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Practical Blended Flow Models for Bulk Metal Forming Using the
Cylindrical Tensile Test with Its Related Flow Behavior at Large Strain
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The fundamental flow models of metallic materials at room temperature, including the Ludwik, Hollomon, Swift and Voce
models, were evaluated in terms of tensile test with an emphasis on the necking phenomena and post-necking behavior, to
emphasize their limitation in satisfying tensile strength and Considere condition as well as the pre-necking and post-necking
strain hardening. To resolve this limitation and enhance the applicability of the new proposed flow model to typical strain
hardening materials, the Ludwik-Swift blended flow model is proposed after investigation into three blended flow models
among the Ludwik, Voce and Swift models. Results revealed that there is no interpolation-based blended flow model of the
fundamental flow models for the example flow curve exhibiting typical strain hardening but that the extrapolation-based
combination of them can provide an engineering solution when the Ludwik and Swift models are blended. It was revealed
that the reason for their good matching lies in the distinct difference in the strain hardening exponent, between the Ludwik
and Swift models in the case of metallic materials with typical strain hardening.
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Fig. 1 Reference flow curve obtained from a tensile test and its
associated engineering stress-strain curves, experimental or

predicted
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Table 1 Flow constants satisfying the necking conditions and the

point Q on RFC
Model name Flow constants
Ludwik Yy, =310MPa, L, =289 MPa, n; =0.557
Voce Yy =344 MPa, V; =294 MPa, V, =1.69
Hollomon K =525MPa, n =0.127
Swift Y,s =338MPa, S| =6.72, n, =0.276
True strain (-)
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Fig. 2 (Upper panel) RFC and four fundamental flow models with
an emphasis on the necking point Q and (Lower panel) their
corresponding tensile test predictions with the experimental
tensile test
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Table 2 Comparison of the predicted tensile tests (Fig. 2) at the strain corresponding to the point S

Model Max. Radius at the Radius error at S Flow stress error at S to Tensile load error
Strain neck (R) [mm] to RFC [%)] RFC [%)] at S’ to experiment [%)]
RFC 0.729 2.232 - - 0.1
Ludwik 0.786 2.178 2.4 1.1 -0.5
Voce 0.680 2.280 2.2 -1.9 4.4
Hollomon 0.998 1.993 -10.7 -12.7 -17.6
Swift 0.747 2211 -0.9 0.3 1.3
— T train (-
2:‘2(5’ : %8—1 70(;).o 0.2 0.4 o.rge : ramo(.s) 1.0 1.2 1.4
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£ 400
2
g
=300 .
BSY
t\ ~ Swift \&;ﬂ
200 \\\ S ]'
o~ / \ \‘\ O ll
’ 1
- ‘ - 100 Ludwik > ~ \S\\ RO \ ‘.
. . . . . Ludwik-Swift ~~ |
Fig. 3 Deformed shapes with effective strains of the tensile test at 0 |
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

the point S’, predicted using the fitted fundamental flow
models and RFC. R means the neck radius
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Fig. 4 Comparison of flow curves models (Assumed yield strength
= 305 MPa) and their corresponding tensile test predictions
of the Ludwik, Swift, Ludwik-Swift models with an
emphasis on the point Q
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Fig. 5 Comparison of flow curves models (Assumed yield strength
= 305 MPa) and their corresponding tensile test predictions
of the Ludwik, Voce, Ludwik-Voce models with an emphasis
on the point Q
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Fig. 6 Comparison of flow curves models (Assumed yield strength
= 305 MPa) and their corresponding tensile test predictions
of the Swift, Voce, Swift-Voce models with an emphasis on
the point Q

Table 3 Comparison of contracted specimen radius and effective strain after tensile test simulations in which RFC and 3 different blended flow

stress model were applied

Model Ma{(. Radius at the neck  Difference with respect to Flow stress error at S Tensile loa.d error at S’ to
Strain [mm] RFC [%] to RFC [%] experiment [%]
RFC 0.729 2232 - - 0.1
Ludwik-Swift 0.805 2.156 34 1.2 -3.5
Ludwik-Voce 0.790 2.170 2.8 1.5 -0.9
Swift-Voce 0.936 2.028 9.1 12.7 -6.2
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Fig. 7 Deformed shapes with effective strains of the tensile test at
the point S’, predicted using the blended flow models
(Assumed yield strength = 305 MPa) and RFC. R means the
neck radius
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Fig. 8 Comparison of flow stresses models (Assumed yield strength
= 280 MPa) and their corresponding tensile test predictions
of the Ludwik, Swift and Ludwik-Swift models with an
emphasis on the point Q
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Fig. 9 Comparison of flow stresses models (Assumed yield strength
= 280 MPa) and their corresponding tensile test predictions
of theLudwik, Voce and Ludwik-Voce models with an
emphasis on the point Q

FeAEAde A s7ER] AE AAE & A(Fig.
1D)E A3t Table 4ol U7 7]2] AR AlH REAF9] H|
A EE RFCY A-§ ZAutof] 71 Lg% Hdo]
Ludwik-Swift dlo]c}t. o] &3t fandS AMEste] o3t
AHAHL] eAb= FAUFE 029904 2 2.1%= Lepsict.

aeu g fERd FolA uFEA o] %o 7MY gt
AT E 59l Ludwik 2Eo] @219 0.8%0)= & n|zt}. 1
231 oA FEE 305 MPaS A-83F Ludwik-Voce =&

T A=



590 / August 2022

True strain (-)
0.0 0.2 0.4 .6 0.

1.0 1.2 1.4
700

—@— Experiment Swift

S

600

500
Swift-Voce

_
£ 400
S N (0.135, 356)
= N
v o ~ -~ h —
9] S~ <3S
=300 ~~< N
7] e, S
| >~ - ‘%\\
EQQ ~ RN v
3 A~
200 . \\:S\\vm ~ Woce *
N ~N |
. - ~N N
SN
100 !
__ Swift-Voce \'{ ‘|
\\\\\\\\ |
0 = It
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

Engineering strain (-)

Fig. 10 Comparison of flow stresses models (Assumed yield
strength = 280 MPa) and their corresponding tensile test
predictions of the Swift, Voce and Swift-Voce models with
an empbhasis on the point Q
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Fig. 11 Deformed shapes with effective strains of the tensile test at
the point S’, predicted using the blended flow models
(Assumed yield strength = 280 MPa) and RFC. R means
the neck radius

Table 4 Comparison of contracted specimen radius and effective strain after tensile test simulations in which RFC and 3 different blended flow

stress model were applied (Y, =280 MPa)

Model Ma{(. Radius at the neck  Difference with respect to Flow stress error at S Tensile loa_d error at S’ to
Strain [mm)] RFC [%] to RFC [%] experiment [%]
RFC 0.729 2232 - - 0.1
Ludwik-Swift 0.813 2.150 3.7 1.9 -1.8
Ludwik-Voce 0.855 2.106 5.6 3.7 -5.4
Swift-Voce 0.955 1.997 10.5 22.0 -6.4
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