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Abstract

In this study, a mathematical model considering geometrical characteristics of thickness transition zone (TTZ) has been
developed to predict tensile behavior of tailor rolled blanks (TRBs). To prove the accuracy of the presented model, uniaxial
tension tests were carried out using tensile specimens fabricated from TRBs with different TTZ geometries (thickness
ratio varies between 0.47 and 0.89 and length of TTZ changes from 58 to 110 mm). The error analysis showed that the
predicted results correlate well with the ones obtained from uniaxial tension tests. In addition, utilizing the presented
model, a new mathematical relation was proposed to obtain the optimized design for TTZ at each thickness ratio. Accord-
ingly, for thickness ratios below 0.5, it is anticipated that total percent elongation of TRBs increases up to a maximum
point with increasing effective length ratio (ELR), characterized by a critical ELR parameter. However, for thickness ratios
above 0.5, the elongation-ELR curves may display a full ascending trend with no peak point within 0 < ELR < 0.5. The

reasons behind these variations were fully discussed.
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1 Introduction

Environmental concerns, safety regulations and consumer
demands are driving the need for a lighter vehicle that is
more fuel efficient, produces lower emissions and provides
improved crashworthiness and performance reliability [1].
Accordingly, it has become a big challenge for product
development teams to create a design to satisfy all the
aforementioned expectations. As a result, great attention
has been paid to tailor rolled blanks (TRB) with variable
thicknesses to produce lightweight components in auto-
motive industry with popular applications including side
frames, doors and pillars [2].

Kopp et al. [3] investigated the formability of TRBs
utilizing deep drawing tests. They concluded that the
longer thickness transition zone (TTZ) results in less
wrinkling. In addition, Zhang et al. [4] developed a
differential equation to predict rolling force during

variable gauge rolling using slab method analysis. Liu
et al. [5] presented a kinematically admissible veloc-
ity field to analyze forward slip during different stages
of variable gauge rolling. Zhang et al. [6] utilized lin-
ear Lagrangian interpolation method to estimate the
mechanical properties of TTZ at each point. Shafiei
and Dehghani [7] studied the effects of thickness ratio
and length of TTZ on the tensile behavior of TRBs. They
concluded that total elongation of TRBs decreases with
decreasing thickness ratio. Furthermore, they found out
that increasing length of TTZ has a detrimental effect on
the total elongation of TRBs. In a different study, they
examined the effects of strength gradient and geomet-
rical inhomogeneity on the total elongation of TRBs. It
was concluded that these factors can restrict total elon-
gation of TRBs during uniaxial tension [8]. Duan et al.
[9] studied the design optimization of TRB thin-walled
structures utilizing genetic algorithm. Accordingly, they
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found out that the crashworthiness and lightweight
performance of the optimized TRBs are superior to the
uniform thickness components. In another study, Sun
et al. [10] investigated crashworthiness of the automo-
tive parts made with TRBs using finite element simu-
lations. Accordingly, a new method was established
to obtain optimized TRB parts with maximum energy
absorption. In the previous researches carried out by
the first author of the present study, the effects of thick-
ness transition zone geometry on the total elongation
of TRBs were fully discussed; however, lack of a mathe-
matical equation that can be used to predict the tensile
behavior of such blanks is still present [7, 8].

Since no researches have been conducted on the
development of mathematical models for the prediction
of tensile behavior of TRBs, the main aim of this study is
to propose a mathematical formulation to predict total
percent elongation of TRBs obtained from uniaxial ten-
sion. To this end, effects of thickness ratio and effective
length ratio (ELR) on the tensile behavior of the stud-
ied TRBs were considered to develop a comprehensive
model. Furthermore, with regard to the importance of
design optimization, a critical condition was introduced
to optimize the dimensions of TTZ to achieve maximum
total percent elongation at each thickness ratio.

2 Experimental procedure

The material used for this study was DP590 steel sheets
with the initial thickness of 2 mm. The chemical composi-
tion of the investigated material is summarized in Table 1.
In addition, mechanical properties of the as-received sheet
are shown in Table 2.

Variable gauge rolling (VGR) was carried out using
a four-high mill having the working roll of 183 mm in
diameter. The roll gap was automatically controlled by a
computer to produce TRBs with different thickness ratios
ranging from 0.47 to 0.89 with lengths of TTZ changing
from 58 to 110 mm. To this end, the rolling machine was
equipped with a set of proper hydraulic cylinders as actua-
tors. Accordingly, the thickness amounts at the outlet were
monitored using a thickness measurement sensor for feed-
back control. In case of deviation from the target values,
the hydraulic cylinders were driven to adjust the roll gap.

Since there is no specific international standard for
tensile specimens of TRBs with longitudinal TTZ, the con-
siderations of ASTM E8M [11] were adopted to obtain the
proper dimensions for tensile specimens with variable
thicknesses. Figure 1 depicts the dimensions of the tensile
specimens fabricated from TRBs with variable TTZ geom-
etries. All the tensile tests were performed at a constant
crosshead speed of 3 mm/min using an Instron 8803 ten-
sile machine.

Table 1 Chemical

o Elements C Mn Nb Al Cr Fe
compositions (wt%) of DP590
wt% 0.149 0.467 1.513 0.016 0.033 0.23 Bal.
Table 2 Mechanical properties of the studied material
Yield stress (MPa) Ultimate tensile Young's modulus n K (MPa) Total elongation (%) Uniform elongation
strength (MPa) (GPa) (%)
DP590 486+14 731118 207 0.125+0.02 900+20 27+0.5 19+0.5

Fig. 1 Dimensions of uniaxial 450
tensile specimens made from 300
TRBs
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3 Results and discussion

Figure 2 shows the changes of the total percent elonga-

lengths of TTZ. As can be seen, total percent

elongation

of TRBs increases exponentially with increasing thickness
ratio. This can be mainly attributed to the changes of the
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Fig. 5 Comparison between experimental data and predictions of the presented model
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Fig.6 Experimental data versus predicted ones

one hand, the stress concentration on the thinner side
increases by thickness ratio decrement which can restrict
the total elongation of TRBs by increasing stress triaxiality
factor on the thinner side. On the other hand, formability
of the thinner side, as the deformation governing side,
decreases with decreasing thickness ratio which can also
result in the reduction of total elongation.

Moreover, as can be observed in Fig. 2, total percent elon-
gation decreases with increasing length of TTZ. To justify this
behavior, Shafiei and Dehghani [7] have presented a new
geometrical parameter named effective length ratio (ELR)
recently. They have found that any reduction in ELR can
restrict total percent elongation of TRBs due to domination
of plane strain condition on the thinner side. In this regard,
Fig. 3 shows how to obtain ELR parameter in TRBs schemati-
cally. The L and L, parameters in Fig. 3 represent the length
of thinner side and gauge length, respectively.
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According to the definition of ELR parameter, for sym-
metrical tensile specimens, the lengths of TTZ of 58, 75 and
110 mm correspond to the ELR parameters of 0.35,0.31 and
0.22, respectively. Regarding Fig. 2, variations of total per-
cent elongation of TRBs with thickness ratio can be consid-
ered as follows:

TE% = k(t,)", (1)

where TE% and t, are total percent elongation of TRBs at
a constant length of TTZ and thickness ratio, respectively.
In addition, k and n are constants related to the material,
which considerably change with ELR parameter. As can
be deduced from the data provided in Fig. 2, the degree
to which the total percent elongation is dependent on
thickness ratio is highly reliant on the length of TTZ (or on
the ELR parameter, as defined in Fig. 3). In other words, at
low ELR values (or high length of TTZ), the total percent
elongation is restricted by plane strain condition on the
thinner side and consequently the slope of total elonga-
tion- thickness ratio curve is less sensitive to the varia-
tions of thickness ratio. On the contrary, at high ELR val-
ues (or low length of TTZ), the stress triaxiality along TTZ
which is mainly controlled by thickness ratio can restrict
the total elongation and accordingly the slope of total
elongation- thickness ratio curves changes more rapidly
with thickness ratio. Accordingly, constants n and k were
considered as ELR-sensitive parameters and their types of
dependency on ELR parameter were determined utiliz-
ing experimental data. Hence, considering the effect of
ELR parameter on total percent elongation, Eq. (1) can be
rewritten in the following form:
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Fig. 7 Variations of total percent elongation of TRBs with thickness ratio (t, < 0.5)
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where k equals to A(ELR)™ and constant n equals to c*ELR.
Values of constants A and m can be obtained using k-ELR
plots. In addition, constant ¢ can be calculated by incor-
porating n-ELR plots. It is also noteworthy to mention that
ELR maximum value will be equal to 0.5 for the symmetri-
cal tensile specimens fabricated from TRBs.

Using the first derivative of Eq. (2) with respect to ELR, the
critical ELR parameter at which the maximum total percent
elongation of TRBs is achieved can be expressed in the fol-
lowing form:

Accordingly, it can be expected that the total percent
elongation of TRBs (at a constant thickness ratio) increases
up to a maximum value with increasing ELR parameter
to the defined critical values in Eq. (3). However, further
increase in the ELR to the values greater than critical ELR
may have adverse effects on total percent elongation. In
such conditions, deformation will be localized along a
short TTZ during uniaxial tension. Consequently, after the
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Critical ELR Table 3 Predicted optimized dimensions for TTZ at different thick-
I ness ratios
Thickness ratio Optimized ELR parameter Optimized
X length of TTZ
S |
S (mm)
g I
g I 0.1 0.15 140
K 0.2 0.21 116
2 I 03 028 88
a |
Below critical ELR: Above critical ELR: 0.4 0.37 52
Plane strain condition restricts | Stress triaxiality along TTZ 0.5 0.48 8
total elongation | restricts total elongation
obtained from uniaxial tension. Accordingly, in order to
Effective length ratio evaluate the competency of the presented model more
accurately, predicted results were plotted against experi-
Fig.8 Factors affecting total elongation for thickness ratios below mental data, as shown in Fig. 6. The low error value as well
0.5

peak point, total percent elongation may decrease with
increasing ELR.

Figure 4a and b shows the plots used to obtain the con-
stants of Eq. (2). Values of constants A, m and C were calcu-
lated as 3493.6, 4.72 and 13.86 for the alloy of this study,
respectively. Accordingly, Egs. (2) and (3) can be rewritten
in the following forms:

TE% = 3493.6(ELR)*"2 (t,) 13.86(ELR) @

4.72

ELR|gitical = ——————.
|cr|t|cal 13.86 % In (tr) (5)

Figure 5 shows the predicted total elongations of TRBs
in comparison with the experimentally measured ones
at different specimens’ geometries. As can be seen, the
predicted results are in good agreement with the ones

as the slope of fitted line (~ 1) specifies a high accordance
between the predicted and measured values of total per-
cent elongation of TRBs.

Figure 7a—e shows the predicted changes of total per-
cent elongation with ELR at thickness ratios less than 0.5
using Eqs. (4) and (5). As it can be seen, the ELR critical
value increases with increasing thickness ratio. Since the
stress—strain fields become more uniform along TTZ dur-
ing uniaxial tension with increasing thickness ratio up to
0.5, it would be reasonable to obtain higher values for criti-
cal ELR with increasing thickness ratio. Factors affecting
tensile behavior of TRBs for thickness ratios less than 0.5
are summarized schematically in Fig. 8.

Figure 9 shows the changes of the total percent elon-
gation as a function of ELR parameter at thickness ratios
above 0.5. As can be seen, at this range, total percent
elongation increases continuously with increasing ELR
parameter. Accordingly, it can be deduced that because of
stress field’s more uniformity along TTZ at higher thickness
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ratios, no critical value (peak point) is expected to be
observed for ELRs within 0 < ELR < 0.5. These results are
theoretically acceptable although extensive experimental
works are required to prove these findings at wide thick-
ness ratios, which can be the subject for future researches.

According to the obtained results, optimized dimen-
sions of the TTZ, which yield maximum total percent
elongation of TRBs, can be calculated utilizing critical
ELR parameter for thickness ratios below 0.5. Optimized
dimensions of the TTZ for each thickness ratio are shown
in Table 3. Accordingly, it is possible to state that, e.g.,
at thickness ratio of 0.2, the total percent elongation
increases with increasing the length of TTZ to 116 mm;
afterward, the total percent elongation decreases with
more increase in the length of TTZ. In addition, in order
to prove the validity of the presented method, experi-
mental data obtained from uniaxial tension of TRBs at
different ELR parameters and constant thickness ratio
of 0.4 were used. As can be seen in Fig. 10, the maxi-
mum error of the presented method in the prediction
of total elongation of TRBs is about 11% which lies in an
acceptable range. Furthermore, for both experimental
data and predicted results, the maximum total percent
elongation is achieved at the critical ELR parameter of
0.37 (roughly the same value). Consequently, it can be
concluded that these findings have a great potential to
be used for fabrication of auto body components from
TRBs with optimized tensile behavior. To this end, tensile
behavior of TRBs should be modeled first using the pre-
sented mathematical relation and then the optimized
length of TTZ can be obtained using Eq. (3) to achieve
maximum total percent elongation for TRBs with thick-
ness ratios less than 0.5. This optimization procedure
would be beneficial from both lightweight and crash-
worthiness points of view, especially when a good ten-
sile behavior is expected from TRB components.

4 Conclusions

¢ A mathematical model has been presented to predict
total percent elongation of tailor rolled blanks (TRBs)
by considering the effects of thickness ratio and effec-
tive length parameter (ELR). The results showed that
the presented model can give a precise estimation of
total percent elongation of TRBs.

e Acritical condition has been introduced for variations
of total percent elongation with effective length ratio
for TRBs with thickness ratios below 0.5. For the ELR
values less than the critical value, it is anticipated that
total percent elongation increases with increasing
ELR. However, for the ELR values above the critical
value, total percent elongation may decrease with
further increase in ELR.

e For thickness ratios above 0.5, the elongation-ELR
curves may display a full ascending trend with no
peak point within 0 < ELR < 0.5.

e According to the optimized dimensions obtained for
TTZ, it can be concluded that the optimized length
of TTZ decreases with increasing thickness ratio.
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