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A B S T R A C T   

Bendability is an important property of ultrahigh-strength steels since the typical applications of such materials 
include structures manufactured by air-bending. Conventional methods to evaluate bendability, such as the 
bending test according to the standard VDA-238 or the conventional tensile test do not provide sufficient in-
formation to evaluate bendability of ultrahigh-strength steels due to the average nature of the material response 
in these tests. In this study, the mechanical properties were determined using thin tensile specimens cut from the 
surface of the sheet and the evaluation of bendability was carried out using frictionless bending tests. The results 
of the experiments and FE-modelling presented in this paper reveal that the mechanical properties of the sheet 
surface have a significant impact on bendability. Novel ultrahigh-strength steel with better work-hardening 
capacity at the surface caused by a layer of relatively soft ferrite and lower bainite has good bendability, 
especially when the bend line is aligned transverse to the rolling direction. Microstructural investigations reveal 
that in a conventional steel with a relatively hard surface microstructure, the deformation localizes into shear 
bands that eventually lead to fracture, but similar shear banding was not present in the novel steel surface. This 
can be attributed to the better work-hardening capacity which delays the onset of shear localization and fracture.   

1. Introduction 

Ultrahigh-strength strip steels (UHSS) manufactured using thermo-
mechanical rolling and direct quenching (TMR-DQ) are attractive 
structural materials due to the combination of good mechanical prop-
erties and weldability hence becoming a convenient choice in the 
lightweight structures. The mechanical properties are the result of a 
complex microstructure consisting typically of auto-tempered lath 
martensite and lower bainite. UHSSs are used mainly in applications 
that require high strength combined with good bendability such as in the 
lifting and transportation industry, where the use of UHSS can result in 
energy savings and a reduced carbon footprint. For example, loader 
crane booms are built with telescope-type structures including multiple 
booms and gliding rails. These structures benefit from small bending 
radii as it provides more space to place the booms inside each other and 
also the gliding rails can be placed as far from each other as possible, 
creating a more stable and durable structure. 

The most important method of forming for TMR-DQ UHS strip steels 
is bending. The bend test standard ISO 7438 (2016) specifies a method 
for determining the deformation capability of a material in bending. 

According to the standard, the absence of cracks visible without the use 
of magnifying aids is considered a successful bend. Typically, material 
bendability is characterized by minimum bending radius Rmin, expressed 
as the ratio of the minimum punch radius (R) to the original sheet 
thickness (t0) that the material can endure without damage in three- 
point-bending. The standard does not specify the bending angle at 
which Rmin is determined, but in the case of UHS structural steels 90◦ is 
used. Something which is not considered in the ISO 7438 standard is that 
during testing with ever smaller punch radii, UHSS typically shows a 
gradual change from perfect bend surface into a cracked surface [1]. 

Failure in bending has been summarized by Akeret [2] for 
aluminium sheet. According to Akeret [2] the failure begins by the 
formation of a coarse surface and subsequent formation of grooves 
running parallel to the bend axis (BA) on the outer surface of the bend, i. 
e. surface waviness. As the bending angle increases some grooves deepen 
with small cracks initiating at the bottom of the deepest grooves. Strain 
localization in the form of surface grooves on the convex surface of the 
bend is often accompanied by the formation of shear bands through the 
thickness. Final ductile fracture is the result of void formation and 
growth in the shear bands leading to shear fracture. A similar 
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localization mechanism has been reported for advanced high strength 
steels (AHSS) by Soyarslan et al. [3] who combined numerical and 
experimental methods to investigate fracture during bending of 
cold-rolled DP1000 steel sheet and Kaijalainen et al. [4], who conducted 
a study on bendability of hot-rolled ultrahigh-strength structural steels. 
Suppan et al. [5] found that during three-point bending of first and third 
generation AHSS with tensile strengths above 1000 MPa strain locali-
zation in the form of deformation bands, inclined 45◦ to the surface, i.e. 
in 45◦ to the direction of max. principal strain can be seen. These bands 
were seen to appear even at small bending angles, when only small 
defects are seen on the surface, indicating that the initiation of shear 
bands leads to the formation of small surface cracks, which can develop 
into V-shape notches. The order of localization into shear bands and 
V-notches/surface waviness can be different for different materials. 
Kaupper and Merklein [6] also detected macroscopic shear bands within 
the localization phase due to exhausted work hardening for a complex 
phase (CP) steel grade, but in the case of a dual phase (DP) steel they 
found that severe pores and microscopic damage fored before the onset 
of localization with no shear bands or notches. 

Dao and Li [7] modelled the formation of shear bands in aluminium 
alloys using a micromechanics model based on crystal plasticity and 
discovered that the surface roughening and strain localization are nat-
ural outcomes of the heterogeneity of the orientation and slip geometry 
of neighbouring grains. Shear bands originate from the bottom of the 
grooves and initiate on or just below the outer surface depending on the 
local crystallographic texture and the presence of constituent particles. 
Saai et al. [8] also concluded that the development of shear bands during 
the bending of AA7108 aluminium alloy is a natural outcome of poly-
crystalline plasticity, which is influenced by microstructural features 
such as the crystallographic texture and grain size. Their numerical 
model and experiments revealed intensification of the surface waviness 
of the profile surface with increasing grain size. For rolled and recrys-
tallized material, they found that accumulated plastic strains are larger 
when the bend line is along the rolling direction (RD) than transverse to 
RD (TD), indicating lower bendability for the former bending axis. 
Similar results were achieved by Becker [9] who used a rate-dependent 
slip-based constitutive model to describe material behavior during 
bending. Due to the different combinations of crystal orientations the 
deformation of the material is nonuniform from the onset and is the 
cause of the surface roughening and the subsequent shear band 
formation. 

It has also been stated by Yamazaki et al. [10] that the homogeneity 
of the microstructure in terms of local microhardness variations has a 
remarkable effect on strain localization during bending. A heterogenous 
microstructure leads to locally high strains and crack initiation at the 
interfaces between the hard and soft microstructural components, which 
leads to decreased bendability. They concluded that the minimum 
bending radius correlates better with the homogeneity of the micro-
structure than the total elongation of the material. Rèche et al. [11] 
studied the effect of hard bands consisting of large austenite/martensite 
islands on the bendability of TRIP-aided steel and noticed that the closer 
to the surface the location of the band the more detrimental effect the 
hard phases have on bendability. The location of the hard band just 
below the outer surface can cause the material to suffer internal damage 
in the form of sub-surface cracks that propagate towards the surface as 
the bending proceeds. The importance of the surface microstructure and 
texture on the bendability of UHSS has been investigated by Kaijalainen 
et al. [12] who reported that a sufficiently thick layer of ferrite and 
granular bainite with lower hardness than the core material is beneficial 
for bendability. 

Traditional methods to evaluate formability, such as in-plane tensile 
tests and forming limit diagrams, mainly provide information concern-
ing the ability of the material to deform uniformly and are characterized 
by Heibel et al. [13] as defining global formability. Due to the complex 
inhomogenous state of stress, no global instability occurs in bending. 
The bendability of a material is controlled by damage accumulation and 

ductile fracture processes which are related to the local plastic behavior 
and microstructure of the material. Failure in bending is often deter-
mined visually from the bent sample but according to the standard VDA 
238-100 [14], the moment of failure can also be determined based on 
the bending force. The VDA standard suggests that a 30 N or a 60 N drop 
of the peak load could be used to estimate the point of failure. The limit 
is independent of the material strength which has raised some criticism 
over the applicability of the test to determine the bending limits of 
high-performance high-strength structural steels Troive [15]. According 
to Troive [15], the decrease in bending force is a natural phenomenon as 
the bending test progresses and to avoid this drawback the VDA 
238− 100 bending test specification suggests pre-straining the samples 
before bending and forcing the material to fail at earlier stage. Due to the 
influence of the bending geometry, i.e. tool parameters and bending 
angle, on the evolution of the bending force, a failure criterion based on 
the bending moment has been suggested instead. Leu [16] used the 
maximum bending moment as the bending limit and derived an 
approximation for the minimum bending radius that accounts for the 
effects of material anisotropy, strain hardening and the sheet thickness. 
Recently a new evaluation procedure using optical strain measurement 
was introduced by Kaupper and Merklein [6] for evaluating the bend-
ability of AHSS. Digital image correlation (DIC) and optical strain 
measurement have also been used by other researchers since DIC allows 
the tracking of the strain field on the convex surface of the bend and 
identifying the failure and corresponding strains. Mishra and Thuillier 
[17] investigated the rupture of DP960 steel sheet in tension and 
bending and derived an analytical expression for the equivalent plastic 
strain at fracture as a function of the stress triaxiality based on optically 
measured strain distribution and numerical analysis. Kaupper et al. [18] 
used optical strain measurement to investigate the deformation of 
DP800 and CP1000 steels in bending and determined critical strains for 
damage initiation for these steels. 

In the present work the differences in bendability of two ultrahigh- 
strength structural steels are studied in detail. The mechanical 
behavior of the materials is characterized using conventional tensile 
tests coupled with digital image correlation and optical strain mea-
surements. As the deformation capability of the surface is essential for 
good bendability, the differences in the microstructure, mechanical 
properties and damage behavior of the two steels are investigated and 
discussed in detail. In addition, the bendability characteristics have been 
measured using a new, frictionless, moment-based evaluation method. 

2. Materials and methods 

2.1. Materials 

The investigated materials were two hot-rolled and direct-quenched 
ultrahigh-strength strip steels with chemical composition of 0.09C- 
0.2Si-1.1Mn-1.2Cr-0.15Mo-0.02Ti (wt.%) and the strip thickness of 
6 mm. Two steels, named hereafter as Novel and Conventional, were 
produced to result in two different subsurface microstructures, which 
lead to differences in bendability. The traditionally determined mini-
mum bending radii for the novel steel were small. With the bend axis 
along RD and TD the Rmin was 2.0 and 1.33, respectively. These values 
can be considered as good at the strength level concerned. For the 
conventional steel the minimum bending radius was larger, Rmin having 
the value of 3.5 in TD. More detailed information of the hot rolling 
schedules, microstructural characterization and mechanical properties 
for the conventional steel are presented in Kaijalainen et al. [4]. In 
Kaijalainen et al. [19], the corresponding information is presented for 
the novel steel. 

The prior austenite grain morphologies, microstructures and hard-
ness distributions below the strip surfaces after the two different rolling 
routes according to [4,12] are presented in Figs. 1–4. The microstructure 
of the novel steel shows highly pancaked prior austenite grains in the 
RD–ND plane (Fig. 1a) and in the conventional steel, the grains are 
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“convex-like” (Fig. 1c). Mean linear intercept measurements of the prior 
austenite grain shape along the three principal directions relative to 
rolling direction (length in RD, ND and TD) were 26.2 μm, 2.2 μm and 
9.6 μm and 14.9 μm, 5.8 μm and 10.6 μm of novel and conventional 

steel, respectively. As converting those in equiaxial (sphere) shape prior 
austenite grain sizes are close each other (novel 8.2 μm and conventional 
9.7 μm), therefore the main change is degree of pancaking during hot 
rolling. It is seen from Fig. 1a and b, that in the novel steel the 

Fig. 1. Laser scanning confocal microscope micrograph from the subsurface regions of a,b) Novel and c,d) Conventional strips after picric acid etching. (Kaijalainen 
et al. [4]. In Kaijalainen et al. [12]). 

Fig. 2. Typical microstructure of investigated steels after nital etching. a) Polygonal ferrite and granular bainite 200 μm from surface and b) auto-tempered 
martensite and bainite at centerline in the novel steel, c) upper bainite and martensite 200 μm from surface and d) auto-tempered martensite and bainite at 
centerline in the conventional steel. (Kaijalainen et al. [4]. In Kaijalainen et al. [12]). 
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microstructure consists of polygonal ferrite interspersed among other 
carbon-rich microstructural components down to 70 μm from the sur-
face, while from 70 to at least 300 μm below the surface (Fig. 2a) 

granular bainite is found. The subsurface microstructure of the con-
ventional steel consists mostly of auto-tempered martensite and upper 
bainite (Fig. 2c). The microstructures at the centerline of both strips 
consists of auto-tempered martensite and bainite (in Fig. 2b and d). In 
the novel steel, the macro-hardness increases linearly from the surface 
down to the centerline from 302 to 404 HV, whereas in the conventional 
steel, the hardness is higher through the strip thickness (Fig. 3a). Below 
the surface of the novel steel thin sheet sample, granular bainite and 
ferrite show micro-hardness values from 275 to 383 HV (Fig. 3b). In the 
conventional steel, the subsurface martensite and bainite have micro-
hardness values ranging from 382 to 452 HV. The previous studies have 
shown that transformation texture, especially the presence of an intense 
{112}<111> texture component, has an effect on bending when the 
bend axis is transverse to the rolling direction; therefore centerline and 
subsurface textures are presented in Fig. 4. The same texture compo-
nents are present in both steels, but the novel steel shows much higher 
intensities of the components due to a higher degree of austenite 
pancaking. Thus, despite having similar strength levels the investigated 
steels possess very different microstructures, which are evaluated more 
deeply in this study. 

2.2. Mechanical tests 

2.2.1. Tensile tests 
The mechanical properties of the materials were tested using tensile 

tests at room temperature under quasi-static loading conditions and 
displacement control with the crosshead speed of 1.5 mm s− 1. Since the 
bendability of UHSS is known to exhibit some anisotropy between the 
rolling and transverse direction, the properties of the materials were 
tested at 0◦ and 90◦ to the rolling direction (RD). Two successful tests 
were performed for each material in each direction according to Euro-
pean standard EN 10,002 using flat specimens (6 mm x 12 mm x 
120 mm). Since the tensile tests performed on the samples with full 
6.0 mm sheet thickness represent the average response of the whole 
material, thin tensile test samples of 0.70 mm nominal thickness were 
cut using water cutting from the surface of the sheet to investigate the 
differences in the mechanical properties of the sheet surface between the 
two materials. The thin sample geometry is presented in Fig. 5. 

In order to investigate the material behavior beyond uniform elon-
gation, the tensile tests were coupled with a GOM Aramis 3D optical 
strain measuring system. Compared to the conventional measurement of 
deformation during tensile testing by monitoring the length and width of 
the specimen using strain gauges and extensometers, digital image 
correlation (DIC) techniques combined with high resolution digital 
cameras allow the determination of the strain field on the surface of the 
specimen and the use of very small contact-free virtual extensometers. 
Strains can then be measured beyond the onset of necking until fracture. 
More accurate strain determination enables the tracking of the true 
stress-strain curve up to higher strains, which results in more accurate 
analytical approximations of the material behavior at large strains. 

The samples were sprayed with black and white paint to create a 
stochastic speckle patter on the surface of the specimen as presented in 
Fig. 6a. GOM Aramis software recognizes the surface pattern and tracks 
the points on the surface by comparing the current deformed image to 
the reference image taken from the undeformed sample. Two cameras 
were used to create 3D imaging and the cameras recorded the defor-
mation with a framing rate of 10 Hz. An area of interest from the gauge 
area was post-processed with Aramis software and the strain field on the 
surface of the specimen was calculated using a grid pattern with 
0.38 mm distance between nodes. 

Due to the loss of the stochastic pattern at the localization zone at 
high strains in some samples, strain analysis on the specimens was 
conducted using virtual extensometers placed over the localization zone. 
For the thin samples an extensometer with a length of 2.1 mm was 
placed over the localization zone to measure the total elongation as 
shown in Fig. 6b when a virtual extensometer with 8.35 mm length was 

Fig. 3. a) Macrohardness distributions measured through thickness of investi-
gated strip materials. b) Mean values of microhardness of subsurface thin 
sheet samples. 

Fig. 4. φ2 = 45◦ ODF sections illustrating texture of the a) novel and b) con-
ventional steel at the centreline and c) novel and d) conventional steel at the 
subsurface. Typical bcc structure components in the φ2 = 45◦ ODF section are 
also shown. (Kaijalainen et al. [4]. In Kaijalainen et al. [12]). 

A.-M. Arola et al.                                                                                                                                                                                                                               



Materials Today Communications 26 (2021) 101943

5

used for the full thickness samples and the placement of the extensom-
eter on the specimen surface as shown in Fig. 6c. 

2.2.2. Frictionless bending tests 
The material behavior during bending was characterized using a 

frictionless bending test set-up presented previously by Troive [15]. 
Kaijalainen et al. [20] used the presented frictionless bending test set-up 
to investigate the effect of soft surface on the behavior of UHSS during 
bending. The bending test set-up is similar to that of the bending test 
standard VDA 238-100 [14] but is modified to better manage the 
bending behavior of thicker hot-rolled structural steels. In order to track 
the true material behavior, all loss of energy, such as friction, should be 
reduced. With the intention of reducing friction during the test, the 
lower tool was modified with rotatable die rollers with a radius (Rd) of 
40 mm and a die roller separation (W) of 105 mm. The punch radius (Rk) 

was 4 mm, which gives the bending ratio Rk/t of 0.67. The width of the 
bending specimen was 70 mm and the nominal sheet thickness (t) was 
6 mm. The test set-up is presented in Fig. 7a. Final inner bend radii (Ri) 
after bending test was measured using radius gauge and confirmed from 
cross-section image of the bend sample using image processing software 
(Adobe Photoshop). 

According to Troive [15], the progression of the cross-section 
moment is a better measure of the steel behavior in bending than the 
bending force. By tracking the bending force (Fy) and the punch 
displacement (S), the bending moment (M) can be estimated according 
to Eq. (1) 

M =
Fy∙Lm

2cos2(α) =
F∙[L0 − (Rk + Rd)sin(α) ]

2cos2(α) (1)  

Fig. 5. The geometry of the thin tensile test specimen.  

Fig. 6. a) An example of the speckle pattern on the surface of the tensile specimen. Virtual extensometer of b) the deformed thin sample and c) thick sample.  

A.-M. Arola et al.                                                                                                                                                                                                                               



Materials Today Communications 26 (2021) 101943

6

where Lm is the horizontal distance between the contact points of the 
sheet and the punch and the sheet and the die assuming a straight flange 
(Fig. 7b) and α is half of the total bending angle calculated from Eq. (2) 

α = sin− 1
([

L0∙Q +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

L0
2 + (S − Q)

2
− Q2

√

∙(S

− Q)

]

∙
[
L0

2 + (S − Q)
2 ]− 1

)

∙
180
π [degrees], (2)  

where Q = Rk + Rd + t and L0 = 0.5∙W. 
In reality, the flange is not completely straight and the bending angle 

β corresponding to the bending moment calculated in Eq. (1) can be 
determined based on Eq. (2) 

β = α −

∫
t∗sin(α)

Lm
dα (3)  

An explicit solution to Eq. (3) in presented in Troive [15]. 
The point of instability in the frictionless bending test can be esti-

mated using the dimensionless bending moment M/Me
, which is the ratio 

of the current bending moment M to the elastic bending moment Me. 
When the sheet cross-section is fully plastified, the dimensionless 
bending moment reaches its theoretical maximum value of 1.5 and this 
can be considered as the beginning of unstable bending in the form of 
separation of the punch from the sheet surface (i.e kinking) and/or 
strain localization. At the point of failure, the dimensionless moment 

increases rapidly due to the sudden change in the cross-section moment. 
The dimensionless moment can be calculated using Eq. (4), 

M
Me

≈ 3⋅

⎛

⎜
⎝

⎡

⎢
⎣

dM/dα
M/α

⎤

⎥
⎦+ 2

⎞

⎟
⎠

− 1

(4) 

The current method is limited to the part of the stroke before an 
increase in bending force due to the material that moves forward the 
punch and starts to slip introducing friction in between. With this set-up 
the increase in force usually occurs around 90◦ bending angle. 

Determination of the bending moment allows for the evaluation of 
the distribution of the curvature (1/R) of the sheet during bending. The 
evolution of curvature close to the point of contact is directly linked to 
the strain hardening properties of the material. When the hardening 
capability of the material is exhausted during bending, the curvature of 
the material decreases rapidly close to the punch and the material be-
comes susceptible to strain localizations. The smoother the distribution 
of curvature along the distance between the punch and die contacts, the 
better the bendability of the material [15]. The curvature of the bend 
can be calculated according to Eq. (5), where the angle βc is the position 
of contact between the punch and the material, (see Fig. 7b), estimated 
by the amount of input energy, U, at bending. LN is the horizontal dis-
tance between the two contact points, i.e. the die and the punch, 
considering a curved flange. 

Fig. 7. a) Frictionless bending test set-up with rotatable die rollers. b) Schematic of the test geometry.  
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1
R
=

2∗U
M∗LN

∗cosβc (5) 

The horizontal distance between two contact points LN is calculated 
according to Eq. (6) and the input energy according to Eq. (7), 
respectively. 

LN = L0 − Rk∗sin(βc) − Rdsin(α) (6)  

U =

∫

2∗Mdβ =2∗M∗
(

βc +
βs

2

)
(7)  

The contact angle βc and the shape angle βs, which describes the shape of 
the curvature of the bend, are calculated from Eq. (7) and (8). 

β = βc + βs (8)  

2.3. Microstructural characterization of the bend samples 

Samples were cut from the selected frictionless bent specimens with 
bend axis aligned parallel and perpendicular to the rolling direction. 
Samples were mounted and mechanically grind using silicon carbide 
abrasive paper down to mesh number 1200 before polished with 3 μm 
and 1 μm diamond paste for metallographic examination. Character-
ization of the microstructures and failure analysis of the bend samples 
was performed with a field emission scanning electron microscope 
(FESEM) (Sigma, Zeiss) and a laser scanning confocal microscope 
(LSCM) (VK-X200, Keyence Ltd) using nital etched specimens. 

Fig. 8. a) Stress-strain curves for the full thickness samples, b) the stress-strain curves for the surface specimens, c) the work-hardening rate for the full thickness 
samples, d) the work-hardening rate for the surface specimens, e) lnσ - lnε curve for full thickness samples and f) lnσ - lnε curve for full thickness samples. 
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3. Results and discussion 

3.1. Aramis tensile tests 

The optically measured and extrapolated uniaxial true tensile stress- 
strain curves are shown in Fig. 8a and b for the full thickness specimens 
and the surface specimens, respectively. The true stress σt is determined 
based on the optically measured strain (εt), the initial cross-sectional 
area (A0) and the measured force (F) according to Eq. (9). The true 
stress-strain curves were extrapolated to the fracture strain from the 
point of maximum stress to estimate the true stress-strain behavior after 
the maximum homogenous strain over the length of the virtual 
extensometer. 

σt =
F
A0

∗exp(εt) (9) 

It can be seen that the conventional steel exhibits higher overall 
strength than the novel steel in both loading directions when the average 
material response measured with the full thickness samples is consid-
ered (Fig. 8a). The conventional material hardens strongly in the lower 
strain range and exhausts almost all its hardening capacity, exhibiting 
nearly perfectly plastic behavior, at larger strains. The novel steel has 
slightly smoother hardening behavior, especially in the longitudinal 
direction, and is able to strain harden to higher strains before changing 
to perfectly plastic behavior. The uniform strain is low for both materials 
ranging from 0.03 to 0.05 and no significant difference in the uniform 
strains between the two materials is observed. For both materials, the 
total elongation is higher in the rolling direction, but no difference in the 
magnitude of the total elongation is seen for the full thickness tests in the 
transverse direction. The novel steel exhibits slightly better total elon-
gation in the rolling direction than the conventional steel, 0.39 and 0.38 
respectively. In Fig. 8c the work hardening rate for the full thickness 
samples is presented. The conventional steel does not show any differ-
ence in work hardening behavior between the rolling direction and the 
transverse direction. For the novel material, the work-hardening rate is 
higher in the rolling direction, especially at strains below 0.22 (Table 1). 

The surface properties show more pronounced differences between 
the novel and conventional steel (Fig. 8b). The total elongation of the 
surface of the novel material in the rolling direction is 0.35, i.e. signif-
icantly higher than the elongation of the conventional material, 0.29. 
The elongation in the transverse direction shows only a small difference 
between the surfaces of the two materials, being higher for the con-
ventional steel, as seen in Table 2. The hardening behavior of the novel 
steel surface is significantly different from the conventional steel espe-
cially in the longitudinal direction. As seen in Fig. 8d, the surface of the 
novel steel is able to maintain good hardening behavior in the rolling 
direction, as measured by the work-hardening rate, even at larger 
strains, which is not the case for the conventional steel. When comparing 
the material surface behavior in the transverse direction the difference is 
not as prominent, but the novel steel performs better at strains below 
0.125. The difference between the materials is not as evident when the 
average material response of the whole thickness is considered. The 
difference between the work-hardening behavior of the longitudinal and 
transverse direction in the conventional steel is smaller than in the novel 
steel, but the surface behavior shows improved work-hardening 
behavior in the longitudinal direction at strains below 0.14. 

The hardening of the novel and conventional steel is non-linear as 

seen in Fig. 8e and d and show a three-stage hardening behavior, in 
which the work-hardening exponent decreases between the stages. 
Hardening behavior is strongest at the beginning of the plastic defor-
mation and quickly decreases before uniform strain is reached. Second 
hardening stage continues to larger strains before reaching the third 
stage of deformation, which exhibits almost perfect plasticity. In the 
conventional steel, the first stage of hardening is longer, but the drop in 
the work-hardening exponent between stage I and stage II is larger than 
in the novel steel as seen in Table 3. In the first stage of hardening in the 
conventional steel, a slight difference in the work-hardening exponent 
between the rolling direction and transverse direction can be seen, but 
the work-hardening behavior between the loading directions is similar 
in the second stage. The same behavior is apparent in the novel steel 
(Fig. 8e) where the work-hardening exponent decreases between stages I 
and II. The first stage of hardening is shorter in the novel steel but the 
hardening exponent in stage II is higher indicating better ability to resist 
strain localization (Table 3). In the third stage, the hardening drops to 
almost zero. The surface behavior in the conventional steel also follows a 
three-stage hardening behavior (Fig. 8f). The reduction in hardening 
capacity before uniform strain is larger in the transverse direction as 
seen in Table 4, indicating a reduced capacity to resist strain localiza-
tion. The surface of the novel steel behaves similarly to the conventional 
steel in the transverse direction but shows significantly different hard-
ening behavior in the rolling direction. The hardening in the first stage is 
higher and the work- hardening exponent decreases in the second stage 
but does not drop to very low values at larger strains such that the 
material is able to sustain hardening very close to fracture. Similar 
hardening behavior was found in DP-steels by Zuo et al. [21]. Movahed 
et al. [22] discovered that an increased volume fraction of martensite 
changes the linear variation of lnσ with lnε to nonlinear and one-stage 
hardening to two-stage hardening behavior before uniform strain. 
Movahed et al. [22] related the change in work-hardening exponent to 
the activation of different work-hardening mechanisms. They concluded 
that in the first stage of hardening, only the ferrite phase deforms 
plastically while the martensite remains elastic. During the second stage 
of hardening also the martensite deforms plastically. 

3.2. Frictionless bending tests 

The bent samples of the frictionless bending tests are shown in 
Fig. 9a. As can be seen in Fig. 9b and d, the conventional steel exhibits 
strong strain localization in the form of surface roughness and cracking 
on the outer surface of the bend in both bend directions, whereas the 
novel steel has a damage free outer surface when the bend axis is in the 
transverse direction (Fig. 9c). The outer surface of the novel steel bend 
aligned with the rolling direction also shows signs of strain localization 
and surface cracking (Fig. 9e). Based on the frictionless bending test, the 
bendability in terms of surface cracking of the novel steel is significantly 
better for the bend axis in the transverse direction, but no difference in 
bendability was found between the two materials for bends parallel to 
the longitudinal direction. The final bend radii for the materials was 
found to be 2 mm in the transversal direction and 3.5 mm in the lon-
gitudinal direction for both materials which are smaller than the punch 
radius used in the bending tests. Similar kinking behavior have been 
noticed in the hot-rolled UHSS by Kesti et al. [23] and Deole et al. [24] 
for the cold rolled 2 mm martensitic steels sheet. This indicates that 
punch detachment is occurring during bending, but the magnitude of the 

Table 1 
Tensile properties of the full thickness samples.   

Yield strength MPa Tensile strength MPa Uniform elongation Maximum homogenous strain Total elongation 

Conventional t = 6 mm RD 1072 1166 0.03 0.15 0.38 
Conventional t = 6 mm TD 1065 1192 0.04 0.17 0.33 
Novel t = 6 mm RD 976 1084 0.05 0.22 0.39 
Novel t = 6 mm TD 971 1116 0.04 0.18 0.33  
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phenomenon is similar in both materials. However outer surface 
cracking behavior is totally different between the studied materials, 
especially in TD direction. Since the inner radius was not measured 
during the experiment, it is impossible to say how much of the detach-
ment has occurred in the bending angle range for which the analysis in 
valid. The small difference between the actual punch radius and the 
inner radius of the bend in the longitudinal direction in both materials 
suggests that some kinking is occurring in the materials during the 
frictionless bending test. The small inner radius of the bend in trans-
versal direction could be the result of the material moving forward the 
punch and starting to slip introducing friction in between the sheet and 
the lower tool at larger punch stroke that causes the extreme kinking 
phenomenon. Since the applicability of the frictionless bending test is 
limited to 90◦ bending angle, the evolution of the curvature beyond this 
point cannot be examined from the test results. 

The bending force for each material is presented in Fig. 10a. The 
bending moment curves determined from the frictionless bending tests 
presented in Fig. 10b show that the initial hardening behavior of the 
novel steel is smoother than the hardening behavior of the conventional 
steel and that the novel steel even hardens at larger bending angles than 
the conventional steel, which is similar to what was seen in the tensile 

test behavior. The bending moment curve reflects the curvature of the 
bend. When the hardening capacity is exhausted the curvature below the 
punch decreases rapidly and the material becomes susceptible to strain 
localizations. For optimal bendability, the material should be able to 
distribute the strains smoothly across the bend. The curvature distri-
bution 1/R for bending angles of 30◦, 60◦ and 80◦ is shown in Fig. 11. 
The x-axis represents the normalized horizontal distance between the 
contacts, LN. Within this range, the bending moment linearly increases 
from zero to the current maximum, M, at the contact point of the punch. 
As can be seen from Fig. 11 the curvature 1/R increases linearly within 
the elastic area and becomes exponential when the plastically deformed 
region of the bend begins. At the beginning stages of the bending the 
curvature in the two studied materials is very similar in both directions. 
The difference between the ability to distribute deformation smoothly 
across the bend of the two materials increases with increasing bending 
angle, as is clearly seen in Figs. 11b and c, where the novel steel dis-
tributes the plastic deformation in a much smoother way as indicated by 
the smoother curvature of the bend at bending angles of 60◦ and 80◦

(Fig. 11b and c). By assuming that the neutral layer of the bend is 
positioned mid-thickness (t) of the sheet, the major strain can be esti-
mated from the curvature 1/R by Eq. 10. 

ε1 =
1
R
∙

t
2

(10)  

Based on the Eq. 10 and the curvature distributions presented in 
Fig. 11a-c, it becomes evident that the strain distribution across the bend 
in the novel steel surface is wider than in the conventional steel. 

The dimensionless bending moment for the two materials is pre-
sented in Fig. 12 with the theoretical maximum of 1.5. When the 
dimensionless moment reaches 1.5 the cross-section of the material is 
fully plasticized and the deformation in bending becomes unstable. This 
is true only for a material with perfect elastoplastic behavior with no 
work hardening. The work-hardening rate in the tensile test for the novel 
steel (Fig. 8c) drops close to zero at larger strains but the hardening at 
the surface in the rolling direction (Fig. 8d), which is relevant to 
transverse bending, remains positive longer, thereby delaying strain 
localization. During unstable bending, strain localization for example in 
the form of shear band and/or surface waviness formation is expected to 

Table 2 
Tensile properties of the surface samples.   

Yield strengthMPa Tensile strength MPa Uniform elongation Maximum homogenous strain Total elongation 

Conventional surface RD 1048 1127 0.04 0.14 0.29 
Conventional surface TD 1125 1171 0.03 0.10 0.29 
Novel surface RD 991 1077 0.05 0.23 0.35 
Novel surface TD 1065 1150 0.03 0.13 0.28  

Table 3 
Work-hardening exponents for the different stages in the full thickness samples.  

Material Stage I Stage II Stage III  

Novel RD 0.24 0.045 0.002  
Novel TD 0.21 0.045 0.002  
Conv RD 0.32 0.037 0.0008  
Conv TD 0.31 0.037 0.004   

Table 4 
Work-hardening exponents for the different stages in the surface samples.  

Material Stage I Stage II Stage III  

Novel RD 0.17 0.059 0.003  
Novel TD 0.25 0.040 0.002  
Conv RD 0.13 0.037 0.001  
Conv TD 0.21 0.035 0.0004   

Fig. 9. a) Frictionless bent samples, b) conventional steel with bend axis aligned parallel to the rolling direction (Ri = 3.5 mm), c) novel steel with bend axis aligned 
parallel to the rolling direction (Ri = 3.5 mm), d) conventional steel with bend axis aligned perpendicular to the rolling direction (Ri = 2.0 mm) and e) novel steel 
with bend axis aligned perpendicular to rolling direction (Ri = 2.0 mm). 
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occur. As can be seen from Fig. 12a, the novel steel never reaches that 
maximum level in TD bending, indicating stable deformation 
throughout the bending. In RD bending, novel steel (Fig. 12b) does not 
exceed this instability criteria until close to 90◦, which indicates the 
strain localization does not occur at early stages of bending process. On 
the other hand, as seen in Fig. 12a and b the conventional material 
reaches the instability criterion early during the bending process 
(bending angle of 30◦) for both directions leading to early localization 
phenomena like shear banding/cracking. This can be predicted also by 
the low work-hardening rate of the conventional steel during tensile test 
at lower strains (Fig. 8c and d). The instability phenomenon that leads to 
strain localization can be a prerequisite for the kinking phenomenon 
observed in the studied materials especially in the longitudinal 
direction. 

3.3. Microstructural investigation of bent samples 

The aim of the microstructural investigation of the bent samples was 
to characterize the localization behavior and identify the dominant 
damage mechanisms in the deformation area. A comparison between the 
conventional and novel steel concepts is carried out in order to find the 
critical factors limiting local formability. 

In the visual inspection of frictionless bending samples, surface 
cracks were found for both the RD and TD samples for the conventional 
steel and for the RD sample of the novel steel. However, no visible cracks 
were seen in the novel steel TD bend, even though the final bending 
angle was relatively large (145◦), as can be seen in Fig. 9. This indicates 
that the bendability of novel steel in the transverse direction is superior 
to conventional steel. These features are also seen in the laser micro-
scopy images shown in Fig. 13. The novel steel with the bend axis 
transverse to the RD exhibits a flawless surface, while the other three 
cases have cracked outer surfaces with severe surface roughness. Cracks 
are also seen on the inner surface of the conventional steel, for both 
bending directions, while the novel material with the soft outer skin 
reveals no cracks visible with laser microscopy. The cracks on the inner 
surface of the conventional steel are most likely formed during the 
springback, when tensile strain is introduced to inner surface. 

3.3.1. Strain localization 
Concerning stability against strain localization, it should be benefi-

cial to have a low initial dislocation density to provide mobile disloca-
tions and the capacity for creating new dislocations. This condition is 
met with phases having low hardness like are present in the surfaces of 
the novel steel. Hutchinson and Tvergaard [25] demonstrated that a 
high work-hardening exponent increases the critical strain of shear band 
formation and Dao and Li [7] showed that especially the intensity of 
sharp intense shear bands is reduced by an increase in work hardening. 
One aspect that can influence the strain localization is also the homo-
geneity of the microstructure. Bergström et al. [26] showed that the 
strain localizes at the softest phase in an inhomogeneous microstructure 
with phases having different hardness levels and Yamazaki et al. [10] 
correlated the sensitivity to strain localization to homogeneity index 
determined by hardness measurements. 

The conventional steel with its complex phase microstructure shows 
heavy deformation of the steel matrix. Surface roughness is due to the 
presence of V-shaped notches as seen in Fig. 14a. Fig. 14b and c shows 
the existence of intense strain localization bands (shear bands) extend-
ing from the bottom of the notches These shear bands are aligned at 
45− 50◦ to the surface. Similar surface waviness and shear band for-
mation has also been detected in aluminum alloys by [27]. [13] con-
ducted a study on several high-strength multiphase steels and concluded 
that the final fracture in forming of these steels is the result of combi-
nation of local shear banding and ductile damage evolution. Also, [28], 
who used in-situ micro-tensile test coupled with DIC to study DP-steels, 
observed highly heterogenous strain distribution in the microstructure 
leading to shear localization and finally to fracture. Generally, shear 

Fig. 10. (a) Bending force and (b) moment curves of the investigated materials.  

Fig. 11. The curvature distribution 1/R for bending angles of (a) 30◦, (b) 60◦ and (c) 80◦.  
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band formation increases the level of local strains and strain gradients 
across the band increasing the risk of damage initiation, propagation 
and fracture. The conventional steel shows very intense shear band 

formation, which is mostly in one direction although regions of X-sha-
ped shear band were also seen (Fig. 14b and c). The deformation in the 
conventional steel appears to be heterogeneous as some of the “blocky” 
grains seem to deform less than the surrounding phases (Fig. 14f). This 
heterogeneity in the phase structure can promote strain hot spots, i.e. 
strain localization. 

The remarkable difference between the steels was that the novel steel 
did not show any surface roughness or V-notches on the surface, as can 
be seen in Fig. 14a and b. This is due to the absence of intense shear band 
formation. Even though a very high degree of local deformation is 
applied in the bending process, no or only very weak shear bands are 
seen in the novel steel (Fig. 14d and e) while the conventional steel 
shows very intense localization bands as discussed above. The soft sur-
face layer does not show any strain localization features, which indicates 
that it has a superior ability to withstand deformation without locali-
zation compared to the surface of the conventional steel. Very weak 
shear bands are seen approximately 500 microns beneath the surface. 
The ferritic/bainitic layer shows very good strain hardening behavior. 

Also, it is noticeable that the presence of two phases with different 
hardness levels does not lead to the behavior typically found in DP steels 
[29] indicating that the hardness difference is not significant in this 
material. The carbon-rich constituents (granular bainite and/or M-A) 
also show a large degree of straining without cracking or decohesion 
from the matrix. On the other hand, the microstructure of the novel steel 
shows very uniform strain behavior; even the carbon enriched constit-
uents exhibit large levels of strain. The homogeneity of the micro-
structure of the novel steel is probably another factor contributing to its 
superior performance with respect to strain localization. 

The novel steel shows even better surface performance in transverse 
bending than longitudinal bending, even though the final bending angle 
applied was much larger. There is no severe strain localization even with 
very high total applied strain. On the other hand, the conventional steel 
shows similar behavior in the RD and the TD, localizing the strain into 
intensive shear bands; however, in the frictionless bending tests, the TD 
bending has been carried out to a larger bending angle than in the RD 
bending. This indicates that the bendability in both steels is better in the 
TD direction than in RD direction and that the novel steel provides su-
perior bendability in the TD direction. Tensile test results from the novel 
steel surface areas support this observation as the work-hardening 
properties are more favorable in the RD direction, i.e. the direction 
producing strain in the same direction as occurs in TD bending, than in 

Fig. 12. Dimensionless bending moment when bend axis is aligned (a) 
perpendicular and (b) parallel to the rolling direction (RD). 

Fig. 13. Bend samples of novel steel when the bend axis (BA) is aligned (a) perpendicular to the rolling direction (RD) and (b) parallel to the RD, and conventional 
steel when BA is (c) perpendicular to the RD and (d) parallel to the RD. Inner radius (Ri) is presented in the images. 
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the TD direction (RD bending) and strain localization conditions are not 
met for TD bending (Fig. 8b, d and e). As Suppan et al. [5] also 
concluded, the high strain hardening is leading to a more uniform strain 
distribution with a lower strain maximum at the outer surface of the 
bend. 

3.3.2. Damage mechanisms 
In the studied steels, the damage mechanisms leading to final 

fracture are related to void formation and propagation, and, in the case 
of the conventional steel, intense strain localization. The conventional 
steel shows primary void formation in the vicinity of inclusions as seen 
in Fig. 15a and c. These are mostly located in the shear bands. The novel 
steel also shows void formation in the vicinity of inclusions (Fig. 15b and 
d). The voids initiate either by decohesion of hard particles from the 
steel matrix or by inclusion cracking. These findings are similar to those 
of Pathak et al. [30] who found major void formation at TiN inclusions 

Fig. 14. Examples of a) V shaped surface grooves, b-e) shear bands and f) heterogenous phases of investigated steels.  

Fig. 15. Void mechanisms a-d) inclusions, e-f) carbides and g-i) phase boundaries.  
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in CP800 steel, especially when the inclusions were located in intense 
deformation bands. They found two nucleation mechanisms related to 
TiN particles: inclusion cracking and decohesion from the matrix, as was 
found with the present steels. The bigger the inclusion the earlier during 
straining the voids are initiated. On the other hand, Suppan et al. [5] 
found that in CP steel, cracking is initiated at the tip of the surface 
V-notch, where voids and gliding were seen in the vicinity of cementite 
particles. They concluded that the role of large non-metallic inclusions 
in crack initiation was not important, but rather the process leading to 
cracks seemed to be triggered by strain concentrations around the notch 
tips resulting from the development of the large shear bands. Therefore, 
they concluded that the formation of surface cracking is controlled by 
void formation at small cementite particles. 

Secondary void formation is seen outside the shear bands, usually in 
the vicinity of carbides (Fig. 15e and f) or phase boundaries (Fig. 15g–i) 
in both materials. In the conventional steel, a higher density of voids was 
found in the V-notch tip areas. The damage evolution and cracking are 
controlled by intense shear banding, V-notches and voids initiating and 
propagating from the notch tip by inclusions and carbides. On the other 
hand, the novel steel shows inclusion induced voids, but no shear bands 
or surface V notches, suggesting that the damage is controlled by void 
formation and propagation beneath the surface. In fact, it has been 
concluded by Spitzig et al. [31] that in a homogeneous material such as a 
ferritic steel, void nucleation is associated with either non-metallic in-
clusions (such as manganese sulfide and calcium containing inclusions) 
or carbide particles (such as titanium carbides, iron carbides, chromium 
carbides). Wallin et al. [32] reported carbide diameter to be a major 
factor controlling fracture in bainitic steels, suggesting that the carbide 
size should be kept as small as possible. 

4. Conclusions 

In this article the differences in bendability of two ultrahigh-strength 
structural steels were studied. The behavior of the investigated materials 
was characterized using tensile tests coupled with an optical strain 
measuring system and a frictionless bending test method developed by 
Troive [15]. The tensile tests revealed significant differences between 
the conventional and novel steels with regard to their mechanical 
properties, especially in their work-hardening capacity, at the surface. 
The frictionless bending tests showed that the better work-hardening 
capacity of the novel steel resulted in better bending behavior by 
delaying the localization of strain at the outer surface of the bend during 
bending 

The bendability of ultrahigh-strength structural steels can be 
improved by introducing a relatively soft surface layer with good work- 
hardening capacity. Increasing the deformation capacity of the surface 
layer delays, and in some cases prevents, the incidence of plastic insta-
bility in bending, thereby preventing the strain localization that leads to 
shear bands and subsequent cracking of the outer surface of the bend. A 
ferritic/bainitic surface layer provides better strain hardening properties 
through more favorable dislocation structure and therefore the condi-
tion of localization is delayed or even suppressed during bending with 
novel steel. 
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