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Abstract. Applying pre-strain can not only change the microstructure and the mechanical
property of metal material but also affect sheet metal stamping ability. In this paper, taking H260
low-alloy steel and TA2 titanium alloy as experimental materials, pre-strain ranging from 0 to
0.16 was applied using the one-step and the multi-step method respectively. Microstructure
observation, tensile test, bending test, and cup bulging test were conducted on the pre-strained
samples. Results show that in the pre-strain loading stage, the slipping and twinning deformation
occurs in the TA2 alloy sample while dislocation sliding mainly happens in H260 low-alloy.
With pre-strain increasing, the product of ultimate tensile strength and elongation rate gradually
decreases, and the true ultimate tensile stress and accumulating elongation change rarely. The
“product of yielding strength and elongation rate” can be enhanced by applying a pre-strain of
0.04 on the condition that plasticity is still at a high level. In the pre-strain range of 0 - 0.16, a
bending test with a 30.8 °-opening angle can be completed on H260 steel. The springback angle
changes from negative to positive with an increase in pre-strain. The bending ability of TA2
titanium alloy is very poor, for a crack can easily occur even in the original sample. The cupping
value decreases gradually with an increase in pre-strain. The cupping value of TA2 titanium
alloy is higher than that of H260 low alloy steel for the constant pre-strain. A quite large
difference exists between the two experimental materials. Pre-strain loading pass has no
significant effect on the microstructure evolution, mechanical properties, and stamping
properties.

1. Introduction
Pre-strain is one of the important methods to change metal properties. For example, applying pre-strain
can affect metal microstructure "2, strength ), stiffness, creep property [*), fatigue property (7,
forming performance *!, and so on. The reason for enhancing strength mainly lies that dislocation density
increases and dislocation entanglement become worse after applying pre-strain. Twinning deformation
happens more likely in the pre-strain loading stage for some hexagonal metals. After pre-straining, the
yielding strength (os) of a high-strength alloy is greatly enhanced while the ultimate tensile strength (o)
is less increased, and the elongation rate (Er) decreases rapidly due to the increase of yield ratio. Li et
al. found out product of oy and Er changed rarely and is even slightly increased after pre-straining, which
provides a new solution for adjusting the metal property. Pre-strain can bring in an effect on
accumulating Er, namely the sum of pre-strain and Er of the pre-strained sample. However, the variation
law of the accumulating Er with the constant pre-strain is not consistent due to different chemical
components and preparation processes.

In sheet metal multi-step forming, work hardening caused by former pass deformation on the next
pass can be regarded as an effect of pre-strain. The pre-strain can also influence springback behavior.
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Therefore, strain hardening becomes a research hotspot in sheet multi-step forming, and it is listed as
the key topic in the field of the effect of pre-strain on sheet forming performance in the 2011
NUMISHEET conference ", The forming limit of AAx610-T4PD aluminum alloy can be greatly
improved by applying a pre-strain of 0.1 and the following intermediate annealing, according to the
work by Zhang et al!'"l. Pan et al.'">'* studied the influence of pre-stretching and pre-compression on
the cup bulging ability of the AZ31 magnesium alloy sheet. It was found that the base texture was
gradually weakened and dispersed after pre-strain and heat treatment, which causes a high hardening
index n value and increasing cupping value. Verma et al. ' found that the bottom zone of the U-shaped
part was permanently softened after pre-drawing and the elastic modulus was largely changed, which
brings an effect on springback. Choi et al. "*! found that the springback amount of the U-shaped parts
was greatly reduced after two-step bending, which was mainly attributed to the change of stress in the
side wall. Chongthairungruang "® and Yue et al. ' found that the larger pre-strain led to a larger
springback. Weiss et al. ["® found that bending yielding strength was reduced to a large extent based on
the free bending experiment with pre-strained samples. At present, the effect of pre-strain on sheet
stamping performance is still less systematically studied. Most pre-strain loadings were applied in a
single-step way, and multi-step loading is required in certain deformation processes, such as drawing
and multi-pass rolling. Since intermediate hardening or accumulating deformation will affect the final
forming ability, enough attention should be put to the effect of pre-deformation in multi-step forming.

In this paper, H260 low-alloy steel and TA2 titanium alloy were used as the experiment material. A
large range of pre-strain is loaded in single-step and multi-step methods to study loading pass and pre-
strain value on microstructure. Besides, the effect of pre-strain on stamping performance is evaluated
based on the v-shaped bending and bulging test, which provides a certain theoretical basis and research
insight for property adjustment and sheet forming technique of high-strength alloy.

2. Experimental material and method
In this paper, the 1.2 mm thick annealed H260 low-alloy steel and the 1.2 mm thick annealed TA2
titanium alloy sheet were used. Microstructures of the original material were shown in Figure 1. The
original microstructure of H260 is composed of the mainly equiaxed ferrite grain and a small amount of
pearlite. The TA2 titanium alloy is composed of an equiaxed a phase.
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Figure 1. Microstructure of original material of (a) H260 low alloy steel and (b) TA2 titanium alloy

Two kinds of tensile specimens were cut along the rolling direction, namely one with standard gauge
width of 12.5 mm (standard gauge SG) and the other with wide gauge width of 60 mm. The parallel
section length is 62.5 mm, as shown in Figure 2. By using the electronic universal testing machine, the
two specimens were previously loaded to strains of 0.04, 0.08, 0.12, and 0.16, respectively. The velocity
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was 3 mm/min and the extension gauge length was 50 mm. Then, tensile tests were carried out on the
pre-strained SG samples. The test ended when the load decreased by 10% in the necking stage. The
elongation in this situation was calculated as elongation rate (Er). To study the influence of multi-step
pre-deformation on deformation ability, two-step pre-loading with 0.04 + 0.04 and 0.04 + 0.08 were
used, corresponding to the accumulated strain of 0.08 and 0.12 respectively. Three-step loading with
0.04 + 0.04 + 0.04 was applied, corresponding to the accumulated strain of 0.12. Each kind of tensile
test was repeated three times to avoid statistical error.

(a) »
60 _‘ | 625 %_
1 L
(b) 200

70
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Figure 2. Geometric illustration (in mm) of specimens used in tensile tests (a) with standard gauge and
(b) wide gauge

The samples were cut along a tensile direction for microstructure observation. They were ground and
polished consecutively. After that, H260 samples were etched with 4% nitrate alcohol and TA2 samples
with HF: HNO3: H20 = 1: 3: 100 (volume ratio) solution. The longitudinal section was observed by
optical microscope and scanning electron microscope (SEM). The samples were mechanically thinned
and ionic thinned to obtain a ®3 mm wafer used for microstructure analysis by using transmission
electron microscopy (TEM).

The v-shaped bending test was carried out on the pre-strain SG sample. The die opening angle was
30.8 ° and the punch fillet radius was 0.5 mm. A cupping test was performed on the pre-strained WG
sample with a punch speed of 6 mm/s. The punch radius was 20 mm and the blank holder force was 98
KN.

3. Results and Discussion

3.1 Effect of pre-strain on microstructure

The TEM microstructure of the original H260 sample is shown in Figure 3. It can be seen there are a
few dislocations in a ferrite grains and annealing twins exist in several a-Fe grains, which shows that
relatively full recrystallization is completed after annealing. In the pre-strain loading stage, dislocation
sliding is initiated, and dislocation density increases with pre-strain increasing. Meanwhile, more sub-
grains are generated, of which the boundary is composed of a dislocation wall. Although annealing twins
exist in the original microstructure, they rarely take part in plastic deformation. Dislocation slipping is
the main deformation mechanism for o ferrite, as shown in Figure 4.
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(a)

(a) NO 1 region, (b) NO 2 region
Figure 3. Microstructure of the H260 original specimen

S (b)

e

(a) NO 1 region, (b) NO 2 region
Figure 4. Microstructure of the 0.08 pre-strained H260 specimen

Figure 5 shows the TEM microstructure of the original TA2 sample. Based on the SEM (seen in
Figure 1(b)) and TEM microstructure, a certain number of annealing twins exist in the original TA2
sample, and a few dislocations appear in the o phase. The microstructure of the 0.08 pre-strained sample
is shown in Figure 6. The amount of the deforming twin increases in the o phase, and large dislocation
walls appear. When the larger pre-strain is applied, these dislocation walls will transform into the sub-
grain boundary.
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(a)

500 nm

Figure 6. The (a) SEM microstructure and (b) TEM microstructure of the 0.08 pre-strained TA2
titanium alloy specimen

3.2. Influence of pre-strain on mechanical property

Figure 7 describes the variation law of the mechanical property of H260 and TA2 samples with single-
step pre-strain. With pre-strain increasing, both o5 and o, of each material increase, and Er decreases
gradually, which is consistent with the result of many research works %', Nominal stress and strain
cannot reflect the real condition at the large deformation stage, so mechanical property indexes such as
true yielding strength o, e, ultimate tensile strength op.gue, and true yield ratio are calculated based on
true stress and strain data. The variation curves of Gs.qrue and ob-rue With pre-strain are shown in Figure
7(b). ob1rue of H260 specimens changes rarely and os.e gradually increases with pre-strain. A similar
phenomenon is also observed in TA2 titanium alloy. However, when the pre-strain is larger than 0.12,
Os-true aNd Ob-irye Of TA2 titanium alloy are quite close. From the perspective of real stress and strain, the
true yield ratio of the H260 sample is significantly lower than its nominal yield ratio, and so it is the
TA2 titanium alloy. As for the same pre-strain, the yield ratio of H260 low alloy steel is smaller than
that of TA2 titanium alloy, which means that H260 low alloy steel can endure larger plastic deformation.
When the pre-strain value is larger than 0.08, the yield ratio of TA2 titanium alloy reaches 1. Therefore,
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such alloy faces a high risk of failure when it is previously loaded with a strain larger than 0.08. The Er
decreases rapidly with an increase in pre-strain for each material, as shown in Figure 7(d).

Stretching deformation on the pre-strain sample can be considered as two-step loading on the original
sample. Therefore, the total elongation rate can be expressed as a sum of the pre-strain and E£r of the
pre-strained sample . It can be seen from Figure 7(d) that the total elongation rate is quite close at each
pre-strain The reason is that the tensile plasticity of pre-strained specimens is reduced by the higher
dislocation density, which is consistent with many research works %!, It is reported in reference 2*2!
that the total elongation rate of St15 cold-rolled automotive steel and the 5754 aluminum alloy plate
increased after they are previously pre-loaded to the strain of 0.17. The reason lies that the hardening
index n of the two pre-strained samples is higher, and the large elongation rate can be maintained before
reaching the ultimate tensile stress. Generally, the influence of pre-strain on the total nominal strain is
tiny. The total elongation rate of the sample is still consistent with that of the original material, even at
high pre-strain (such as 0.12 and 0.16). This is different from multi-step deep drawing used to obtain a
smaller drawing ratio and multi-pass rolling used to obtain a larger reduction. The purpose of multi-step
deep drawing is to avoid excessive stretching force in the cup wall, so the total drawing ratio is less than
that of single-step deep drawing. Multi-pass rolling can yield a large total deformation with a small
rolling force and a small dislocation density 1*%, so a larger amount of rolling reduction can be achieved.
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Figure 7. Variation curve of several properties with pre-strain of H260 steel and TA2 titanium alloy
The product of g, and Er reflects work to pulling out the specimen, and it is also the comprehensive
evaluating index for the metal strength and toughness. The variation of the product of o, and Er with
pre-strain is shown in Figure 8. o, * Er product decreases gradually with pre-strain. It is mainly due to
the increase in tensile strength caused by pre-strain being less than the decrease in elongation, as shown
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in Figures 7(a) and (b). The product of g5 and Er can be used to express the ultimate redundancy degree
of metal deformation failure. Thus, it can be defined as a product of yield strength and elongation rate.
As can be seen from Figure 8, the os x Er of TA2 titanium alloy at a pre-strain of 0.08 and H260 high-
strength steel at a pre-strain of 0.04 reached the peak respectively, and then they gradually decreased.
When pre-strain is 0.12, the o5 x Er product is reduced to that of the original specimen. Besides, the yield
ratio of the TA2 specimen reaches 1 when the pre-strain is 0.08 leaving a very limited deformation room.
From above, the higher proper os x Er can be achieved by applying a pre-strain of 0.04 for the two
materials, in which situation the yield strength is increased by 30% and plasticity is only reduced by
10.6%.
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Figure 8. Variation curves of production of yielding strength/ ultimate tensile strength and elongation
with pre-strain for TA2 titanium alloy and H260 steel

The mechanical property of specimens with two-step (0.04 + 0.04) and (0.04 + 0.08) loading and
with three-step (0.04 + 0.04 + 0.04) loading was statistically summarized in Table 1 and Table 2. When
the total pre-strain is equal, there is a very tiny change in yield strength, ultimate tensile strength,
hardening index, elongation rate, and total Er of the multi-step pre-strained specimens. Such property
parameter is nearly equal to that of the single-step loading with the same pre-strain.

Table 1. Property parameter of TA2 specimens with multi-step pre-strain

Pre-strain os/MPa ov/MPa n Er Total Er /ij[;eﬁ;;
0 3494 469.4 0.137 31.4% 31.4% 147.4
0.08 504.3 504 0.046 25.1% 33.1% 126.5
0.04+0.04 503.66 504.6 0.049 23.6% 31.6% 119.1
0.12 529.7 529.88 0.035  20.43% 32.43% 108.25
0.04+0.04+0.04 529.1 529.22 0.038  22.89% 30.9% 121.1
Table 2. Property parameter of H260 specimens with multi-step pre-strain
Pre-strain os/MPa ov/MPa n Er Total Er /(17\2;52
0 279.92 398.8 0.195 37.6% 37.6% 149.95
0.08 406.08 429.99 0.073 29.1% 37.1% 125.13
0.04+0.04 404.13 429.46 0.075 28.1% 36.1% 120.68
0.12 436.7 446.9 0.058 24.5% 36.5% 109.45
0.04+0.08 435.87 445.77 0.057 24.9% 36.9% 111.00

0.04+0.04+0.04 434.82 445.55 0.058 25.2% 37.2% 112.28
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3.3. Influence of pre-strain on stamping performance

The H260 and TA2 bent samples with different pre-strain are shown in Figure 9. As can be seen from
Figure 9(a), All bending trials of the H260 sample can be successfully completed and no cracks are
observed in the outer surface, regardless of pre-strain value and loading pass. For TA2 titanium alloy,
the crack easily occurs even using original specimens. Moreover, crack still happens when using the die
with an opening angle of 88 ° instead, as shown in Figure 9(b). The difference in bending ability of such
two materials is very large, which is due to TA2 pure titanium possessing lower plasticity and higher
yield ratio. The outer surface of this sample quickly reaches ultimate stress at small bending deformation.
Thus, TA2 titanium alloy has poorer bending ability than H260 low alloy steel.

(a) (b)

0% 4% 8% 12% 16%  4%+4%  4%+8% 4%+4%+4%

(a) H260 steel specimens with different pre-strain, (b) TA2 titanium alloy specimen with 88°-opening
angle punch
Figure 9. The bent specimens of H260 and TA2 titanium alloy

The springback angles of H260 samples with different pre-strain are listed in Table 3. The springback
angle gradually turns from a negative to a positive value with pre-strain. Moreover, the positive
springback angle keeps continuously increasing. The negative springback angle is obtained when
applying a pre-strain of 0 - 0.04. It is attributed to the small punch radius. An arc of small curvature is
formed in the transition zone near the end of the bending stage, and this arc is straightened at the final
stage 2?4, Upon unloading, the internal bending moment in this region forces the specimen to turn
inward. Moreover, the inner bending moment is larger than the moment in the bending area.
Consequently, the specimen turns inwardly under the complicated action of the bending moment in a
different area, and the negative springback angle is finally achieved *\. It is known that the bending
moment is linearly related to the yield strength, the bending moment in the deformation zone increases
correspondingly. Therefore, a positive sprinback angle is obtained when the pre-strain is greater than
0.08 and it gradually increases with pre-strain.

The springback angle of the pre-strained samples with two-step (0.04 + 0.04) loading is close to that
with single-step pre-strain 0.08 loading. Similarly, the springback angle of the pre-strained sample with
two-step (0.04 + 0.08) and three-step (0.04 + 0.04 + 0.04) loading is close to that with single-step pre-
strain 0.12 loading. It implies that the loading step causes a very limited effect on the springback of
H260 as long as the total strain in multi-step loading is equal to that in single loading.

Table 3. Springback angle of H260 specimens with different pre-strain

Pre-strain 0 0.04 0.08 0.12 0.16 0.04+0.04 0.04+0.08 0.04+0.04+0.04
springback/® -3.50 -1.71 148 3.07 4.20 1.29 3.3 3.71

Figure 10 shows the variation curve of cupping value and comprehensive deformation of H260 steel
and TA2 titanium alloys with pre-strain in a single-step loading method. It can be seen that the cupping
value decreases continuously with pre-strain. As for the original and slightly pre-strained specimens, the
cupping value of TA2 titanium alloy is higher than H260 steel, showing that TA2 alloy yields a better
thinning resistance ability. With an increase in pre-strain, the cupping value of TA2 alloy decreases
rapidly and it then reduces to equal to that of H260 steel at a pre-strain of 0.16. The better bulging ability
of TA2 is due to that equiaxed grains can tolerate large thinning. With pre-strain increasing, the TA2
grains maintain their primary shape and they are rarely elongated, as shown in Figure 6. However,
dislocation density increases in the TA2 pre-strained specimens, and the {111} texture beneficial in
stamping decreases, and other textures harmful to stamping ability increase *® resulting in a rapid
decline in /e value.
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In fact, the WG sample has undergone uniaxial tensile elongation and cup bulging deformation, it is
proper to use comprehensive deformation amount to evaluate accumulating deformation degree. The
comprehensive deformation is represented by the sum of the ratio of the pre-strain to the original
specimen Er and the ratio of the cupping value of the pre-strained sample to that of the original one. It
can be seen from Figure 10(b) that the comprehensive deformation gradually increases with pre-strain.
It is ascribed to the increase in the proportion of the pre-stretch deformation is much higher than the
decrease in the relative cupping value of the pre-deformed specimens. In contrast between a decrease in
Er and in the cupping value of the two materials, as shown in Figure 7(d) and Figure 10(a), pre-strain
can cause a much larger influence on Er than the cupping value. It is mainly due to the higher dislocation
density caused by pre-strain loading weakens the unidirectional elongation ability and has a limited
effect on bulge thinning ability. It is shown in reference *”) that the plastic strain ratio r value of H300
low-alloy high-strength steel gradually increases to peak with pre-strain at 0.09 and then slowly
decreases. It implies that the increasing r value can inhibit the rapid decline of the cupping value. The
high r value is one of the reasons for a slow decline in the cupping value of H260 steel pre-strained
specimens.
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Figure 10. Variation curve of (a) cupping value and (b) overall deformation of H260 steel and TA2
titanium alloy specimens with pre-strain
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3.4. Analysis and Discussion

TA2 titanium alloy has less slip system than H260 low-alloy steel, thus slip and twinning is the main
deformation mechanism in the pre-strain loading stage as for the former material, in which twinning is
triggered by stress concentration due to dislocation pile-up, as shown in Figure 6. Twinning deformation
accounts for a proportion of contribution less than 10% in total deformation. However, the orientation
of the twinning grain changes, and it in turn promotes slip deformation. Since the tensile samples were
cut along the sheet rolling direction, slipping is difficult in the base plane of HCP-structured TA2
titanium alloy, while it is feasible for the cylinder plane. Consequently, the deformation twinning
textures are mainly {1012} and {1121}#*]. Except for twin sliding deformation, a grain rotation also
takes part in plastic deformation, namely dislocation walls caused by early slip deformation and another
low-energy dislocation form into sub-grain. Under the action of activation and axial stress, these sub-
grains merge into a large sub-grain with a high-angle grain boundary (HAGB), and the sub-grain with a
low-angle grain boundary merged into large grain through grain boundary rotation. Such formed grains
can play a role in coordinating deformation, thus reducing stress concentration in the grain boundary
and improving plastic deformation ability **. The SEM microstructure of the 0.08 pre-strained TA2
sample is consistent with the original microstructure, as shown in Figure 6 (a)), which indirectly proves
the analysis of the conclusion above. Because the threshold shear stress for dislocation slipping of H260
low-alloy steel is small, dislocation slip mainly occurs in the pre-strain loading stage, and the twinning
hardly occurs. More and more sub-grains are generated with pre-strain increasing. In addition, the
necking area and its adjacent region endure large plastic deformation when it reaches the ultimate tensile
stress. Grains in such areas are thus elongated to a certain extent.
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As discussed above, TA2 titanium alloy has a higher r-value. Since the feasible sliding system
distributes in crystal face and orientation angle between ¢ axis and sheet normal direction, the rapid
thinning of the plate is inhibited, and the highest r value is obtained for the TA2 original samples. In the
pre-strain loading stage, slipping proceeds mainly along the <1120> direction parallel to the base plane.
In addition, the orientation angle between the c-axis and the sheet's normal direction is changed due to
grain rotation. It is generally believed that the r value decreases gradually with the increase of
deformation amount, and high dislocation density leads to an increase in yield ratio and a decrease in n
value. In general, the r value is an important factor affecting plane-forming ability. Therefore, the higher
r value and the intact even grain are the reason why the cupping value of the pre-strained TA2 sample
is higher than H260 steel.

Bending ability is related to fillet radius, thickness and die opening angle. It was reported in reference
(29 that a bending test using a fillet radius of 0.5 mm and an opening angle of 90 ° were successfully
conducted on a 0.5 mm thick commercial pure titanium plate at room and medium temperature. However,
a crack occurred on the 4 mm thick pure titanium plates when subjected to a three-point bending test at
a high temperature % It indicates that the relative bending radius has a great influence on bending
performance. The thinning degree of the bending zone increases with a decrease in the relative bending
radius. The bending layer thinning of the TA2 titanium alloy sheet is greatly inhibited due to the high r-
value. Combined with a high yield ratio and low hardening index, a crack happens early on the outer
layer of TA2 titanium alloy when it experiences small plastic deformation. The H260 pre-strained
specimen still has a relatively high elongation rate and low yield ratio, which ensures that the outer
surface can withstand a certain amount of tensile elongation. In addition, the transition zone participates
in bending deformation due to good plasticity at room temperature, which reduces deformation in the
bending zone to a certain extent. Therefore, the bending ability of H260 low alloy steel is much better
than TA2 titanium.

As for each test like pre-strain loading, tensile deformation, bending, bulging, and so on, intermediate
annealing was not applied to the samples. Thus, the influence of work hardening in multi-pass loading
cannot be eliminated. Besides, the subsequent yield effect is tiny in multi-step loading, and the hardening
effect is basically the same as that in single-step loading. Therefore, the influence of loading pass on
microstructure and property is slight. The microstructure evolution and property change are mainly
dependent on the accumulating deformation amount B!,

4. Conclusion

The pre-strain deformation of TA2 alloy is mainly dominated by slip and twinning. However, the TA2
alloy grain shape hardly changes with pre-strain increasing. The degree of ferrite grain elongation of the
H260 steel sample increases with pre-strain. Dislocation slip and sub-grains generation mainly occur in
the pre-tensile deformation of H260 steel.

With the increase of pre-strain, the yield strength of H260 low-alloy steel and TA2 titanium alloy
increases rapidly. Nevertheless, the increasing tendency of tensile strength is not obvious. Er and n
gradually decrease, and the yield ratio gradually increases to 1. Under the constant pre-strain, the
strength and yield ratio of TA2 titanium alloy is higher than H260 steel, while the elongation rate and
hardening index are lower than H260 steel. The accumulating elongation rate of each material changed
little with pre-strain and tended to be equal. The product of oy X Er decreases with pre-strain. When the
pre-strain is 0.04, the higher proper product of g5 X Er can be obtained for each metal, compared to the
original one, on the condition that yield strength can be promoted by 30% while plasticity is only reduced
by 10.6%.

The poor bending performance of TA2 titanium alloy is related to the high r-value and yield ratio.
H260 low alloy steel has excellent bending performance, and the bending experiment can be
successfully completed on the highly pre-strained specimens. The springback angle changes from
negative to positive with pre-strain. The cupping value decreases with pre-strain for each material. At
the constant pre-strain, the cupping performance of TA2 titanium alloy is better than H260 steel. After
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pre-strain loading and cup bulging, the comprehensive deformation increases gradually with pre-strain.
The effect of pre-strain on the reduction of elongation rate is much greater than that of cupping value.

The mechanical and stamping performance of the specimen with multi-step pre-strain is basically
equal to those of the single-step pre-strained specimen. The influence of loading pass on microstructure
and property is not obvious.
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