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Abstract Linear flow splitting is a new cold forming

process for the production of branched sheet metal struc-

tures in integral style. It induces extremely high

deformation degrees without formation of cracks in the

split sheets due to hydrostatic compressive stresses.

Investigations on a HSLA steel (ZStE 500) show the for-

mation and fragmentation of a dislocation cell structure in

the severely deformed regions of the steel sheet. This

results in ultrafine-grained microstructures and improved

mechanical properties, similar to SPD processes as Equal

Channel Angular Pressing (ECAP) or High Pressure Tor-

sion (HPT). EBSD measurements reveal a gradient in grain

size with an increase in direction perpendicular to the

surface, whereas micro hardness decreases in the same

direction. Based on these results, basic principles of linear

flow splitting and its expected potential are discussed.

Introduction

The global competition and the limited material resources

force companies to increase their product functionality as

well as to optimize the manufacturing cycles. This involves

an increased complexity of the products and simulta-

neously enforces improvements of the manufacturing

technologies. The requirements on the material properties

are increasing continuously. Preferably materials would be

used whose high performances do not limit the production

process by exhausted formability. Therefore UltraFine

Grained (UFG) microstructures with grain dimensions in

the submicron range, characterized by high mechanical

strength as well as high ductility, are of great economic and

scientific interest [1]. Presently UFG materials are manu-

factured by several methods of Severe Plastic Deformation

(SPD), like Equal Channel Angular Pressing (ECAP) [2],

Accumulative Roll Bonding (ARB) [3], and High Pressure

Torsion (HPT) [4]. All these SPD methods are character-

ized by high hydrostatic compression stresses, which

enable extremely high deformations in the work piece.

Cells, cellblocks, and microbands are formed within the

grains and a subgrain structure of Low Angle Grain

Boundaries (LAGBs) is created. With further deformation

the LAGBs develop to High Angle Grain Boundaries

(HAGBs) and lead to a grain refinement with grain sizes in

the submicron range [5, 6]. The typical strains to generate

homogeneous UFG microstructures with a majority frac-

tion of HAGBs is about e = 4–8 [3, 5, 7], depending on the

method and the material, respectively. Originally, these

processes were developed for fundamental investigations

[1, 8, 9], but due to their excellent properties an interest for

the industrial utilization of UFG metals processed by SPD

evolved, especially for aerospace and medical applications.

The new linear flow splitting technology is a process

where such a microstructure appears in real components.

Here, the edge of a sheet metal (sheet or coil) is formed

into two flanges by splitting and supporting rolls. Bifur-

cated sheet metal components without lamination of

material are produced (Fig. 1) and can be roll formed

afterward and welded to generate multi-chambered profiles

[10, 11]. These profiles are characterized by strongly

inhomogeneous deformation resulting in microstructural

and property gradients that are not characterized yet. The

present article gives more insight in the specific
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deformation process and highlights the resulting micro-

structure as well as local and global properties of profiles

produced by linear flow splitting.

Principle of linear flow splitting

Linear flow splitting is a new cold forming process for the

production of bifurcated integral profiles from sheet metal.

The tooling system consists of an obtuse angled splitting

roll and two supporting rolls (Fig. 2). The final profile

geometry originates from several discrete forming steps in

which the splitting roll drives into the band edge by an

incremental splitting depth (yinc). High hydrostatic stresses

in the processing zone prevent the formation of cracks and

allow a high total splitting depth (ytot). Linear flow splitting

can be conducted either in a reversing process with a single

roll stand or integrated in a mill train for continuous pro-

cessing. Further details on the process principle and

possible applications are presented elsewhere [10, 11].

Experimental

The material used in this investigation is a HSLA steel sheet

of the grade ZStE 500 (0.07 wt.% C, 0.71 wt.% Mn,

0.1 wt.% Cr, 0.047 wt.% Si, 0.034 wt.% Nb and 0.016

wt.% Al), designed for deep drawing. Linear flow splitting

was conducted at the Institute for Production Engineering

and Forming Machines (Technische Universität Darmstadt)

in a reversing process to a total splitting depth (ytot) of 20 mm

with an incremental splitting depth (yinc) of 1 mm, a flange

thickness (sf) of *1 mm and an angle of the flanges (a) of

10�. Shape and dimensions of the resulting profiles are

shown in Fig. 1.

Metallographic specimens were prepared from the cross

section of the profiles. For EBSD (Electron BackScatter

Diffraction) measurements the specimens were vibropol-

ished for at least 8 h on a 50 nm mixed oxide suspension.

EBSD measurements were carried out using a FEG SEM

fitted with a TSL EBSD system. LAGBs have been defined

between 2� and 15� misorientation and HAGBs above a

misorientation of 15�.

Hardness measurements (HV0,05) were performed on

the cross section of the profile from the splitting center to

the web and parallel to the flange surface, Fig. 3.

Tensile specimens were machined from the as received

material as well as from the flanges in transverse direction

(Fig. 3). The gage length was 3 mm with a width of 2 mm.

Specimens were machined only on the lower side of the

flange to a thickness of 0.8 mm.

Results

Microstructure

The microstructure of the as received HSLA steel consists

of equiaxed ferrite grains with small cementite precipita-

tions located at the grain boundaries. The average grain

size of the sheet material measured by optical microscopy

was *6 lm (Fig. 4).

In the highly deformed regions, i.e., the splitting center

and the flange surface, the microstructure cannot be

resolved by light microscope. EBSD measurements reveal

that linear flow splitting leads to an UFG microstructure in

the splitting center and accordingly the flange surface area.

Due to the preferential flow direction of the material

Fig. 1 Profile produced by linear flow splitting Fig. 2 Principle of linear flow splitting

Fig. 3 Profile scheme
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(perpendicular to the splitting direction) a pancake like

UFG microstructure develops, thus the grain dimensions in

the flanges are strongly dependent on the direction, which

is exemplarily shown in Fig. 5 for a position 50 lm

underneath the flange surface. The maximum grain

dimensions are parallel to the z-axis and the minimum

parallel to the y-axis. The following micrographs concen-

trate on the y 9 z plane as it includes these two directions.

Note that although the structure in the x 9 z plane is

comparatively coarse its area-related average grain size is

still less than 1 lm.

Detailed investigations on the microstructure of the as

rolled flanges reveal a grain size gradient perpendicular to

the flange surface which is presented in Fig. 6 by EBSD

maps (combined image quality + inverse pole figure). The

elongated grains near the surface are mostly separated by

HAGBs and show only marginal fragmentation. Within

50 lm to the flange surface the average grain dimensions

along the y-axis (line intersection perpendicular to the split

surface) are below 100 nm. With increasing depth, i.e.,

distance to the split surface, the grain structure becomes

coarser and more equiaxed. The average grain size (linear

intersection) increases with growing distance to the flange

surface and reaches a value of approximately 500 nm at a

depth of 700 lm. This coarsening is associated with a

decreasing fraction of HAGBs from over 80% close to the

flange surface to about 30% at the lower side of the flange

(Fig. 7). No microstructural gradients are observed along

the splitting direction and parallel to the flanges (except at

the flange tip, about 4 mm in length). Thus Figs. 5–7 are

representative for a large part of the flanges.

The distribution of HAGBs and LAGBs with different

distances to the splitting center is illustrated in Fig. 8, on

the basis of EBSD maps (inverse pole figure) with marked

grain boundaries. HAGBs are traced in black and LAGBs

in white. Figure 8a (650 lm below slitting center) shows

that the HAGBs primarily separate regions with a few

microns in diameter, which is about the grain size of the

initial sheet material. These regions are further fragmented

Fig. 4 Microstructure of the as received material

Fig. 5 EBSD maps (image quality + inverse pole figure) of the

planes perpendicular to the x-, y-, and z-axis 50 lm underneath the

flange surface

Fig. 6 EBSD maps (image quality + inverse pole figure) with

different distances to the flange surface: (a) 50 lm, (b) 250 lm,

and (c) 550 lm
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by a dislocation cell structure, i.e., a network of LAGBs

with a sub-micron cell size. Comparing Fig. 8a and b

reveals a refinement of the cell structure with decreasing

distance to the surface. The misorientation between adja-

cent cells thereby increases, thus 15� of misorientation are

exceeded by an increasing fraction. The resemblance

between the HAGBs and the initial coarse-grained micro-

structure in Fig. 8a is no more observable within 500 lm to

the splitting center (see Fig. 8b, c). In this region the

HAGBs predominantly form a banded structure parallel to

the flange surface that is further subdivided by HAGBs and

LAGBs. The spacing between the banded HAGBs decreases

towards the flange surface as well as the transverse frag-

mentation of the elongated structure.

Mechanical properties

The average hardness of the as received material was

measured to 196 HV0.05 and is homogeneous across the

cross section. Hardness measurements on split flanges from

the splitting center to the flange tips (25 lm below the

surface) reveal a constant hardness of 365 HV0.05 parallel

to the surface over a wide range of the flange in spite of the

altering deformation degree along the flange surface. Only

at the flange tips, i.e., the surface created at the first split-

ting steps, the expected correlation—decreasing hardness

with decreasing deformation—can be observed.

The split profile shows a steep hardness gradient from

the surface of the splitting center to the web. The highest

hardness is measured at the surface with a value of

365 HV0.05. With increasing distance to the surface the

hardness decreases and reaches a constant level in a depth

of 1 mm of 225 HV0.05, which is about 30 HV0.05 higher

than the as received material, Fig. 9. The same behavior

(identical hardness distribution) was found for the whole

zone of constant hardness in Fig. 10.

Tensile tests reveal an increase in yield and tensile

strength (744 MPa and 782 MPa) of about 60% in the
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Fig. 7 Grain dimensions perpendicular to the surface and HAGB

fraction versus distance to the surface

Fig. 8 EBSD maps of the processing zone (inverse pole fig-

ure + marked grain boundaries) with different distances to the

splitting center: (a) 650 lm, (b) 450 lm, and (c) 250 lm
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Fig. 9 Hardness repartition from the splitting center to the web
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flanges compared to the as received material (Fig. 11). The

increased strength is associated with a reduced fracture strain

and marginal uniform elongation as it is typical for UFG

microstructures. Note that due to the samples thickness

(0.8 lm) the tensile specimens include a microstructural and

hardness gradient perpendicular to the loading direction. In

loading direction as well as in direction of the specimen

width microstructure and hardness are constant,

respectively.

Discussion

Linear Flow splitting is characterized by complex defor-

mation and flow processes of the material. To get a better

insight into these processes it is advantageous to separate

the split profile in two zones: The process zone where the

UFG microstructures develop and the flange zone where no

further deformation takes place. The process zone is

roughly limited by the area within a triangle between the

contact points of the splitting and the supporting rolls with

the sheet material. In this volume high hydrostatic com-

pressive stresses are present and increase the formability of

the material to a degree that UFG microstructures can

develop. Even though quantitative descriptions of the strain

distribution in the process zone are difficult, it is certainly

reasonable to assume a decreasing deformation degree in

direction from the splitting roll to the web. Hence, micro-

structural observations in this direction allow describing

the evolution of the microstructure as a function of defor-

mation. The EBSD measurements performed in this project

show the transition from a dislocation cell structure into an

UFG pancake microstructure with increasing deformation.

At first a dislocation cell structure with low angles of

misorientation is formed within the initial grain boundaries.

The cell spacing decreases with further deformation while

the misorientation increases thus partially forming new

HAGBs. Subsequently the microstructure transforms into a

banded structure with an increasing aspect ratio due to the

preferential flow direction of the material. The cells are

increasingly refined and mostly separated by HAGBs. This

results in a fraction of more than 80% HAGBs and average

grain dimensions below 100 nm (perpendicular to the

surface) in the most severely deformed regions close to the

splitting center.

The flange zone where no further deformation takes

place represents the microstructural evolution of previous

splitting steps, i.e., of previous processing zones. Therefore

it is not surprising to find similarities to the observations

mentioned above for the process zone: UFG microstruc-

tures with a grain size gradient perpendicular to the flange

surface combined with a hardness gradient due to the

changing grain size. However the constant hardness par-

allel to the surface over a wide range of the flange (Fig. 10)

is surprising at first glance, as FEM modeling clearly

indicates an increasing deformation degree towards the

splitting center [10, 12]. By the microstructural evolution,

i.e., the formation of UFG microstructures in the process

zone this effect becomes plausible. As it is well known for

SPD processes like ECAP or HPT, UFG microstructures

and mechanical properties become almost independent of

further deformation when a certain strain is exceeded [4, 7,

13]. In this case increasing deformation is no more coupled

with an increasing hardness. In the HSLA steel used for the

present investigations this strain is reached at a flange

length of about 4 mm, where the zone of constant hardness

starts. EBSD measurements reveal constant microstructural

dimensions over the whole range of constant hardness, thus

microstructure and hardness in the flange become identical

to those in the processing zone of the split profile. From
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these results it can be concluded, that at a flange length of

about 4 mm a steady-state is reached in the processing

zone. The steady-state in the process zone has two

important consequences:

1. Microstructural and property gradients are limited to

the direction perpendicular to the flange surface

(except the flange tips).

2. Further splitting becomes possible, no limitation of the

splitting due to limited formability is expected for the

HSLA Steel. From these findings the question arises,

whether reaching this steady-state achievable by the

formation of UFG microstructures is even a mandatory

condition for the flow splitting process.

Due to the formation of UFG microstructures the flanges

show excellent mechanical properties. Stress–strain curves

of specimen taken parallel to the flanges display the typical

shape of UFG microstructures: High yield stress, little

work hardening, little uniform elongation but high fracture

strain [9, 14–16]. As the tensile specimen contains a grain

size gradient in thickness direction, the yield stress in the

surface area is even higher than 744 MPa measured on the

sample. An estimation on the basis of hardness measure-

ments [12] reveals a value above 1,000 MPa in the surface

area of the flanges. This extremely high yield stress makes

the profile especially interesting for applications where

high wear resistance and good fatigue properties are

required.

Summary and conclusion

The HSLA steel ZStE 500 was used to investigate the

microstructure and mechanical properties of bifurcated

profiles produced by linear flow splitting.

Linear flow splitting leads to the formation of UFG

microstructures at the surface area of the split flanges. The

UFG microstructure develops by the formation and frag-

mentation of a dislocation cells. The resulting grain size

decreases with increasing deformation and the fraction of

HAGB increases. This leads to a process characteristic

ultrafine grain size gradient perpendicular to the split

surface.

Due to the formation of UFG microstructures a steady-

state is reached in the process zone, where increasing

deformation (i.e., splitting depth) has no more or little

influence on microstructure and resulting properties. Thus

work hardening and the related reduction of formability are

no limiting parameters for the splitting process.

The flanges exhibit very high yield stress combined with

an acceptable ductility. Hardness and yield stress gradients

perpendicular to the split surface are a consequence of the

process characteristic microstructure.
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