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ABSTRACT. The  common  tensile  test  is  basically  an  unstable  operation,  therefore  the  
maximum level of straining that can be obtained is limited. This paper describes how this  
range can be extended by supplying additional bending to the material. This can be achieved  
by  having a set  of  three rollers  continuously  moving  back and forth along the specimen  
during the tensile test. The paper shows examples where a uniform strain of over 400% has  
been obtained. The influence of experimental conditions like pulling speed and bending angle  
is discussed in detail. The bending / unbending operations seem to have only little effect on  
the final material hardening. This allows the construction of hardening curves up to large  
strains.
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1.INTRODUCTION
1.1.The tensile test

The tensile test can be regarded as the mother of all modern material tests. The test method 
was  derived  originally  from simple  tests  to  measure  the  strength  of  a  material,  either  in 
tension or compression. When it became possible to record the amount of elongation and the 
corresponding  strength  during  the  tests  it  became  also  possible  to  construct  force-
displacement curves, and from that stress-strain curves. The test is nowadays used to derive a 
multitude of parameters, from the simple UTS to the sophisticated coefficient of anisotropy r 
and the hardening exponent n. 

The tensile test however has one major shortcoming. Testing a piece of material like a strip 
in  tension  is  basically  unstable.  Any  irregularities  in  the  distribution  of  strain  along  the 
specimen will tend to extend immediately causing the specimen to fail. If the material exhibits 
work-hardening the onset of failure will be postponed, but eventually the specimen will fail 
by an instability at a level of say 20-30% elongation for mild steel. This means that it is very 
difficult to obtain relevant material properties at the large levels of straining that occur in an 
actual formed product. In a deep draw / redraw operation true logarithmic strains of 1 can 
easily be obtained, a level well beyond the one obtainable in a common tensile test.

To gather information at high strains researchers have developed techniques for example to 
obtain material data from the neck in a tensile test specimen with some success, but this is a 
tedious operation, and only a very small part of the specimen is actually examined.

So there is a need for techniques that create a relatively large area of uniform elongation, 
stretched to a level beyond that of a common tensile test.

1.2.Incremental forming
The  last  decade  has  shown a  world  wide  interest  in  what  is  called  incremental  sheet 

forming. That  name is  used for a  variety  of forming techniques derived from the classic 
spinning, by which a part is made piece by piece by having a small metal punch drawing 
consecutive  overlapping  contours  over  the  clamped  sheet  with  increasing  depth.  This 
technique is particularly suitable for prototyping as no tooling or only a simple tooling is 
required. It was noted very quickly that this technique enables flat sheet to be stretched well 
beyond the classic limits as for example expressed by the well known Forming Limit Curve 
(FLC).  Therefore  it  is  interesting  to  see  if  this  technique  enables  the  development  of  an 
enhanced tensile test that does allow large straining.

The major characteristic of incremental forming is that at any time only a very small part 
of the specimen is actually being deformed. By moving that area of deformation quickly over 
the specimen a small element of the specimen simply does not have enough time to develop a 
neck. Additionally,  some incremental  techniques create an area of stable deformation that 
does help to obtain large straining.

1.3.Bending under tension
So we need a  trick to force the deformation in a tensile test to take place in a restricted 

area. One way to do that is to apply a small normal force on the specimen that lowers the 
tensile force. That technique has been used by Taraldsen [1, 2].

Another, more simple technique is to create additional bending. This creates a situation 
known as bending-under-tension that is known from theory.  Bending-under-tension can be 
studied by performing a single 90o bend but for our purpose we use repetitive bending, this 
will be explained in the next section. That technique has first been presented by Benedyk [3, 
4], and was later used by Jongenburger and his student Mols of the University of Delft to 
study the tension-levelling process [5]. However both authors give little description of the 
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technical details. This paper is intended to give a better insight in this technique. 
Bending-under-tension  means  the  simultaneous  bending  and  stretching  of  a  piece  of 

material. The force to do that depends on both the amount of bending strain and the amount of 
stretching strain. In case of  a  perfectly plastic, non-hardening material the tension force T per 
unit width can be expressed as (ignoring second order effects):
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where σ  is the material flow stress, t is the sheet thickness, e is the strain (elongation) at the 
strip centre, R is the bending radius of the strip centre, and eb = t/2R is the bending strain of 
the outer fiber.
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Figure 1. Left: Graphic presentation of equation (1) for a situation of constant bending radius R;  
eb=t/2R. Right: distribution of strain and stress for the case e=eb/2, shown as an illustration.

For a situation of constant bending radius, as often encountered in practice, the relation 
between  tension  force  T  and  net  strain  e  is  graphically  presented  in  figure  1,  left.  This 
illustrates an important phenomenon: a strip being bent can be stretched with (much) lower 
force than the same strip not being bent. The condition of non-hardening material may look 
severe, however a detailed analysis shows that in a situation of pre-stressed material the actual 
situation is not that much different.  In our tests this is the case after a certain amount of 
stretching, say 50%.

1.4.Tensile test with simultaneous bending
To use  this  principle  the  specimen must  be subjected  to  repetitive  bending during  the 

tensile test. This is generally done by using three rolls as in a three-point bending test, as that 
leaves the ends of the specimen inline, see figure 2. That set of three rolls continuously moves 
up and down during the test although specific details may vary. Generally a relatively long 
specimen is used. The mechanism explained above ensures that only material being bent will 
actually deform, as that material requires the lowest force to elongate. This also implies that 
only material 'visited' by the rolls will elongate. From this basic assumption two important 
relations can be derived. The first is a simple relation between strain increment and speed:

ud

cb
incr v

v=ε (2)

where εincr is the strain increment at each passage of the roll set, vcb is the cross-bar speed, and 
vud is the up-down speed of the roll set. Note however that the roll set has three rolls, so that 
each passage shows several bending and unbending operations; in the ideal case we have e = 
εincr /6. The second important relation is the relation between true logarithmic strain ε and the 
total elongation ∆l of the specimen: 
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0l
Δlε = (3)

where  l0 is  the  stroke  of  the  up-down  movement.  This  relation  can  simply  be  verified 
experimentally.

LD

P

three-
roll set

strip

Figure 2. Left: schematic representation of the test; right: roll set. 

2.MATERIALS
This paper will present various results from different test series, all obtained for mild steel. 

The major mechanical properties are presented in table 1.
Table 1. Major mechanical properties (in the direction of testing) of the materials used in the  
experiments.

Label Grade Thickness
mm

YS
MPa

UTS
MPa

unif. strain
%

C
MPa

n r

A DC04 0.8 160 295 26 520 0.23 2.5
B DC04 1.0 159 296 24 515 0.22 2.2
C DC06 0.7 141 301 24 544 0.23 1.8

3.EXPERIMENTAL PROCEDURES
For the tests a simple construction was made as presented in figure 2. The roll set was 

made as compact as possible, this contrary to Benedyk who used a large roll set with the rolls 
set  at  some distance [3].  The roll  set  was  mounted in  a  standard  MTS hydraulic  testing 
machine that was already equipped with a programmable up-down device. That construction 
however prevented the jaws from coming close together, so large specimens had to be used, 
see figure 3. The roll set moved up and down with a constant stroke of 140 mm and a constant 
speed of 66 mm/s, the motion was restricted to the narrow part of the specimen deliberately. 
The pulling speed of the specimens (cross-bar speed) varied from 0.15 mm/s to 10 mm/s.

The geometry of the roll set was fixed. The diameter D of all three rolls was 15 mm, the 
distance L between the two outer rolls was 35 mm. Only the depth of penetration P (defined 
as in figure 2) could be varied provisionally using washers. Note that zero depth still means 
some bending, depending on the thickness of the material.

For all tests a force-displacement curve was recorded with a scanning rate of 20 Hz. Some 
examples are presented in figure 4. The effect of the up-down movement of the roll set is 
clearly visible.
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Figure 3. Dimension of the test specimens; drawing  not to scale.
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Figure 4. Two typical examples of recorded force-displacement curves.

4.RESULTS
NOTE: the results presented following have been obtained using mild steel. Recently some  

experiments have been carried out on aluminium as well.  The first  impression is that the  
major relations are the same as for steel, but the details differ and the maximum obtained 
elongation is lower. This will be presented in a future publication.
4.1.Phenomenology

Figure 5 shows some examples of test specimens. The top one is an undeformed specimen. 
The middle one was tested in a common tensile test, the necking is clearly visible. 

Figure 5. Three samples of specimens. Top: undeformed, centre: tested in a common tensile test,  
bottom: tested in the extended test with simultaneous bending. Material A.

The bottom one has been tested using the equipment described above. It is obvious that this 
specimen has been stretched much further than the middle one. The thinner part  shows a 
straight section marked by the rectangle. The strain in that section is uniform to great extent, 
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this has been verified using grid analysis. To the right of that section is a tapered section. The 
material in that section was pulled out of the zone visited by the rolls gradually, and once it is 
outside of that zone it is no longer deforming.

After the test the specimen may not be completely flat due to the bending and unbending 
operations. This is less severe for lower depth settings.

All  results  presented following have been derived from the    zones of uniform straining   
marked by the rectangle.

4.2.Results on strain

0 50 100 150 200 250
total elongation (mm)

0.0

0.5

1.0

1.5

2.0

tru
e 

le
ng

th
 s

tra
in

common tensile test

mat A
mat B
mat C

Figure 6. Measured uniform length strain plotted as a function of total specimen elongation.
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Figure 7. Strain state in the specimen. The apparent r-value is simply defined  as the ratio between 
width strain and thickness strain. Note effect of thickness: mat A =  0.8 mm, mat B = 1.0 mm.

The length strain after testing could not be measured directly. Therefore both width strain 
and thickness strain have been measured after testing by hand, and from that the length strain 
was calculated assuming constant volume. The results are presented in figure 6, this figure 
shows some results obtained from common tensile tests for comparison. The highest reported 
uniform strain in this figure is 1.67, this corresponds to an elongation of 430%!

The results clearly form a straight line as predicted by equation (3). That equation also 
predicts that the strain must be equal to 1 for an elongation of 140 mm (= up/down stroke), 
this agrees excellently. Note however that this relation fails for very high testing speeds, this 
will be discussed further below.

These results confirm the hypothesis stated in section 1.4, that only material actually being 
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bent  will  deform.  This  indicates  that  indeed  we  are  dealing  with  a  proper  incremental 
mechanism. 

The measured strains also supply information about the strain state in the specimen. Figure 
7 present  the ratio between width strain and thickness  strain.  This  can be regarded as an 
apparent r-value. Note that this is NOT the r-value of the material (that is presented in table 
1), it is just a parameter to present the strain state. The figure shows clearly that in the test the 
strain state shifts  towards plane-strain, and this is stronger for deeper settings and thicker 
material.

4.3.Effects of process conditions
The effect of testing speed and depth setting has been examined in detail. The testing speed 

could simply be varied by changing the speed of the testing machine. The depth setting could 
only  be  varied  provisionally  by  using  washers.  After  material  A  had  been  tested  some 
modifications have been made to the set-up, therefore the depth settings for material B differ 
from those for material A 

The  influence  of  depth  setting  has  already  been  encountered  in  figure  7  showing  its 
influence on the strain state. A more detailed influence of depth setting and testing speed can 
be studied by looking at the pulling force. The recorded force-displacement curves looked 
similar to the well-known force-displacement curve for common tensile tests, some examples 
were presented in figure 4.  The maximum of the curve (after  filtering) can be used as a 
measure that is representative for the force level. Figure 8 shows the results for material A, 
the other materials showed very similar results and need not be discussed separately.
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Figure 8. Influence of pulling speed and depth setting on the pulling force. .

The influence of depth setting and the speed is clear. The force increases with increasing 
speed.  This  is  not  surprising.  A higher  speed  causes  an  increase  of  the  strain  increment 
according to equation (2), and consequently of the pulling force according to equation (1). 
The high forces obtained at high pulling speeds have a negative effect that will be discussed 
in the next section. The effect of depth setting on the other hand was surprising. The depth 
setting determines the angle of bending and this is not expected to have an influence, this 
contrary to the bending radius. However detailed analysis showed that the specimen is not 
pulled tight around the rolls, but the actual bending radius is much larger due to the bending 
stiffness of the strip. This actual bending radius is governed by both depth setting and the 
speed. The effect could be explained by a simple analytical model based on a balance between 
pulling force and bending moment. The solid lines in figure 8 are predictions made by that 
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model, and show good agreement. 
So  the  main  conclusion  is  that  the  actual  bending  radius  of  the  specimen  is  mainly 

controlled by the experimental conditions. A consequence is that the choice of roll radius is 
not critical. 

Depth setting and speed also affect  the maximum obtainable elongation (strain), and that 
will be discussed in the next section.

4.4.Formability and failure
It is already clear that large levels of uniform straining can be obtained, see figure 6, but 

how high? Figure 9 presents  the maximum obtained elongation  for  material  B,  the other 
materials showed similar results. The relation between elongation and true strain can be found 
in figure 6.  The results  show that  for a  certain  depth setting the  maximum elongation is 
obtained at a certain optimum pulling speed. Also, both this optimum speed and the level of 
maximum elongation (read:  maximum strain)  increase with increasing depth setting.  This 
clearly illustrates the importance of selection of the experimental conditions.
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Figure 9. Maximum obtained elongation as a function of speed and depth setting. The open symbols  
represent cases of failure by overload as described in the text (limit A).

The relation between elongation and speed can schematically be presented as in figure 10. 
The maximum elongation is  bounded by three limit lines. Detailed observation of the failed 
specimens revealed that there are also three types of failure that more or less coincide with 
these  three  limits.  The  looks  of  those  fractures  are  presented  in  figure  10  as  well.  This 
suggests that there are (at least) three different mechanisms of failure. 

Limit A can easily be understood. Increasing the speed also increases the force (see figure 
7). At some moment this creates a situation where no longer only material being bent will 
deform,  but  other  parts  of  the  specimen  as  well.  This  means  that  the  situation  starts  to 
resemble a common tensile test  more and more. The maximum possible  elongation drops 
rapidly and the fracture geometry looks like that in a common tensile test: the orientation is 
oblique, there is a diffuse neck and the location is random. This is a situation of 'failure by 
overload'. The open symbols in figure 9 are cases of this limit.

Limit C looks like failure by low cycle  fatigue but this has yet  to be established.  The 
fracture is always across the specimen and gradually grows from the strip centre outwards. 
The fact that a lower pulling speed, meaning less force but more bending cycles, reduces the 
maximum elongation also points in that direction. This limit does not occur at  the lowest 
depth  setting;  at  low speed limit  B is  still  occurring then.  There  is  no diffuse neck,  and 
fracture mostly occurs at the top of the specimen (left in figure 5).
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Limit B looks like a bit of both. The fracture line is irregular, the location can vary, and 
there is a minor diffuse neck. Nevertheless careful examination distinguishes this type from A 
and C clearly enough. It is not clear at the moment which mechanism creates limit B but 
apparently this limit is acting at the largest elongations. 

Limit A is strongly influenced by the depth setting, not surprisingly as the depth setting 
also influences the pulling force (figure 9), this means that for creating really large uniform 
elongations the depth setting must be made as large as possible, or in other words: the actual 
bending radius must be made as small as possible. 

The best choice of speed seems to be at the intersection of limits A and B.
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Figure 10. Schematic representation of the relation between maximum obtained elongation and 
speed. The small photographs show typical examples of fractures.

4.5.Material hardening
The zone of uniform deformation  marked by the rectangle in figure 5 was often large 

enough to cut out samples for a second series of conventional tensile tests. These tests were 
used to determine the strength of the material after forming, and from that a true-stress / true-
strain curve could be constructed. Results are presented in figure 11; the true strain is defined 
as the total cumulative effective length strain.

The results for material A were obtained from all available samples that consequently have 
been formed at various conditions (speed and depth setting), and this shows some level of 
scatter. On the other hand, the tests on material C have been carried out with the sole intention 
to construct such a curve. Therefore the conditions have been chosen carefully, in this case 2 
mm/s speed and 2.3 mm depth setting. This reduces the scatter significantly. 

Both  diagrams  show  a  Ludwik-Nadai  curve  constructed  using  data  obtained  from 
conventional,  standardized tensile  tests  on undeformed material  (solid  line).  These curves 
have been extrapolated to large strains (dashed line). Noteworthy is that the measured strength 
agrees excellently with these extrapolated curves. It must be emphasized however that this is 
accidental. It is known that in general the hardening curve for mild steel does NOT obey the 
Ludwik-Nadai relation at large strains.

The figure for material A shows two measurements denoted by an open symbol labelled A, 
near 1 true strain. These points are from tests differing in speed by a factor of 10 (0.3 mm/s 
and 3 mm/s).  This means that one has been subjected to ten times as much bending and 
unbending operations than the other one. Still the level of hardening is (almost) identical. 
Apparently the hardening is but little affected by the cyclic bending operations. This will be 
discussed further in the next section.
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In principle it should be possible to construct a hardening curve directly from the recorded 
force-displacement curves as shown in figure 4. However this turned out to be not as simple 
as it looks. Obviously this requires a more detailed understanding of the process details.
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Figure 11. Two hardening curves up to large strains constructed from tensile tests taken from 
deformed specimens. The symbols marked A and B are discussed in the text.

5.DISCUSSION
The  tests  show  very  clearly  that  specimens  may  be  elongated  well  beyond  the  limit 

observed in common tensile tests by applying additional bending. Only a low level of bending 
is required, just a few degrees for the lowest depth settings. The tests described here have 
been carried out on narrow samples (20 mm), but there is no reason to believe that the tests 
will not work on wider samples as well. That gives more opportunity to carry out additional 
forming tests on stretched specimens. 

The application of this kind of test may be various. Benedyk has used the tests for material 
characterization, Mols to simulate the tension-levelling process in steel rolling, and the tests 
described in this paper were originally started to study incremental forming mechanisms.

The  experimental  conditions  play  a  vital  role,  which  seems  to  have  been  ignored  by 
Benedyk completely [3,4]. Mols has tested the influence of experimental conditions but his 
results  are  hard to interpret.  The effects  that  are  clear  however  do agree with the results 
presented here [5].

A question that is still open is if the additional bending and unbending operations have any 
effect of the final hardening. In figure 11 some points are denoted by a triangle and labeled B. 
These points have been obtained from tests taken from large samples subjected to a common 
tensile tests. That means these specimens have not seen any bending/unbending operations. 
Note that the tests from which the final level of hardening was obtained is the same for all 
data points in figure 11, and any differences must therefore be caused by differences in the 
strain history. The points are slightly lower than the other points denoted by circles. In the left 
hand figure the effect may be attributed to scatter, but in the right hand figure the scatter is 
lower and the lower level of hardening of point B may point to a true physical phenomenon. 

Figure  12  shows  schematically  the  strain  history  in  the  strip,  presenting  the  strain 
distribution in two consecutive bending / rebending operations. This figure illustrates that the 
centre part of the strip labelled I is subjected to tension only. That part sees no strain reversal 
and is expected to show normal hardening. The outer zones labelled II do see strain reversal. 
This may cause two possible effects:

• additional softening due to the Bauschinger effect
• additional hardening caused by the extended incremental total strain
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It is not clear beforehand which effect will be the largest. The results of figure 11 at least 
indicate  that the total  net effect will  not be large.  It is  also quite possible  that the cyclic 
bending creates some additional hardening initially, but that this amount of hardening reaches 
a constant level after a certain amount of cycles. This does not conflict the results of figure 
11.

I

II

II

A B C

Figure 12 The strain distribution in the strip in two consecutive bending / rebending operations.

The only solution is to construct a hardening curve in some other way without bending for 
comparison. This can be done for example with compression tests, but it is also known that 
different  tests  methods may give (slightly)  different  results.  So this remains  a subject  for 
future research.

In any  case, the strain is not constant over the thickness and depends on the size of the 
central part I. As a rule of thumb: the higher the pulling force (see figure 8), the larger the 
central part I (according to eq. (1)), and the lower the effects of bending on hardening.

6.CONCLUSIONS
• By  applying  simultaneous  bending  a  tensile  test  specimen  can  be  stretched 

uniformly much further than in a common tensile test; a low level of bending is 
sufficient.

• Process  conditions  like pulling  speed  and  bending  angle  (read:  actual  bending 
radius) have a significant effect on the results; for optimal results the conditions 
should be selected carefully.

• Material  hardening  seems  only  little  affected  by  the  bending  and  is  largely 
controlled by the total macroscopic length strain; however minor effects may be 
present, this requires further research.

7.REFERENCES
[1] A. Taraldsen: "Stabilized tensile testing (i.e. without local necking)", Materialprűfung, vol 

6, nr. 6, (1964-10, June), pp 189-195.
[2] A. Taraldsen: "Tension Testing without Local Necking", J. of Materials, Vol. 7 (1972), nr 

4, pp 470-473.
[3] J.C. Benedyk, D. Stawarz, N.M. Parikh: "A Method for Increasing Elongation Values for 

Ferrous and Nonferrous Sheet Metals", J. of Materials, Vol. 6 (1971), nr 1, pp 16-29.
[4] J.C. Benedyk, S. Mostovoy, R. Janota: "The Continuous Bending under Tension (CBT) 

Test Method for Evaluating Formability of Sheet Metal", Light Metal Age, Vol 60, 
December 2002, pp 6-8

[5] A.J.A.M. Mols, "Een mechanische techniek om het optreden van plastische instabiliteit te 
vertragen",  Afstudeerverslag tussenafdeling der metaalkunde; Technische Hogeschool  
Delft, juni 1972 [in Dutch, not an open publication]

11



W. C. Emmens, A. H. van den Boogaard

ERRATUM

After completion of the manuscript but before the actual presentation additional experimental  
results showed that the points labelled ‘B’ in figure 11 had been obtained from imperfect  
specimens. Therefore all comments about points ‘B’ in section 5 should be ignored.
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