7].

The yield-point phenomenon and its detrimental effect
on sheet-forming operations have led to the exploration and
analysis of various strategies to combat the issue. An early
study investigated the effects of different levels of prestrain-
ing (e ~0.05-0.20) on the tensile yield stress value alongside
the consideration of the anisotropy of the low-carbon steel
sheet by preparing tensile specimens at different angles with
the rolling direction (RD). The same study also encompassed
a simulative approach to acquire an idea of the development
of deformation textures and intragranular microstructures.
The conclusion revealed a 20% increase in yield strength for
a prestrain of 0.15 [3]. In order to understand the relation
between the extent of skin-pass, the strain hardening expo-
nent, and the mean ‘7’ value, it was asserted via measured
data that dislocation density is very sensitive to prestrain
(skin-pass). Since any change in dislocation density can
considerably influence the strain hardening exponent, skin
pass reduction should not be performed at the expense of
a change in strain hardening coefficient, which is possible
through careful optimisation of the reduction percentage.

There has been an increased demand for downgauging
various metallic components with the intention of making
compact devices/parts. This can lead to a well-known phe-
nomenon termed the ‘size effect’. The size effect in poly-
crystalline materials can be either intrinsic or extrinsic.
The grain size of a material is one of the intrinsic factors,
whereas the specimen size comes under the category of an
extrinsic factor. The ratio between the specimen thickness
(1) and the grain size (d) considers both types of factors for
a polycrystalline material and has paramount importance,
especially when the component size becomes smaller. There
have been quite a number of studies on understanding the
effect of #/d ratio on the mechanical behaviour of metallic
materials, especially Cu, Ni, and Al-based face-centred cubic
(FCC) metallic materials [8—10]. These studies have found a
decrease in flow stress with decreasing specimen thickness
at #/d ratios below a critical value, and a marked change in

percent elongation and mode of fracture was evident at very
low t/d ratios. At lower length scales, size-dependent behav-
iour is prominent as a result of the individual properties of
grains influencing the overall material behaviour to a huge
extent. Furthermore, studies have revealed that the t/d ratio
influences the micro-formability of thin foils [11].

It is worth mentioning that ULC steels, a category of low
carbon steels, find numerous applications in switchboard
components, Ni—Cd battery components, stamped shims
in the automobile industry, etc., in the form of thin foils.
The pronounced prevalence of size effects in thin foils due
to the presence of few grains across thickness makes the
t/d ratio a crucial aspect in the study of the deformation
behaviour of steel (body-centred cubic structure) foils as
well. There is very scant literature covering aspects pertain-
ing to the effects of #/d ratio, material condition, and strain
path variation (or) forming behaviour of thin steel foils with
thickness less than 500 um [12, 13]. The outcomes of these
studies showcase a significant influence of the #/d ratio on
the forming behaviour of foils with low thickness, changes
in Hall-Petch behaviour with different levels of prestrain-
ing, etc. Moreover, a study of the interactive effect of all the
above-mentioned factors on deformation behaviour of BCC
metals and alloys has hardly been carried out in the past.

In view of the above-mentioned gaps in the literature, the
present study is aimed at evaluating the tensile response as
well as the formability of ULC steels (BCC alloy) in both
annealed and prestrained conditions as a function of the
t/d ratio. In addition, texture evolution under the combined
effects of the #/d ratio, the state of the material, and the strain
path are also investigated. This is primarily due to the ten-
dency of thin foils to show a stark difference in mechanical
behaviour from that of the widely studied bulk polycrystal-
line steel sheets.

2 Materials and Experimental Methods
2.1 Materials

Extra deep drawn (EDD) quality grade CR4 ULC steel foils
containing ~0.055% C supplied by Theis Precision Steel
Ltd., Gujarat, India were used for the present study. The
steel foils are of thicknesses of 400 um and 100 um. The as-
received 400 um thick ULC steel foils were batch annealed
followed by industrial skin-pass to a strain of ~2%. These
as-received foils were subsequently annealed under vacuum
in a laboratory in order to obtain foils with three different #/d
ratios. Further, the selected annealed foils were prestrained
to just 7% cold reduction by a laboratory rolling mill of Buh-
ler™ make, which led to a slight reduction in the foil thick-
ness to ~ 370 um. The as-received 100 um foils were already
in annealed condition.

@ Springer



350

Metals and Materials International (2024) 30:348-359

2.2 Uniaxial Tensile Testing and Microforming Test

Typical dog-bone Extra deep drawn (EDD) quality grade
CR4 ULC steel foils containing 0.055% C supplied by Theis
Precision Steel Ltd., Gujarat, India, were used for the pre-
sent study. The steel foils are of thicknesses of 400 m and
100 m. The as-received 400 m thick ULC steel foils were
batch annealed followed by industrial skin-pass to a strain
of 2%. These as-received foils were subsequently annealed
under vacuum in a laboratory in order to obtain foils with
three different #/d ratios. Further, the selected annealed foils
were prestrained to just 7% cold reduction by a laboratory
rolling mill of BuhlerTM make, which led to a slight reduc-
tion in the foil thickness to 370 m. The as-received 100-m
foils were already in annealed condition.

2.3 Uniaxial Tensile Testing and Microforming Test

Typical dog-bone tensile specimens were prepared in
miniaturised dimensions of 5 mm gauge length and 2 mm
gauge width (shown in Fig. 1a) by following the ASTM
E8 standard and were machined by wire-cut electric dis-
charge machining (EDM) followed by fine polishing to
reduce the surface roughness. The uniaxial tensile testing
was performed until failure at room temperature under an
initial strain rate of 1x 10~ s~! using an INSTRON 3345
tabletop universal testing machine (UTM) comprising a 5
kN load cell and proper customised mechanical grips. Sub-
sized specimen geometries complying with the conventional
Nakazima punch test [14] were prepared from both annealed
and prestrained ULC foils and tested using a miniaturised
and customised setup consisting of a hemispherical punch
having a 15 mm diameter, a suitable blank holder, and tight-
ening clamps. The microforming experiment was carried
out using the same INSTRON 3345 UTM. Three distinct
specimen geometries were used to study deformation along
uniaxial, plane strain, and biaxial strain paths in the speci-
mens to assess the formability of ULC steel foils. The speci-
mens whose dimensions are shown in Fig. 1b were machined
using wire-cut EDM and then mechanically polished using
fine-grit SiC abrasive paper. A pattern with 1 mm-diameter
dots with an equal spacing of 0.5 mm, as shown in Fig. 1c,
was screen-printed on the forming test specimens. A forming
speed of 0.015 ms1 was employed to deform the specimens
until fracture. The corresponding changes in the dot dimen-
sions in the vicinity of crack post-deformation were meas-
ured using an Olympus DSX100 opto-digital microscope
for the major and minor strain values calculations. It is to be
noted that these strain values for each corresponding strain
path were considered the limiting strains for constructing
the limit curves.
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2.4 Microstructure and Crystallographic Texture
Characterization

The microstructural examination of the ULC steel foils was
performed using an FEI Quanta 3D scanning electron micro-
scope (SEM) attached to an EDAX- electron backscattered
diffraction (EBSD) detector. The EBSD scans were per-
formed with the electron beam perpendicular to the rolling
direction of ULC steel foils. In addition, the EBSD scans
were obtained on selected microformed specimens (i.e.,
uniaxially and biaxially stretched specimens). The electron
beam was incident on the outer surface of the hemispherical
dome shape (proximal to the fractured area) produced in the
foils. The samples for EBSD measurements were initially
polished mechanically by using 600, 1500 and 2500 grit
abrasive papers, followed by diamond polishing by applying
0.25 um diamond paste on a velvet cloth of good quality,
cut to a circular shape and mounted on a rotating polishing
wheel that was run at slower speeds < 100 rpm for 45 min
to ensure good surface finish. The samples were electropol-
ished in a fully automatic, microprocessor controlled Struers
Lectropol-5 electrolytic polishing apparatus in an electro-
lytic solution made of 80% methanol and 20% perchloric
acid at 14 V output voltage for a duration of ~20 s. The
temperature of the solution was maintained at 0 °C. In the
deformed dome shaped samples, the domes were carefully
cut from the rest of the specimens, and the area of the domes
near to the fractured portions were polished in the similar
fashion as mentioned earlier except that the mechanical pol-
ishing was done with finer grit sizes > 2000 in a very gentle
manner. The scans were then performed on those polished
portions. The EBSD scans covering more than 500 grains for
each condition with a step size of 0.3 pm were obtained in
order to ensure statistical reliability for better texture analy-
sis. The TSL-OIM v8 software was used to analyse the raw
EBSD data. A minimum confidence index (CI) of 0.1 was
set for standard cleanup processing of the EBSD raw data.
The grain size was established by considering the value of
the average grain diameter measured by the equivalent cir-
cular diameter method. Bulk X-ray texture measurements
were also performed to analyse the volumetric texture of
selected samples before and after forming. These measure-
ments were obtained using a solid-state Pixel-Quad detec-
tor in a Panalytical-Empyrean goniometer system having a
power rating of 30 kW with a Cu-Ka X-ray source. The
bulk X-ray results were presented in the form of orientation
distribution functions (ODF) after post-processing the raw
data using Matlab software.
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3 Results
3.1 Initial Microstructures

Figures 2 and 3 present coloured inverse pole figures
(IPF) showcasing the microstructures of ULC steel foils in
annealed and prestrained conditions taken on the surface of
the foils. Figure 2a—c are of 400 um thick foils with three
different average grain sizes of 33 +3 pm, 60+ 5 pm and
100+ 11 pm. These samples represent the #/d ratios of 12, 7
and 4, respectively. While Fig. 2d presents the microstruc-
ture of thin foil 100 pm thick with an average grain size of
35 +4 pm, which is nearly identical to that of the fine grain
size of the annealed 400 pm thick sample. However, it is to
be noted that its #/d ratio of ~3 is near that of the coarsest
grain structure of a 400 pm thick sample. Figure 3a shows
the microstructure of industry prestrained sample, whereas
Figs. 3b and c present the microstructures of 7% prestrained
samples with nearly the same thickness of 400 um but hav-
ing two different average grain sizes, respectively. The
microstructures of the samples shown in Figs. 2a, 3a, and b
represent the effect of prestrain level (0, 2 and 7%), as they
contain almost similar grain sizes. The grain structures of all
the samples are nearly equiaxed. Bulk X-ray texture (macro-
texture) measurement results of all the starting samples are
shown later in Figs. 8 and 9 for assessing the effect of defor-
mation on texture evolution. Nevertheless, both microtexture
and macrotexture results indicated the predominant presence
of <111 >IIND y-fiber in all the samples. As mentioned in
the previous section, the starting sample used for annealing
and further prestraining was batch annealed plus skin-passed
foil. This sample has shown typical y-fiber favourable for
higher values [1]. The annealed samples showed double fibre
texture, i.e., strong y-fiber along with the development of
slight 8-fiber i.e., < 001 >IIND component. It is noted that
there were no noticeable changes in the microstructure and
texture of the samples upon further prestraining to 7%.

3.2 Uniaxial Tensile Response

Figures 4a and b show the tensile stress—strain curves of
the annealed and prestrained foils, respectively. The prop-
erties include the yield strength, the tensile strength, the
total elongation to failure, and uniform and non-uniform
(post-necking) strains of both the types of foils are listed in
Table 1. All the annealed foils exhibited the typical yield-
point phenomenon i.e., upper and lower yield points (yield
drop) followed by slight serrations at lower yield point
with yield-point elongation in the range of 2-5%. The ten-
sile specimens displayed Luders band formation and prop-
agation during yielding. The total yield-point elongation
decreased relatively with decreasing both the grain size

Specimen Geometries for testing

(a) Tensile specimen (c) Forming specimens|

Uniaxial

All dimensions are in mm

(b) Dot grid pattern for

formability testing o =9
L a0 |

. ‘W"!'

! Biaxial

$0000000000c0sssns

;;&Qﬂ;l |

-
All di are in mm

Fig. 1 Geometry of specimens used for a uniaxial tensile testing and
b microforming test, and ¢ the typical printed dot grid pattern on
microforming specimens used for the strain measurement

and thickness of foil. This could be related to the reduced
characteristic length scale for Luders band, slip and dislo-
cations movement. The annealed ULC foils having fixed
thickness (400 pm) exhibited increase in both the yield and
tensile strengths with a decrease in the grain size. The total
elongation to failure was reduced from ~48% to 38% in the
thick and coarse-grained foil representing #/d ~ 4. It could
be observed that the 100 pm thick foil (d~35 pm) exhib-
ited lower strength and ductility with a lesser prevalence
of Luders bands than its thicker counterpart with similar
grain size. This highlights the fact that ductility can be
reduced with reduction in thickness, and the difference in
the yield-point values may be due to the variation in pre-
processing causing dissimilar Luders bands.

In Fig. 4b, as anticipated, the yield-drop behaviour was
observed to be clearly eliminated in all the prestrained
samples. The industrially prestrained foil (subjected
to~2% reduction) showed similar ductility as that of the
annealed foils and the reason being the lower amount of
prestraining. In addition to the considerable increase in
yield and tensile strengths in the laboratory prestrained
samples, a significant reduction in ductility and negligi-
ble strain hardening ability was observed in the samples
with #/d ratio ~ 7, whereas the reduction in ductility and
strain hardening ability of the sample with #/d ratio~ 12
was comparatively lower. The laboratory prestrained sam-
ples, which underwent 7% reduction in thickness showed
reduced uniform strain than their industry prestrained
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counterpart. These aspects are addressed in discussion
section.

3.3 Microformability
3.3.1 Forming Limiting Curves

Microformability was evaluated for annealed and pre-
strained ULC steel samples by deforming the foils of dif-
ferent #/d ratios in uniaxial, plane strain, and biaxial strain
paths using the miniature Nakazima setup. The forming
limit diagrams (FLD) for the annealed and prestrained
ULC steel foils are shown in Figs. 5a and b, respectively.
A few basic observations could be made upon analysing
the forming limiting curve (FLC) of the samples in dif-
ferent conditions as a function of the #d ratio:

1. Most of the samples displayed typical FLCs. However,
except for the annealed foil with #/d~ 12, all other foils
exhibited either equal or lower formability under biaxial
stretching than that in the plane strain path.

2. The prestrained foils exhibited lower forming limit
strains than the annealed foils for the same #/d ratio,
which is relatable to the tensile ductility.

3. Among the annealed foils studied, for similar grain sizes,
the foil thickness proved to be important, as the thinner
foil showed a very low forming limit.

4. In the case of annealed foils of the same thickness, the
limiting strains decreased with increasing grain size or
decreasing the #/d.

5. The in-plane uniaxial tensile elongation and out-of-plane
uniaxial stretching elongation (major strain value) were
comparable to an extent in most cases.

3.3.2 Evolution of Microstructure and Texture
under Uniaxial and Biaxial Strain Paths

Figures 6 and 7 show the IPF maps obtained from EBSD
data illustrating the evolution of microstructure in the
annealed and prestrained samples, respectively, subjected
to uniaxial and biaxial stretching strain path modes. There
was significant elongation of the grains near the fracture
region, but the direction and total stretching of the grain

Industry
Prestrained (~2%)

Laboratory Prestrained
(~7%)

Fig.3 Coloured inverse pole figure (IPF) maps of ~40 pm thick a
industry prestrained foil with an average grain size of 33 pm, and of
laboratory prestrained foils with two different average grain sizes of b
33 pm and ¢ 60 pm

structure varied with the strain path and the amount of effec-
tive strain experienced by each sample. Since the total num-
ber of grains captured by EBSD near the fracture region
was limited, the microtexture information from EBSD-IPF
maps is not adequate to assess the texture evolution in the
thin foils. Hence, bulk X-ray texture measurements were
performed on the samples before and after forming under
two different strain paths. Figures 8 and 9 present the ori-
entation distribution functions (ODF) in terms of ¢, =45°
sections obtained by analysing the bulk X-ray data for the
annealed and prestrained samples in both undeformed and
two different strain paths i.e., uniaxial and biaxial stretching
conditions. It is noted that the initial y-fiber texture present
in both annealed and prestrained samples strengthened fur-
ther, especially the {111} < 110> components lying in the
fiber direction during forming. These were intensified more
under biaxial stretching than in uniaxial strain path (Figs. 8
e, iand 9 d, g). Similarly, the {001} < 110> components
present in the O-fiber texture in the annealed samples got
strengthened slightly under deformation. Furthermore, the
changes in texture were substantial in the samples that expe-
rienced larger effective strain, for example, the fine-grained
(d~33 pm) 400 pm thick foils in both annealed and pre-
strained conditions.

Fig.2 Coloured inverse pole

figure (IPF) maps of 400 pm
thick annealed ULC steel foils
with different average grain
sizes of a 33 pm, b 60 pm and ¢
100 pm, and d of 100 pm thick
annealed ULC steel foil with an
average grain size of 35 pm
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Fig.4 Engineering tensile stress—strain curves of a annealed foils and b Prestrained foils with different #/d ratios obtained at room temperature

under an initial strain rate of 1x 107> s.”!

4 Discussion
4.1 Tensile Behaviour of ULC steels

The ULC steel samples showed the yield-point phe-
nomenon, which is expected, in the annealed condition
(Fig. 4a). Importantly, there was a moderate increase in
the extent of the yield drop phenomenon with the lowering
of #/d ratios. That means the different annealing regimes
did not cause a significant change in the Luders bands.
The decrease in strength with decreasing #/d ratio is a
result of increasing the grain size (low #/d ratio samples
are coarse-grained foils) leading to lesser grain bound-
ary obstruction to dislocation motion, which is a well-
established phenomenon. In the case of prestrained foils
(Fig. 4b), the negligible difference in ductility and yield
point in the industrially prestrained foil (subjected to ~2%
reduction) compared to the annealed foil of #/d ratio ~ 12,
is mostly due to the lower amount of prestraining. In the

7% prestrained samples, there was a noticeable increase in
the yield strength values for the two #/d ratios of 12 and 6.
The prestraining/skinpass is commonly known to produce
a drop in the yield stress value; however, cold reduction
percentage exceeding 4% i.e., beyond yield-point elonga-
tion can result in increase in the yield strength [15]. This
could be due to the fact that prestraining process, which is
actually intended to relieve the pinned dislocations from
the solute carbon atoms causing a drop in yield stress,
when performed at higher reduction percentages (>4%)
increases the yield stress as result of work hardening. The
prestrained specimen with #/d ~7 showed significant reduc-
tion in total elongation to failure compared to the speci-
men with #/d~ 12, though such change was not observed
in the counterpart annealed specimens. This trend can
be addressed through the following hypothesis. The pre-
straining process induces Luders bands (localized yielding
regions) at localized portions mainly in the surface of the
foil and very unlikely in the sheet interior. These local-
ized yielding regions span no more than 2—3 grains across
the sheet thickness. The surface of a prestressed specimen

Table 1 Tensile properties of the annealed and prestrained ULC steel foils (updated)

Material Foil thick- Grain size, d (um) 1/d Yield strength, Tensile Total elon- Uniform Non-uniform
condition ness, ¢ (um) o, (MPa) strength, o gation (%) strain, €, (%) strain, €, (%)
(MPa)
Annealed 400 33+3 12 204, 186 310, 295 47,42 32,29 15,13
400 60+5 7 183, 163 285, 270 48,41 31,28 17,13
400 100+ 11 160, 134 261, 239 37,30 30, 23 8,7
100 35+4 3 163, 135 245,218 22,17 20,14 2,3
2% Prestrained 400 33+3 12 197, 178 304, 288 42,39 33,28 9,11
7% Prestrained 400 33+3 12 248, 229 316, 302 33,27 21,19 12,8
7% Prestrained 400 60+4 7 232,210 242,227 27,21 2,1.5 25,19.5
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encompasses deformed grains combined with undeformed
ones. When the prestrained specimens were subsequently
subjected to minimal uniaxial tensile strains, the extent
of localized yielding regions in the surface remains the
same. Further deformation facilitates the proliferation of
the localized yielding regions into undeformed areas in the
centre of the sheet/foil till the failure of the material [16].
Therefore, the lower ductility of the prestrained specimen
with #/d ~7 could be attributed to the presence of localized
yielding regions in the two layers of grains close to the
surface of the foil which forms a majority (due to lower
t/d ratio) in these specimens, accounting for their earlier
start of yielding and consequently premature failure com-
pared to specimens with higher #/d ratio. It can be stated
that the behaviour of the 7% prestrained samples relies
on three important factors such as the initial grain size of
the samples, the extent of discontinuous yielding (Luders
bands) and the higher dislocation density induced by the
prestraining process.

Similarly, the thin sample (z~ 100 pm) with lower #/d~3
displayed reduced total elongation to failure as compared to
the counterpart thick annealed sample with #/d~ 12. This kind
of behaviour was observed in the electrodeposited copper [17]
and reported in commercial copper as well [8, 9]. This has
been explained in terms of contribution of the increased sur-
face grains fraction in thin foils for a given grain size leading to
premature failure. In addition, there was significant reduction
in both upper and lower yield-point stresses in the thin ULC
steel foil (#/d ~3) as compared to that in the thick foil (#/d~12).
However, the effect of specimen thickness on decrease in the
yield strength is quite unusual in FCC materials. It is suspected
to be related to the yield-point phenomenon observed in the
ULC steel. As per as Cottrell theory [18], the interstitial atoms
such as carbon and nitrogen interact with the moving disloca-
tions in steels involving pinning and unpinning action (Cottrell

0.6 r T T T
(a) Annealed
d (um) t(um) tid
05| —a— 33 400 12
—m— 60 400 7
—a— 100 400 4
coal --m-. 35 100 3
£ . [—
il
"u',‘ L
F \\
S 03} —
= [N
02} Il S
“-m
01f
L L 1 1 1
0.3 0.2 0.1 0.0 0.1 0.2 0.3

Minor strain

atmosphere) during application of external stress leading to
serrations during yield-point elongation and results in solute
hardening as well. According to Johnston and Gilman theory
[19], there two important criteria for the yield drop: (i) the
number of moving dislocations should increase, and (ii) there
should be a direct relationship between the stress and the
velocity of the dislocations. As compared to FCC metals, BCC
metals like iron, by virtue, contain a relatively lesser number
of mobile dislocations due to a higher number of slip systems.
Moreover, the mobile dislocation is expected to decrease fur-
ther in the thinner foils due to the increased surface grain frac-
tion (broken bond atoms) leading to reduced solute-dislocation
interaction and thereby, decreased yield stress for a given grain
size of low carbon steels.

4.2 Hall-Petch Relationship

Hall-Petch relationship is the widely acclaimed relation
between yield strength (o,) and grain size(d) of polycrystal-
line materials [20, 21]. It is given by

o, =0,+ kypd='/?

where o, is the friction stress and kgp is the Hall-Petch
coefficient. The term o, signifies the requirement of stress
to move individual dislocations inside a grain, whereas
kyp indicates the requirement of local intensified stress
for initiating and triggering general yielding across grain
boundaries. Figure 8a (updated) shows the o, versus d-1?
(a typical Hall-Petch) plot for the data of both annealed and
prestrained ULC foils. The material constants o, and kyp
were computed by fitting the data with a linear relationship
between o, and d™"2. 1t was determined that 6,~ 110 MPa
and kgp~592 MPa pm™""? for the annealed foils, whereas
for prestrained (7% reduction) foils, 6~ 167 MPa and
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Fig.5 Forming limit curves of a annealed foils and b prestrained foils with different #/d ratios
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Fig.6 Coloured inverse pole
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different annealed samples

t~400 pm

after microforming under

a—d uniaxial stretching and e-h
biaxial stretching. Here, (a, €)
t=400 pm and d=33 pm, (b, f)
t=400 pm and d=60 pm, (c, g)
t=400 pm and d=100 pm and
(d, h) r=100 pm and d=35 pm
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Fig.7 Coloured inverse pole figure (IPF) maps of three different pre-
strained samples of about 400 pm thickness after microforming under
a—c uniaxial stretching and d—f biaxial stretching. Here, (a, d) indus-
try prestrained to 2% with d=33 pm, (b, e) laboratory prestrained to
7% with d=33 pum, (c, f) laboratory prestrained to 7% with d=60 pm

kyp~482 MPa pm™~"2, These values are in reasonable agree-
ment with those reported for iron and low carbon steels.
For example, Takaki et al. [22] established the following
Hall-Petch equation for steels for the grain size region down
to 0.2 pm:

o,(MPa) = 100 + 600d " ( " )

Takeda et al. [23] studied the effects of C and N inter-
stitials on the kyp of Fe and reported that the kjp increases
with C content and gets saturated around 600 MPa pm~"?
when the carbon percentage exceeds 0.06%. The observed
rise in o ; and decrease in kgp values in ULC steels upon
prestraining are consistent with the reported trend in the

literature. For example, the Hall-Petch plot shown in
updated Fig. 8a also presents the results of Yang et al. [24]
on ULC steels in both annealed and temper-rolled (skin-
pass) to~2% thickness reduction conditions. The increase
in friction stress value in the prestrained ULC steel samples
is not unexpected, as there will be a significant increase in
the dislocation density within grains after prestraining to
7% leading to an increased barrier for further dislocation
movement. The decrease in kyp in prestraining samples can
also be expected, as the stress required for propagating slip
in adjacent grains across grain boundaries is lowered due to
the back stress developed during prestraining.

4.3 Strain Hardening Behaviour

Figure 8b presents the strain hardening behaviour of four
selected foils in terms of strain hardening rate, 6 (=do/
de) versus the stress increment (c-6y) obtained from the
true stress-true strain curves. These samples were selected
in order to address the effects of both the #/d ratio and the
processing conditions. The 400 um thick annealed and pre-
strained foils exhibited stage-III (drastic fall in 6 with stress
increment) hardening and stage-IV (gradual drop in 0 with
stress increment). This represents the ideal work harden-
ing behaviour of polycrystalline material. The prestrained
foil showed a lesser extent of stage-III and stage-IV than its
annealed counterpart. The slope of stage III hardening, ky;
of the prestrained foil showed a mild difference compared to
the 400 pum thick annealed foil, whereas in an earlier work
on similar material (under close prestrain values) the differ-
ence observed was considerably greater [13]. This might be
due to the #/d effect, and the aforementioned study focussed
on much thicker foils (sheets) with almost polycrystalline
behaviour. The possible phenomenon behind this could
be the increased presence of dislocation tangle-imposed
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barriers in prestrained foils, which led to reduced disloca-
tion motion [25]. The annealed 100 pm thick foil with #/d ~3
and d~ 35 um showed lesser values of 0 than 400 pum thick
foil, despite having the similar grain size, and also displayed
a very negligible stage III hardening. This could be possibly
due to higher free-surface annihilation intragranular dislo-
cations than that of grain boundary (GB) dislocations (i.e.,
in a surface intragranular dislocations outnumber the GB
dislocations) which is very likely in case of foils of with low

@ Springer

t/d ratios and thicknesses ~ 100 um [26]. Subsequently, the
strain localization of softer grain interior regions occurs and
thereby hinders further plastic deformation. Therefore, as a
result of a lower thickness and a low #/d value, the increased
Frank-Read (FR) type dislocations causing annihilation at
free surfaces can lead to a considerable reduction in strength,
strain hardening rate and consequently ductility [27-29].
Also, due to the free surface annihilation of dislocations,
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the formation of dislocation tangles is very restricted in thin
foils, hence the limited stage III hardening in thin foils [30].

4.4 Microformability and Texture Evolution

The Formability of a material is expected to vary with the
grain size and thickness of the sheet, especially in foils due
to contribution of surface grains to overall ductility and, in
particular, strain hardening [30]. The observed lower limit
strains with increasing grain size and decreasing thickness of
foil (i.e., lower #/d ratios) can also be attributed to the prema-
ture microvoid coalescence, thereby leading to early micro-
crack growth through the foil thickness. This can be seen in
the reduced non-uniform strains under the tensile loading
path, which was the case in tensile stress—strain curves of
the ULC steel foils with lower #d ratios (Fig. 4 and Table 1).
The observations of lower or at least equal forming strains
under biaxial stretching when compared with a plane strain
path in a low #/d ratio ULC steel foils are consistent with the
reports of Peng et al. [31] on Cu foils, Meng et al. on SS304
foils [32] and our recent study on Cu foils [17]. Multiple fac-
tors, that have significant influence on scaling, such as fric-
tion, sheet/foil anisotropy [33], changes in fracture pattern
at the microscale [33] etc., can affect the microformability
of the metallic foils.

The limiting strains cannot be thoroughly correlated with
the texture data. One main reason that the variation in the
intensity of y-(NDIl< 111 >) fiber in the initial condition of
all the foils studied is minimal, which is an influential factor
for limiting strain from a theoretical crystallographic tex-
ture point of view [34]. Nonetheless, there are differences
in the evolution trends in different conditions, which can be
discussed.

The texture evolution results were presented in Figs. 6,
7 and Figs. 9, 10 as IPFs and ODFs, respectively. In low
carbon steels, deformation and annealing textures are usu-
ally presented in terms of y-fiber (NDIl< 111 >) and 6-fiber
(NDII< 001 >). In the initial (annealed) condition prior to
deformation (refer to Fig. 2), the foils exhibit the predomi-
nant presence of y fibre component and a negligible pres-
ence of the a < 112> component. The annealing texture and
the intensity of the y fibre component, depends on grain
size after hot rolling, carbon content, and factors such as
the amount of cold reduction. It has been well-documented
that, owing to their higher stored energies, the heavily cold-
deformed grains with an (111) orientation have profoundly
higher tendency to recrystallize than those grains of the
other orientations in low carbon steels [1]. This preferred
nucleation can lead to development of strong <111 >|IND
y-fiber recrystallized texture during annealing. This could
be the reason for the presence of strong y-fiber texture in the
as-received 400 pm thick foils which were cold rolled plus
batch annealed followed by skin-pass of 2% cold reduction.

It is to be noted that the as-received foils were then sub-
sequently annealed at elevated temperatures to obtain a
range of grain sizes by merely inducing grain growth. It
has been reported that in low carbon steels there should be
strengthening rather than weakening of the initial {111} tex-
ture components during grain growth [35]. This clearly sug-
gests that the formation of the 8-fiber component (presence
of <001 > orientation grains) apart from the retention of
the prior y-fiber texture in the laboratory annealed samples
might be related to prior skin-pass reduction. An increase
in the intensity of the y-fiber can be found for the samples
with coarser grains, possibly due to the nucleation of more
y < 111> grains with the increased annealing time.

Under uniaxial and biaxial deformation modes, the ini-
tial y <111 >IIND fiber was strengthened. By and large, the
intensification of texture evolution under biaxial and uni-
axial modes, is higher for samples with a higher #/d ratio of
12 (Fig. 9 e, 1). In most cases pertaining to both annealed
and prestrained foils, under both uniaxial and biaxial
stretching modes, the strengthening of {111} <110>com-
ponents of y-fiber was more apparent than that of the
{111} <112 >components. A similar trend of evolution of
the y <111 >IIND fiber under uniaxial and biaxial deforma-
tion modes has also been reported elsewhere for the same
material [3].

The phenomenon behind the higher intensification of
vy <111 >IIND fiber texture under biaxial and uniaxial modes
for the foils with the higher #/d ~ 12 accords to the postula-
tion by Meyers and Chawla [36] which mentions a critical
aspect of texture formation with the increase in degree of
polycrystallinity. During the deformation of the specimen
with #/d ~ 12, slip of grains in their appropriate glide sys-
tems and grain rotation (with a higher level of constraint
from neighbouring grains than lower #/d ratio specimens)
are the two probable mechanisms. This results in the devel-
opment of a strong preferred orientation under large strains
due to the likely alignment of preferred slip directions with
the direction of deformation. The increased intensity of tex-
ture components under biaxial stretching as compared to
that under uniaxial stretching is not an unexpected result, as
foils/sheets experience an increased effective strain in the
former strain path than in the later strain path.

5 Conclusions

The following key conclusions can be drawn from the pre-
sent study on the effects of the grain size, thickness of foil
i.e., t/d ratio and the state of material (annealed vs. pre-
strained) on deformation and texture evolution in ULC steel
foils:
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1. Upon annealing the starting foil in cold rolled plus
annealed and skin pass rolled to~2%, the ULC steel
foil developed slight 8-fiber (<001 >IIND) component
along with retention of most of the initial typical strong
y-fiber (< 111 >|IND) texture. Furthermore, there were
no noticeable changes in microstructure and texture of
the samples upon further prestraining to 7%.

2. All the annealed samples showed a typical yield-point
phenomenon; however, the total yield-point elonga-
tion increased while non-uniform strain decreased with
decreasing the #/d ratio. Both the strength and ductility
reduced drastically in the 100 pm thin foil against the
400 pm thick foil for a similar grain size. At a higher
percentage of prestraining (~7%), the ductility sig-
nificantly dropped while there was an increase in yield
strength due to prior cold working. In summary, with
decreasing the #/d ratio there was a pronounced drop in
both strength, ductility and strain hardening rate due to
the increased share of surface grains.

3. Both the annealed and prestrained samples showed typi-
cal Hall-Petch strengthening i.e., an increased yield
stress with decreasing the grain size; however, the Hall—
Petch coefficient (kyp) value decreased while the friction
stress value of ULC steel increased upon prestraining.

4. All foils showed typical forming limit curves, but with
slight lowering in major strain values in the biaxial strain
path than typically seen in sheet forming. Moreover, the
overall limiting strain values decreased with decreasing
the #/d ratio and increasing the prestrain level as well.

5. The texture evolution study highlights the strengthening
of y-fiber (< 111 >IIND), especially {111} <110>com-
ponents with intensities more sensitive to #/d ratio of the
foils than the strain path variation.
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