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Abstract A new equation of load curve of critical wrinkles variable blank holder
force (VBHF) during the warm deep-drawing of twin-roll cast Mg sheets was
derived, which based on correlative energy conservation theorem. Experiments of
limited drawing ratio (LDR) suggested that calculated load curve of minimum
wrinkles using the new formulas fit to the tested data very well. The LDR was
improved from 1.75 to 1.92 by using a new three segments way of load VBHF
applied in the warm deep-drawing, at the forming temperature of 523 K and punch
velocity of 45 mm/min. Finally, the VBHF warm deep-drawing process is also
simulated by the finite element method, and a new technique of variable punch
velocity (VPV) is applied in the simulation. The simulation indicated that the VPV
technology can improve the LDR from 1.86 to 2.26 and gain the whole cylinder
part, at the forming temperature of 523 K, when the punch velocity varied grad-
ually from 30 to 5 mm/s.
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1 Introduction

As the lightest structural material, magnesium alloys have high potential appli-
cation in automobile body manufacture [1-3]. However, the poor formability at
room temperature make the stamping part of the magnesium alloy sheet must be
formed at high temperature [4, 5]. The stamping technique of variable blank holder
force (VBHF) was the effective way to improve the formability of sheet, forming
precision and surface quality [6, 7]. In recent years, how to implement the VBHF
technology has become one of the research emphases in the field of sheet metal
forming [8, 9]. Generally, the load curve of minimum wrinkles were usually
calculated by the equation of blank holder force (BHF) based on the Fields-
Backofen model. Nevertheless, magnesium alloys usually generated easily the
conspicuous dynamic recrystallization during high temperature deformation,
which resulted in the sharp soften phenomena. So the equation of BHF based on
the Fields-Backofen model can not fit to the deep-drawing of magnesium sheets.

Therefore, the aim of the present investigation is to propose a VBHF engi-
neering equation of the curve of minimum wrinkles suit for the magnesium alloy
sheet, optimize and control the BHF during the process of deep-drawing. In this
research, based on the plastic theory and consulting correlative energy conserva-
tion theorem, a new theoretical mathematic models of BHF had been established
during the process of deep drawing, which including the factors of the charac-
teristics of magnesium alloy material at the high temperature and the structure of
stamping dies. Experiments of limited drawing ratio (LDR) at warm temperature
are performed to validate the new equation of variable BHF. Finally, the VBHF
technology is discussed by the numerical approach.

2 Equation Derivation

According to the correlative energy conversation theorem, the released energy of
single ripple Uy can be described as follows [10, 11]:

Up=U, + Uy (1)

where U, is the required bending work, and Uy is the wasting work of the
BHF.

The external force act on the differential bulk of the sheet during arbitrary stage
of deep-drawing is illustrated in Fig. 1. Where the radius of flange R, change to R,
@ is the central angle of arbitrary arc, dR is the width of fan-shaped bulk, t is the
thickness, oy is tangent stress, g, is radial stress.

When the external force acted on the differential bulk is on balance, the radial
force can be described as follows:

o,Rot + d(o,Rpt) — 0,Rpt + 269dRt sin% =0 (2)



A New Equation of Load Curve of Critical Wrinkles Variable 13

Fig. 1 The differential bulk a,Ret + d(a,Ret)
of the sheet

When the angle ¢ is wee, variable the thickness can be ignored, i.e. df = 0,
Eq. (2) can be written as:

dR
do, = —(o, + 0p) — (3)
R
The surface ripple of the flange can be shown in Fig. 2, and the mathematical

model of the wrinkle can be described as:

Yo O\ (R—r\"*
y= 5 (1 — 0052n¢—0> (Rt — r> 4)

where R, is the external radius of flange, r is the internal radius of flange, R is the
radius of arbitrary point in the flange, ¢ is the central angle, ¢ is the central angle
of arbitrary arc, y, is the maximum flexibility of single ripple, y is the flexibility of
arbitrary point in the flange.

As our former research about characteristics of twin-roll cast Mg sheets [12, 13],
the dislocation glide is dominant deformation mechanisms at high temperature
and lower strain rate, i.e. Z < Z,. So the equation of stress—strain curve can be
written as [13]:

o =K - [a*mz + (0(2) — a*mz) -exp(—Qs,‘)]O'5 + K> - exp(&i/e)

=K - [A+ Bexp(—Q&)]* 4K, - exp(ei/e0) ®)

where ( is a constant reflecting dislocation annihilation and rearrangement, g, is
the initial stress, and g, is the saturation stress.

Since the flange is in the stage of plane stress, according to the Egs. (3) and (5),
the radial stress o, can be derived as:
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Fig. 2 The surface ripple of
the flange

QR R\” <R
a,:—Kl/ A—|—Bexp—Rl I—R—l }} - —
0

R, R, dR
- K 1——| - = 6
2/exp[oR( RO)} R ©
Similarly, the tangent stress gy can be given as follows:
m\1*’ N M\1**  dr
o9 = K;|A + Bexp -y + K> exp z +K1/ A + Bexp -y F

N\ dR M\1%3
+ K> BXPE -?: K| |A + Bexp R + K04 p +  Kxexp

where assume M = QR,( _R_o)’ N:&<1_&>, Ooem = [exp(¥) - &

£ Ro R’
oa=[ [A+Bexp(f%)]0'5 <R

Based on the mathematical of the wrinkle [10], according to Eq. (7) the energy
Uy can be expressed as:

1R— 2
/O‘QS/IdR— //n’yo d sin® Ldb
¢0 RRt—r ¢0

M
. {K {A + Bexp (— E)} +K 04 + K exp (%) —&—Kzasem}td(j)dR (8)

x| Z

> + KZGSenz }

(7)
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Likewise, in stage of the plane stress the required bending work U,, can be
derived as:

oo | ) o | [ (5 e

r

BQK —u
mhyo’t // (2n</>) B 1exp(— %) —Q—&exp (E) dodR
6¢0 R —r) 2y/A + Bexp(—4) % R

9)
The blank holder force Q can be given by [10]:
27 21 U{) Uw
OQ=——Up—-U, ( —) 10
Yoo ( )= yo \¢o o (10)

where ¢ is the central angle of arbitrary ripple, yg is the maximum flexibility at
the location of R = R, on the flange.

Substituting Egs. (8)—(9) into Eq. (10), and the differential coefficient equation
of blank holder force Q can be written as:

00 wye’tV 1 iy’ (2K, 1
== 4| =" (Z==Dp..—BOK\D,;|| — 11
0py 4R, —r) 4)5* 24(R, —r) \ & gl (11)

where
M M
V ~ 2K\ VA(r + M) [exp(—R—> —exp(——)] +2K(R —r)
t r
3 ,(1 1 1 1\ [KN* KyrN? 1 1\ //KN?
—IZEN (= —-) = (-5 + -5
4 R 7 RZ P2 12 8 R} 27
2K VA M M
+K, ln(RLt) -(rlnN —2N —r) + ]lv;/v {R,exp(—R—t) — rexp<—7>}
+2rK1\/Z R M M\ R M\ r M
“|Riexp| —= ) —rexp| —— | + —exp| — = | ——exp| ——
M "\ TR, PUTT) TP TR,  mMTP\UT
N

R, M

2 A+B€Xp(_%) r 2r 2/A+Bexp(=1) o
by (roryH P

- MB MB M

Do = 5 [l exp (ﬂ) —Lexp (ﬁ)} -4 [exp (ﬂ) — exp (li)}

Then assumed the Eq. (11) equal to zero, i.e. a¢Q = 0, the central angle ¢, can
be expressed in the form:
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bo = v

Ty (21(2 D.. — BQKlDd) K
) \ & sem 1 2
2(R—) \ ¢ - _ 7I,\/ <_2Dm - BQKlDd) (12)

4(R,7r) 4 80

Substituting Eq. (12) into (10), the variable BHF engineering equation of the
curve of minimum ripple can be described as:

37 Yo &0 V2

Q=2 MR 1) 2KoDw — BOK12oDy

(13)

The Eq. (13) can be applied only on the given condition where the Zener-
Hollomon parameter (Z) is less than the critical value Z; (Z < 1.54E11), and the
dominant mechanism of TRC-Mg is slip.

When the Zener-Hollomon parameter (Z) is higher than the critical value Z,
(Z > 1.54E11), consulting mechanism of the twining, the equation of stress—strain
curve can be described as follows [13]:

0; = KiXronim + (1 — X7)K; - [A + Bexp(—Qai)}o'S—H{z -exp(&i/eo) (14)

where 6,,,, is stress of twinning, X is the fraction of grains that have twinned, exp
(&i/eg) 1s a breakage ratio function.

Since three types of mechanisms of the twinning, dislocation slip and semi-
solid slip exist in the TRC magnesium sheet, the released energy of tangent stress
Uy can be written as:

UH = [Ug]rwin + [Ug]slip + [U()}sem (15)

Similarly, in term of above derivation based on the mechanism of dislocation
slip, the energy of tangent stress [Upl,,;, can be given by:

rXTbK1n2yozt(1 - %) L[(R" R,
Wolpin = 4n(R; — )¢y {Z [(7) 71} - ln(7) }+

akK,\ Xrm’yo’t ro ) 1
—— | (R — R/ InR, —rlnr— (R, —r) —=(In"R, — 1 =Ko - —
(16)
The summation energy of [Ugly;, and [Upls.» can be described as:
7T2 2tvl
[Ug]s]ip + [Ue]sem = 4 yO (17)

(R — 1)y
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where

V'~ 2K, (1 — X7)VA(r + M) [CXP < 1]:—/1[) — exp ( g)} +2K5(R, — 1)

3,1 1 1 1\ /KN KyrN? 1 1\ /KyN?
KN =) - + N =—-=
4 R 7 R 72 12 8 R} 7 27

+K21n<i> - (rlnN —2N —r)
R,

2K, (1 — X7)VA M M 2Ky (1 — Xr)VA
S R I N A ey v A

Re M . M n R,e M re M

: xpl —— | —rexp| —— —exp| —— | — —exp| ——

(XL TR, P\™7 P\ R) M T
N N K

+ K, [Rtln<R,> —rln(rﬂ + TZr(ln2R,—ln2r)

In the same way, the required bending work [U,, ], can be written as:

| RN )

win 12R,(R,— )3 n|\r 1+n)R,
1
= le iy
o
(18)
The summation bending work of [U,,]s;, and [U,, ], can be written as:
28 [2K, 1
Ul + [Unliom = 3 7o | === Dy — (1 — X7)BQK,D c—
[ ]sltp + [ V]xem {24(R, _ r) |: P sem ( T) 1 d:l } d)g
1
= Kw2 : (#?8 (19)

So the variable BHF engineering equation of the curve of minimum wrinkles
can be expressed as:

0T 48K2(R, — 1) + 24kg(R, — r)m2yo*tV' + 3(n?yo2tV')?
32(ky1 + ky2)(R; — r)2

Yo (20)

In general, the variable BHF engineering equation of the curve of minimum
wrinkles based on Fields-Backofen is given as [10, 11]:

(&)"-1] 12}

-1 ek -]}
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Fig. 3 The curves of minimum wrinkles BHF calculated by using two models

where K is the strength-hardening coefficient, n is the strain-hardening exponent,
t is the sheet thickness, p = R,/R, denotes the deep drawing phase and m = /R,
expresses the deep drawing ratio.

3 Application of the New Equation

The load curves of the minimum wrinkles VBHF of two magnesium sheets during
the warm deep-drawing test were calculated, which based on the new model and
Fields-Backofen respectively. Where the specimens are 3.3 mm thick, and the
diameters are 96 and 150 mm respectively. The description of load curves of
critical wrinkle in Fig. 3 illustrates that the peak of VBHF of the 96 mm diameter
specimen calculated by using the new equation appears on the metaphase, but the
peak of VBHF gained by using the Fields-Backofen occurs on the initial stage,
when the temperature is less than 523 K. It can be clearly seen that the peak of
VBHF of the 150 mm diameter gained by the new model have a platform, which
corresponds to the influence between dynamic recrystallization and strain hard-
ening during the warm deep-drawing.
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Fig. 4 The curves of minimum wrinkles BHF calculated by the new model

When the temperature is higher than 573 K, the load curves of the VBHF based
on the new model were shown in Fig. 4, it can be seen that severe soften phe-
nomena occur because of dynamic recrystallization. In addition, for the prominent
dynamic recrystallization, the strength-hardening coefficient K and the strain-
hardening exponent n can not be measured through hot tensile testing, which means
the Fields-Backofen is not fit to the hot-stamping of magnesium alloy sheets.

In contrast, the peak values of VBHF were calculated and tested, as shown in
Table 1. The different peak values of specimens during the warm deep-drawing
testing reveal that the peak values calculated by using the new model fit to the
experiment data very well, and the new model was more accurate than the Fields-
Backofen model.

4 Numerical Studies of VBHF and Experiments

According to the theorem of VBHF in deep drawing, the designed load curve of
critical wrinkles variable blank holder force should be similar to the calculated
load curve. However, it is difficult to assure the blank holder force simultaneously
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Table 1 Peak value of VBHF calculated by two models
Types of Diameter Peak value Peak value Peak value Peak value
model of sheet Q(T =473 K)/ Q(T =523 K)/ Q(T =573 K)/ Q(T = 623 K)/
R/mm KN KN KN KN
Fields-backofen 48 3.07 2.28 - -
model 75 9.4 6.74 - -
The new model 48 4.03 2.7 1.49 0.93
75 10.39 7.7 7.3 293
Testing data 48 3.96 2.97 1.98 -
75 9.9 7.92 6.93 -
Fig. 5 Punch load and 35 35
calculated BHF curve by new T=523K
model 30 (102.8)  Fastigum (25.2.8) T80
a5k : ' 1(25.2.4)(34.2.4)] ,
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i M WP L L ra e g
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
Punch Stroke Imm

change with the punch motion for the common equipment. So the three segments
way of load VBHF was proposed during the warm deep-drawing according to the
practical working-condition, as shown in Fig. 5. It is evident that the loading BHF
have been optimize three stages, which are initial stages, fastigium and telophase.
Comparison with the warm deep drawing experiments aided by the three segments
way of VBHF and constant BHF, the results indicated that the limit drawing ratio
(LDR) was improved from 1.75 to 1.92, when the forming temperature is 523 K
and punch velocity is 45 mm/min.

The results of numerical simulation FLD revealed that LDR of constant BHF is
1.73, as shown in the Fig. 6a, and the LDR of the three segments way of VBHF
can reach 1.86, as shown in Fig. 6b. Where the forming temperature is 532 K and
the punch velocity is 30 mm/s.

Generally, magnesium alloys formability increase with decrease strain-rates.
However, the lower strain-rates affect the efficiency of manufacture. So according
to the practical working-efficiency, a new deep-drawing process through the
approach of variable punch velocity (VPV) applied in the numerical simulation
with using three segment way of VBHF, as described in Fig. 7. Where the forming
temperature is 532 K and the punch velocity varies from 5 to 30 mm/s. It can be
seen obviously that the LDR has been increased from 1.86 to 2.26, and gained the
whole cylinder part. The new technique of VBHF combined VPV can be named
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Fig. 7 The FLD of three segments way of VBHF combined VPV. a VPV. b FLD

servo-flexible stamping, which utilized to implement the VBHF simultaneously
with VPV and stepwise motion.

Recently, several press builders developed metal forming presses that utilize the
mechanical servo-drive technology. The mechanical servo-drive press offers the
flexibility of a hydraulic press (infinite slide speed and position control, avail-
ability of press force at any slide position) with the speed accuracy and reliability
of a mechanical press [14]. The new servo-drive presses can satisfy the require-
ment of implement VBHF simultaneously with VPV and stepwise motion of the
servo-flexible stamping. So it can be predicted that the new servo-flexible
stamping will become a new potential stamping process in the future.

5 Conclusions

Based on the plastic theory and correlative energy conservation theorem, a new
theoretical mathematic model of VBHF had been established during the warm
deep-drawing of TRC magnesium sheet. The results of experiments suggested that
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the calculated load curve of minimum wrinkles VBHF using the new equation fit
to the tested data very well. Furthermore, the warm deep-drawing results revealed
that the LDR of cylinder parts was improved from 1.75 to 1.92 by the three
segments way of loading VBHF, at the forming temperature of 523 K and punch
velocity of 45 mm/min.

The numerical simulations indicated that the LDR can be improved observably

from 1.86 to 2.26, and gained the whole cylinder part, by the new servo-flexible
stamping technology that the three segments way of loading VBHF combined
VPV.
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