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PE, PEL1 (CSYS-1)

(Avg 75%)
+1.709¢-01
+1.302¢-01
+8.956¢-02
+4.891¢-02
+8.264-03
-3.239¢-02
-7.303e-02
-1.137e-01
-1.543¢-01
-1.950e-01
-2.356¢-01
-2.763¢-01
-3.169¢-01

PE, PE22 (C5YS-1)

(Avg: 75%)
+6.382¢-01
+5.847¢-01
+5.312¢-01
+4.777¢-01
+4.241¢-01
+3.706¢-01
+3.171e-01
+2.636e-01
+2.101e-01
+1.565¢-01
+1.030e-01
+4.949¢-02

-4.034e-03

PE, PE33 (CSY$-1)
(Avg: 75%)
-3.679¢-02
-6.076¢-02
-8.474¢-02
-1.087¢-01
-1.327¢-01
-1.567¢-01
-1.806¢-01
-2.046¢-01
-2.286¢-01
-2.526¢-01
-2.765¢-01
-3.005¢-01
-3.245¢-01

PEEQ

(Avg: 75%)
+6.848¢-01
+6.321e-01
+5.794¢-01
+5.267¢-01
+4.740¢-01
+4.214¢-01
+3.687¢-01
+3.160<-01
+2.633e-01
+2.106e-01
+1.579¢-01
+1.053e-01
+5.257e-02

()

PE, PE11 (C5YS5-1)
(Avg: 75%)
+2.001¢-01
+1.599¢-01
+1.196¢-01
+7.939¢-02
+3.916¢-02
-1.072¢-03
-4.130e-02
-8.154¢-02
-1.218¢-01
-1.620e-01
-2.022e-01
-2.425e-01
-2.827e-01

PE, PE22 (C5Y5-1)

(Avg 75%)
+5.964¢-01
+5.463¢-01
+4.962¢-01
+4.461¢-01
+3.961¢-01
+3.460¢-01
+2.959¢-01
+2.458¢-01
+1.957e-01
+1.456e-01
+9.553e-02
+4.545¢-02

-4.642¢-03

PE, PE33 (CSYS-1)
(Avg: 75%)
-4.226¢-02
-6.514¢-02
-8.803¢-02
-1.109¢-01
-1.338¢-01
-1.567e-01
-1.796e-01
-2.025e-01
-2.253e-01
-2.482e-01
-2.711e-01
940¢-01
.169¢-01

PEEQ

(Avg: 75%)
+6.358¢-01
+5.875¢-01
+5.392¢-01
+4.909¢-01
+4.427¢-01
+3.944¢-01
+3.461e-01
+2.978e-01
+2.495e-01
+2.013e-01
+1.530e-01
+1.047e-01
+5.643¢-02

PE, PELI (CSYS-1)

(Avg 75%)
+2.379¢-01
+1.971e-01
+1.564¢-01
+1.156¢-01
+7.484¢-02
+3.408¢-02
-6.681¢-03
-4.744¢-02
-8.820e-02
-1.290¢-01
-1.697e-01
-2.105e-01
-2.513e-01

T

PE, PE22 (CSYS-1)

(Avg: 75%)
+5.442¢-01
+4.984¢-01
+4.525¢-01
+4.067¢-01
+3.608e-01
+3.150e-01
+2.691e-01
+2.233¢-01
+1.774¢-01
+1.316¢-01
+8.571¢-02
+3.986¢-02
-5.996¢-03

PE, PE33 (CSYS8-1)

(Avg: 75%)
-5.267¢-02
-7.285¢-02
-9.303¢-02
-1.132¢-01
-1.334¢-01
-1.536e-01
-1.737¢-01
-1.939¢-01
-2.141e-01
-2.343e-01
-2.544e-01
-2.746e-01
-2.948¢-01

T

PEEQ
(Avg: 75%)
+5.793e-01
+5.364e-01
+4.936e-01
+4.508e-01
+4.080e-01
+3.651e-01
+3.223e-01
+2.795¢-01
+2.366¢-01
+1.938¢-01
+1.510¢-01
+1.081¢-01
+6.531¢-02
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PE, PE11 (CSYS-1) PE, PE11 (C5Y5-1) PE, PEL1 (CSYS-1)
(Avg: 75%) (Avg 73%) (Avg: 75%)
+1.436¢-01 +2,001e-01 +3.151¢-01
o | +1.399¢-01 +2.741¢-01
A Ahuct +1/1966-01 +2.330e-01
TaShoess +7.939¢-02 +1.919¢-01
-4.723e.02 +3.916¢-02 +1.508¢-01
-9.493¢-02 -1.072¢-03 +1.098¢-01
-1.426e-01 -4.130e-02 +6.868¢-02
-1.903e-01 -8.154¢-02 +2.761e-02
2380601 -1.218¢-01 1.346e.02
-2.857¢-01 -1.620e-01 454¢-02
-3.334e-01 -2.022¢-01 361e-02
-3.811e-01 -2.425¢-01 367¢-01
-4,288e-01 -2.827e-01 778e-01
T
R z

PE, PE22 (CSYS-1) PE, PE22 (CSYS-1)

PE, PE22 (CSYS-1) (Avg: 75%) (Ave 75%)

(Avg: 73%) +3.964¢-01 +4,664¢-01
+6.901e-01 +35.463e-01 +4.268e-01
+6.323e-01 +4.962¢-01 +3.871e-01
+5.745¢-01 +4.461¢-01 +3.475¢-01
+5.167e-01 +3.961¢-01 +3.078e-01
+4.589¢-01 +3.460e-01 +2.682¢-01
+4.011e-01 +2.959¢-01 +2.285e-01
+3.433e-01 +2.458e-01 +1.889¢-01
+2.856¢-01 +1.957e-01 +1.492¢-01
+2.278e-01 +1.456e-01 +1.096e-01
+17700¢-01 +9553¢.02 +6.994¢-02
+1.122¢-01 +43450.02 +3.029¢-02
+5.441e-02 -4.642¢-03 -9.352¢-03
-3.379¢-03

T
R z

PE, PE33 (CSYS-1) PE, PE33 (CSYS-1) PE, PE33 (CSYS-1)
(Avg: 75%) (Avg: T5%) (Avg: T5%)
-1.861¢-02 -4.226e-02 -5.069¢-02
-3.984¢-02 -6.514¢-02 T242e.02
-6.107¢-02 -8.803¢-02 -9.416e-02
-8.229¢-02 -1.109¢-01 -1.159¢-01
-1.035¢-01 -1.338¢-01 -1.376¢-01
-1.248¢-01 -1.567s-01 -1.594e-01
-1.460¢-01 -1.796¢-01 -1.811e-01
-1.672¢-01 -2.025¢-01 -2.029¢-01
-1.884¢-01 -2.253e-01 -2.246¢-01
-2.097¢-01 -2.482¢-01 -2.463¢-01
-2.309¢-01 -2.711e-01 -2.681e-01
-2.521-01 -2.940¢-01 -2.898¢-01
-2.733¢-01 -3.169¢-01 -3.116e-01
T
R z
PEEQ
PEEQ PEEQ (Ave: 73%)
(Avg: 75%) (Ave: 75%) +4.949¢-01
+7.765e-01 +6.358¢-01 +4.586¢-01
+7.166¢-01 +5.875¢-01 +4.223e-01
+6.566¢-01 +5.392¢-01 +3.861¢-01
+5.966e-01 +4.909¢-01 +3.498¢-01
+5.367¢-01 +4,427¢-01 +3.135¢-01
+4.767e-01 +3.944¢-01 +2.772e-01
+4.168¢-01 +3.461e-01 +2.410e-01
+3.568¢-01 +2.978¢-01 +2.047e-01
+2.968e-01 +2.495¢-01 +1.684¢-01
+2.369¢-01 +2.013¢-01 +1.322¢-01
+1.769¢-01 +1.530e-01 +9.588e-02
+1.169¢-01 +1.047e-01 +5.961e-02
+5.698¢-02 +5.643¢-02
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(<l

PEEQ

(Avg: 75%)
+7.481¢-01
+6.857¢-01
+6.234¢-01
+5.610¢-01
+4.987¢-01
+4.364¢-01
+3.740¢-01
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Abstract

Recently, production of complex industrial products from metallic tubes with purpose of high
strength to weight ratio specially in reduction of fuel consumption of transportation devices
have been focused by researchers. In this case, tube hydroforming is a novel applicable
method. Tearing in forming of sheet and tube metals is considered as a restricting
phenomenon that is evaluated by forming limit diagram (FLD). Using FLD of conventional
forming process is not appropriate for hydroforming process. Also, FLD of sheet forming

process is not proper for tube hydroforming process.

In the current work, with the aim of empirical prediction of FLD of 304 stainless steel, firstly
numerical investigation of hydro bulging process with various load path and die geometry has
been performed on strain path and plastic instability. In order to investigate effects of load
path, three types of loading condition, namely free loading, loading with axial feeding and
loading with fixed tube ends have been studied. Study on geometry of dies has been
performed by varying die corner radius (R) and bulging length (W). Here, effect of axial
feeding on strain ratio (B) has been studied. Numerical results indicated that strain path in
conditions of free loading and loading with clamps end are similar and located in the right
hand side of FLD. In this condition, by increasing of W, the B tends to value of zero that this
situation is independent to boundary condition. By increasing of R in free loading condition,
by reduction of B the strain path is approached to plane strain state; while in loading with
axial feeding condition, increasing of R has neglect able effect on strain path. In loading with
axial feeding condition, increase in axial feeding the B is reduced drastically. In empirical
study, from the simulated tests, number of 10 tests with distributed loading path condition was
selected on strain diagram. After designing and manufacturing of the dies, meshed tubes are
loaded controllably until tearing and the FLDs have been drawn using strains which were
obtained near tearing locations. Also, the FLD of 304 SS tubes in current work, has been
compared with FLD of SS sheets in other works.

At the end, in order to investigate efficiency and accuracy of developed method, it was used
for forming of a tube cam type profile. Numerical and empirical results showed that obtained
FLD can predict the forming of tube cam. Moreover, formability of this industrial part
verified that obtained FLD of this work is appropriate for forming of other industrial parts.

Keywords: Tube hydroforming, FLD, FEM simulation, Empirical analysis of strain
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