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Abstract Sheet metal forming commonly involves vari-

ous processing steps leading to complex strain paths. The

work hardening of the metal under these circumstances is

different from that observed for monotonic straining. The

effect of the strain path on the hardening of materials is

usually studied through sequences of standard mechanical

tests, and the shear test is especially well adapted to such

studies in sheet forming. Shear straining covering

Bauschinger and cyclic strain paths were used in the

analysis of the hardening of AISI 430 stainless steel sheets.

The tests were conducted at 0�RD, 45�RD, and 90�RD

(Rolling Direction) and for three effective strain ampli-

tudes. The results indicate that the material presents

Bauschinger effects and strain hardening transients that are

sensitive to the testing direction. In addition, the cyclic

straining leads to an oscillating stress pattern for the

forward and reverse shearing cycles, which depends on the

deformation amplitude.

Introduction

Sheet metal forming comprises a series of plastic straining

operations, such as deep drawing and stretching providing

the desired shape to the metal (in this case, to the sheet

blank) through the use of dies and punches. In addition to

the significant versatility in terms of the shapes obtained,

numerous advantages are associated with these operations,

such as high productivity, relatively low energy con-

sumption, and reduced processing time. Therefore, a

pronounced demand for sheet forming products has been

observed, especially in the automotive, the aeronautic, and

the appliance industries [1].

Many investigations have been conducted in order to

improve sheet metal forming, involving various aspects

such as the tooling features [2] and the effects of the pro-

cess parameters on the materials formability. In this case,

numerical techniques, especially the finite element method

(FEM), have been widely employed [3, 4]. On the other

hand, the classical approaches to the forming processes are

based on the evaluation of simulative tests, such as the

forming dome limit LDH [5], the Swift cup, the Erichsen

Olsen dome [6], and the Nakazima tests [7]. Regarding

specifically the automotive industry, the forming limit

diagram (FLD) [8] and the forming limit stress diagram

(FLSD) [9] are frequently employed in these studies.

Detailed information concerning both the strain history

and the work hardening evolution of the metal under pro-

cessing is necessary in the previously mentioned analyses,

preferably involving conditions similar to those observed
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in industrial operations and, therefore, including the pre-

vailing complex deformation and/or stress states and paths.

Nevertheless, the work hardening behavior of materials is

usually taken as the one described by flow curves obtained

through standard mechanical tests, i.e., monotonic straining

processes (tension, compression, etc.). Hence, the results

from these experiments usually do not reflect the exact

non-monotonic deformation conditions developed in some

industrial processes [10].

A reduction in the flow stress of the material, as well as

work hardening transients, is commonly observed after

strain path changes. The occurrence of reloading yield

stresses lower than the flow stress at the end of the pre-

strain (Bauschinger Effect, BE) has been attributed to the

reorientation of internal stresses caused by grain incom-

patibilities and to the rearrangement of dislocations [11].

When the loading path is reversed, the internal stresses act

in the same direction as the applied stresses, causing lower

flow stresses in comparison with the monotonic test. The

magnitude of this effect depends, among other parameters,

on the pre-strain value, on the materials structural

characteristics [12, 13], and, especially, on the mode of

deformation [14, 15] in which magnitude of the strain path

change is usually indicated by the a parameter [16].

The hardening transients have been associated with

various causes: structural aspects related to the evolution of

the dislocation substructure and a subsequent strain local-

ization due to the development of shear microbands [17], a

prevailing high density of dislocations [18], the nature of

the dislocations generated during the pre-strain and their

rearrangement during reloading [19], and the crystallo-

graphic texture [20]. Regarding the substructural aspects,

the transient would be connected to the partial dissolution

of the dislocation substructure generated in the pre-strain.

The intensity of the initial decrease in the hardening rate

increases with the pre-strain value [12]. Wilson and Bate

[21] concluded that the magnitude of the reloading yield

stress and the amplitude of the ensuing hardening transient

depend on the strength of the dislocation walls generated in

the pre-strain, where the dislocations accumulate at barriers

in tangles and eventually form cells. These are strong

barriers to dislocation glide in the slip systems intersecting

the walls. The effective strength of these walls would

depend on the local dislocation density, the strain path

mode, and the pre-strain value.

Straining sequences of shear loading tests are known to

be an effective way to investigate the plastic behavior of

metals under real forming circumstances [1]. Various

sequences have been studied, such as tension-cyclic tor-

sion, equibiaxial stretching-tension, fatigue-tension, and

tension-compression [22–26]. In addition to these proce-

dures, the more recent planar shear technique is an efficient

alternative method for the study of the effects of the strain

path on the forming of metal sheets [27, 28]. In contrast to

the former testing techniques, the latter method does not

require long time-consuming experiments and complex

laboratory equipments. Moreover, it lends itself easily to

reverse shear deformation (Bauschinger type experiments),

as well as to the achievement of high plastic straining

levels [29]. Finally, various strain path change experiments

can be conducted through planar shear, leading to flow

curves closer to those related to real forming operations.

The investigations utilizing strain path changes and the

shear test have involved, in general, low carbon steel [1,

19, 27], aluminum alloys [30] and, recently, Dual Phase

(DP) steel [13]. However, no tests have been reported on

AISI 430 stainless steel.

The aim of the present investigation is to analyze the

work hardening behavior of AISI 430 stainless steel sheets

submitted to strain path changes through the planar shear

technique, covering a simple reversion of straining (BE)

and cyclic testing.

Material and methods

The material used in this research was a AISI 430 stainless

steel (sheets) with the following chemical composition

(weight percent): 0.02C, 0.20Mn, 16.11Cr, 0.17Ni, 0.40Nb,

and 0.01Ti. The specimens, used in their as-received state,

were 0.60-mm thick, 50-mm long, and 15-mm wide. The

shear zone gauge width was 3.50 mm.

The test apparatus consisted of an Instron model 5582

machine specially adapted for shear testing, based on the

investigations developed by Rauch [27]. The shear strain

rate was 0.002 s-1.

(1) Bauschinger: forward shear test up to a shear strain c
of 0.30 followed by shear in the opposite (reverse)

sense. The specimens submitted to Bauschinger tests

were sheared at 0�, 45�, and 90� from the rolling

direction (RD);

(2) Cyclic shear sequences (reverse, forward, and reverse

straining) conducted with shear strain amplitudes of

0.22, 0.37, and 0.56, preceded by a shear pre-strain

whose values were 0.11, 0.18, and 0.28, respectively.

In this case, all samples were cut at 90� to the rolling

direction (RD).

Figure 1a, b displays schematically the experimental

straining sequences for the Bauschinger and cyclic

sequences, respectively, in terms of the shear stress–

shear strain curves and of the specimen employed in this

test.

Monotonic shear tests were also performed, allowing a

comparison with the results from the Bauschinger/cyclic

shear tests. All shear stress–shear strain data were
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converted into effective stress–effective strain curves using

the conversion parameter cited by Rauch [27]:

re ¼ 1:84s ð1Þ
ee ¼ k=1:84 ð2Þ

where re is the effective stress, ee is the effective strain, s is

the shear stress, and c is the shear strain.

In order to avoid the overlapping of the results and to

clarify the analysis, the effective stress–effective strain

curves were plotted according to the sequence shown in

Fig. 2, for one complete deformation cycle, and where the

reverse shearing is represented with a dashed line. The shear

stress–shear strain results obtained in the experiments are

exhibited in Fig. 2a. The shear deformation was converted

into effective deformation employing Eq. 2 and thus taken

only as positive and accumulative, i.e., the increments of

deformation were added, as shown in Fig. 2b. The effective

stresses were calculated using expression 1 and considered

always positive, as shown in Fig. 2c. All cyclic experiments

began with a shear pre-strain whose value was one-half of

the total shear strain amplitude employed in the tests.

Results and discussion

Bauschinger shear test

Figure 3 shows the effective stress–effective strain curves of

the AISI 430 stainless steel samples (sheared at 0�, 45�, and

90� to the rolling direction) submitted to a reverse shear

sequence. In addition to the second stage flow curves, the

monotonic shear test results are also displayed, in order to

compare the mechanical behaviors with and without the
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Fig. 1 Schematic cyclic shear experiment: a shear pre-strain and first

reverse shear and b forward and second reverse shear
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Fig. 2 Procedure employed to prepare the effective stress–effective

strain curves related to the reverse and the cyclic tests
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strain path change. The effective stress–effective strain data

for both situations allowed the calculation of normalized

hardening rates, i.e., the hardening rate (h) multiplied by the

inverse of the stress (1/r), whose relationship with the strain

is also exhibited in Fig. 3 (right vertical axis) [30].

For all the investigated conditions, the reverse shear

flow curves display lower stress values than those observed

in the monotonic shear experiment, i.e., the occurrence of

the Bauschinger Effect is noted. The effect is more pro-

nounced in the 90�RD samples, where the differences (Dr)

between the reloading stresses and the stresses in the

monotonic test (at the same strain level) are about 90 MPa.

For 45�RD and 0�RD, Dr values are *87 and *76 MPa,

respectively.

At the beginning of all the reverse tests the normalized

hardening rate h(1/r) falls abruptly to values below those

observed for monotonic shear (at the same level of strains),

increases to above the monotonic behavior and then sta-

bilizes. In Fig. 3, e1 and e2 represent the deformation

ranges associated with this unusual behavior. e1 corre-

sponds to the region of the h(1/r) vs. e curve where the

hardening rate decreases with the deformation, whereas e2

is related to the opposite situation. In a similar manner as

does Dr, both e1 and e2 depend on the angle of the testing

of the samples in relation to the rolling direction.

The rapidly falling values of h(1/r) indicate an intense

occurrence of dynamic recovery processes during the strain

interval e1 [31]. On the other hand, further straining with

the magnitude e2 not only stabilizes the falling hardening,

but actually involves an increase in h(1/r) at levels above

those for monotonic straining (at the same levels of strain).

The difference between e2 and e1 has been used by Vincze

et al. [19] as an indication of the susceptibility of the

material to hardening transients after changes in strain

paths. Low values of e1 are associated with initially high

work hardening instability, whereas high values of e2 are

associated with the slow rates of hardening increase after

the initial instability. Thus, samples displaying high values

of e2 – e1 are the ones initially more sensitive to strain path

changes and then the slowest to reach a final stable hard-

ening rate. The lowest value of e2 – e1 was obtained for

0�RD, (0.111), whereas 45�RD and 90�RD presented the

values of 0.128 and 0.132, respectively.

The above phenomena have been associated with the

various causes presented before and especially with the

substructural evolution of the material during the strain

path change [18].

Cyclic shear sequence

Figure 4 shows the shear stress–shear strain responses of

the AISI 430 stainless steel at 90�RD observed during the

cyclic straining experiments (total shear strain amplitude

Dc of 0.22, 0.37, and 0.56, corresponding to total effective

strain amplitudes De of 0.12, 0.20, and 0.30, respectively).

The cyclic tests were conducted only at 90�RD because this

direction presented the longest hardening transient (e2 –

e1 = 0.132) in the strain reversal tests, and would thus

probably show more pronounced strain path effects under

cyclic straining.

In order to allow a more detailed evaluation of the

mechanical behavior of the metal, the effective stress–

effective strain curves during the cyclic loading (deter-

mined from the results in Fig. 4) and the normalized

(a)

(b)

(c)

Fig. 3 Effective stress–effective strain and hardening rate–effective

strain curves of the AISI 430 stainless steel subjected to pure and

Bauschinger shear experiments: a 0�RD, b 45�RD, and c 90�RD
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hardening rate–effective strain curves are exhibited on

Figs. 5 and 6, respectively. These graphs were plotted in

the similar manner as shown in Fig. 3, i.e., all values of

stress were considered positive and the deformation was

accumulative. The arrows shown in the graphs correspond

to the directions of shear straining (: forward and ;
reverse).

Figure 5 indicates that the cyclic shearing led to less

hardening than monotonic straining for the AISI 430 steel,

and Fig. 4 suggests a hardening saturation at the end of the

processing (after the second reverse shear), for all the strain

amplitudes. This saturation stress increases with Dc, as

shown in Table 1. There is a clear, but slow hardening

caused by the increasing straining.
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Fig. 4 Shear stress–shear strain curves of the AISI 430 stainless steel

samples at 90�RD obtained in cyclic experiments—shear strain

amplitude: a 0.22, b 0.37, and c 0.55
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Fig. 5 Effective stress–effective strain curves of the AISI 430

stainless steel samples at 90�RD subjected to monotonic and cyclic

shear experiments—effective strain amplitude: a 0.12, b 0.20, and

c 0.30
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Considering the two first deformation steps in Fig. 5

(a forward and a reverse deformation), the differences in

stress between the yield stress in the first reverse defor-

mation and the stress at the end of the first forward cycle

under monotonic shearing (Dr0) were found to be 87, 123,

and 156 MPa, corresponding to the effective strain

amplitudes De of 0.12, 0.20, and 0.30, respectively. As

previously stated, the higher values of Dr0 associated with

the increasing straining amplitudes De are a typical result

of the BE [12, 30, 31].

On the other hand, the values of Dr0 for the next forward

deformation steps are clearly lower than those for the

previous step, and their magnitudes decrease with an

increase in strain amplitude. These results are the opposite

of those observed in the previous deformation step. This is

probably associated with the fact that the first reverse

deformation did not completely replace the dislocation

structure and stress fields originated in the first forward

step with structures and stress fields typical of only the

reverse deformation. This is demonstrated by the compar-

ison of the yield strength of the material in the 2nd forward

cycle, (ry2) and the stress at the end of the 1st reverse cycle

(rf1) shown in Table 2. For a low strain amplitude

(Fig. 5a), ry2 [rf1 because the low strain amplitude had a

limited effect on the disruption of the stress fields caused

by the previous deformation step. As the deformation

amplitude in the 1st reverse step increases, more and more

disruption of these previous dislocation structures and

stress fields occur, and ry2 becomes increasingly lower

than (rf1), as displayed in Fig. 5b, c.

The stresses in the 2nd reverse cycle are lower than in

the previous forward cycle, exactly like the situation after

the 1st forward cycle. The cause for this situation is similar

to that previously discussed and associated with the degree

of disruption in the internal stress fields of the material

caused by the sequence of previous cycles. As the number

of cycles increases, a steady state will eventually be

reached, as has been amply demonstrated for the warm and

hot cyclic torsion of copper and IF steel [32, 33] and by the

(a)

(b)

(c)

Fig. 6 Normalized hardening rate–effective strain curves of the AISI

430 stainless steel samples at 90�RD subjected to monotonic and

cyclic shear experiments—effective strain amplitude: a 12%, b 20%,

and c 30%

Table 1 Saturation shear stres-

ses for AISI 430 under cyclic

tests

Shear strain

amplitude

Saturation shear

stress (MPa)

0.22 290

0.37 314

0.55 324

Table 2 Comparison of the flow stress at the end of the 1st reverse

cycle (rf1), and the yield strength in the 2nd forward cycle (ry2) for

the various strain amplitudes

Effective strain

amplitude

rf1 (1st reverse

cycle, MPa)

ry2 (2nd forward

cycle, MPa)

ry2 - rf1

(MPa)

0.12 497 499 2

0.20 543 522 -21

0.30 585 527 -58
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cyclic shear tests on the aluminum 3004 alloy in the

recovered state [34].

The hardening rate–effective strain curves displayed in

Fig. 6 also reveal the influence of the cyclic strain

amplitude on the mechanical behavior of the metal. For

all conditions evaluated in the investigation, analogously

to the Bauschinger experiments, there is an initial sharp

fall in the (h)(1/r) after all strain path changes, which is

followed by an increasing (h)(1/r), which then stabilizes

to a value higher than the corresponding one for mono-

tonic shear.

Figure 6 indicates that the higher strain amplitudes are

also associated with increasing strains during the transient

(both e2 and e1), in a similar way as to the observations of

Hu [29] for mild steel under cyclic deformation. For the

2nd second forward cycle, for example, as the strain

amplitude increases not only are the Dr0 values lower, but

the longer transients also allow more work hardening of the

material at the end of the cycle, resulting in a flow curve

closer to the monotonic curve than in the case of the first

reverse cycle. It is again believed that longer hardening

transients, which are associated with the higher strain

amplitudes, are caused by the higher level of disruption of

the substructure caused by the previous deformation step.

According to this reasoning, small successive deformation

steps will cause little work hardening of the material,

whereas large steps will approximately reproduce the

monotonic curve, probably at a lower level caused by the

BE. This has been confirmed for the warm and hot cyclic

torsion of IF steels and copper [32, 33].

Conclusions

The strain path changes under Bauschinger and cyclic

shear tests in AISI 430 stainless steel sheets indicated that

(1) Increasing levels of the superimposed reversed

shearing initially lead to increasingly lower work

hardening, in relation to the hardening caused by

tension. However, above a certain reversed shearing

level, the work hardening ceases to decrease and then

increases.

(2) The cyclic straining led to an oscillating stress pattern

for successive deformation cycles, probably caused

by the incomplete disruption of the dislocation

structure and stress fields associated with the succes-

sive deformation steps.

(3) The deformation range, where work hardening tran-

sients caused by cyclic straining are observed,

increases as the deformation amplitude is increased.
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