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The bending deformation behavior of steel tubes for door impact beams used as

reinforcement members against the side collision of passenger cars was experi-

mentally studied. The deformation process may be divided into three steps: cross-

sectional flattening, plastic collapse, and circumferential buckling. These defor-

mation steps were examined together with the crush distance-applied load curves

and absorbed energy characteristics, and the maximum load was estimated. The

ductility required of door impact beams was determined from the deformation

behavior, and a new electric resistance welded (ERW) steel tube with a tensile

strength of 1,470 N/mm? class was developed to meet the ductility requirement.

1. Introduction
Automobile manufactures strengthen the doors of passenger

cars using impact beams (reinforcement members) to reduce
deaths and injuries in side collisions. The door impact beams are
to absorb the kinetic energy of side collision through the initial
deformation of the door, thereby reducing damage to the occu-
pants in the passenger compartment. The door impact beams
were traditionally made chiefly by press forming high-strength
steel sheet. Today, steel tubes are increasing in this application
because weight savings can be achieved through their use!-?.

This report explains the deformation behavior of door impact
beams that are made of steel tubes, lightweight, and capable of
absorbing high energy. Also introduced here is the new high-
strength electric resistance welded (ERW) steel tube developed
specifically for application to door impact beams.

2. Bending Deformation Behavior of Steel Tubes
for Door Impact Beams
A three-point bending test method was developed in accord-

*] Technical Development Bureau
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ance with the automobile side strength tests specified in JASO B
103-86 and FMVSS No. 214, in order to observe the plastic
deformation behavior of steel tubes in the doors of passenger
cars. The test method is schematically shown in Fig. 1. Table
1 lists the chemical compositions and tensile strength of the steel
tubes tested.

P: Applied load
d: Crush distance P

lv=2mm/s

R=152.4mm(6inches)

L=600-1,250mm

Fig. 1 Three-point bending test method
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Table 1 Sizes and chemical compositions (mass%) of steel tubes

Diameter | Thickness | t/DX100 | C Si Mn | Nb Cr Mo B TS
25 4. 0.14 | 0.15 | 0.80 583-
460 1.6-5.0mm| 5-15% : 1 | 1 1 1 1 1.840N/mm?
' 0.3010.23 | 1.60 | 0.03 | 0.30 | 0.40 | 0.002 |
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Fig. 3 Relationship between progress of bending and flattening

Fig. 2 shows typical applied load-crush distance curves
obtained in the three-point bending test. Corresponding to the
stiffness of tubes, the applied load increases linearly with increas-
ing crush distance, declines in the rate of increase, reaches the
peak point, decreases slowly, and suddenly drops. Fig. 3 shows
the flattening of steel tubes just below the loading device. This
flattening is the sum of flattening for reduction in the deformation
energy of the bend derived from total strain theory® and flatten-
ing due to the concentrated load of the loading device!?. The
degree of flattening increases with decreasing wall thickness (t/D
ratio) and decreasing span (increasing applied load). The
progress of flattening influences the curvature of the bend at the
onset of plastic collapse. Fig. 4 shows the shape of a tube that
has plastically collapsed*®. The flattening of the tube is concen-
trated right below the loading device. The tube is longitudinally
buckled so that the inner curvature of the bend is greater than the
curvature of the loading device. The bending load in this case is
equivalent to the maximum load shown in Fig. 2. Further travel

0.6
—300 —200 -100 0 100 200 300
Position (mm)

Fig. 4 Cross-sectional shape of tube right below loading device
immediately after plastic collapse (31.8 mm ¢ x 1.8 mm t)
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Fig. 5 Comparison of cross-sectional shape of tube immediate-
ly after plastic collapse and circumferential buckling
(31.8 mm¢ x 1.8 mm t)

of the loading device further the local flattening of the tube and
increases the nonuniformity of the inner curvature. The decrease
of load is moderate in this case, but sharply drops when the tube
is circumferentially buckled as shown in Fig. 5. Fig. 5 shows
the distribution of circumferential curvature right below the load-
ing device immediately after the plastic collapse and circumferen-
tial buckling. Afier the plastic collapse, the tube is progressively
flattened, but has a convex (or plus) curvature around the circum-
ference. After the circumferential buckling, the tube has a con-
cave (or minus) curvature. The collapse of the inner surface of
the bend is considered to cause a steep drop in the applied load.
The bending deformation process of the tube runs through three
steps: cross-sectional flattening, plastic collapse, and circumferen-
tial buckling.

Endo and Murota® proposed a method for estimating the
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Fig. 6 Relationship between calculated and
observed values of maximum bending load

maximum load, which is equivalent to the plastic collapse, from
the bending moment taking into consideration the flattening of the
tube. Their method succeeded in qualitatively determining the
maximum load point, but not quantitatively?, because the cross
section of the tube is not of simple ovality right below the loading
device. The following equation was derived to estimate the max-
imum load from experimental results'-?:

Py = 0.550%( 645 /L)x((Ds* —(Do—2t)*) / Do) 0h)

where D is the initial outside diameter of the tube before the
bending test, t is the wall thickness of the tube, and L is the
bending span. From the test results of various types of tubes, the
flow stress at the 4% strain (0. ) is used as material strength.
The values of the maximum load calculated by Eq. (1) are com-
pared with experimentally obtained values in Fig. 6. The calcu-
lated values agree well with the experimental values. This means
that Fig. 6 can be used to estimate the maximum load with high
accuracy.

3. Ductility Required of Door Impact Beams

When the tube installed as an impact beam in a passenger car
door is bent, it is subjected to large tensile deformation in the
outer surface. When a crack is produced in the outer surface of
the bend in the tube, it is likely not only to sharply reduce the
bending load and absorbed energy, but also to intrude into the
passenger compartment. The strain in the outer surface of the
bend in the plastic collapse phenomenon was estimated and used
to determine the ductility required of the tube as the door impact
beam. Fig. 7 shows the elongation presumed to occur on the
outer side of the bend in the tube on the assumption that the tube
is not flattened. As flattening actually takes place, however, an
appropriate correction must be made to the data. Fig. 8 shows
the correction factor (indicated by solid circles) calculated from
the measured strain on the outer side of the bend. This correc-
tion factor is considered to include the strain correction (indicated
by open circles) due to the flattening of the tube and the strain
correction (difference between the values indicated by the open
and solid circles) due to the fact that the strain is rendered diffi-
cult to accumulate by the onset of plastic collapse in the early
stage of the bending deformation process. These contributions
are each expressed as a function of the wall thickness-to-outside
diameter (t/D) ratio of the tube*®. Fig. 9 shows the relationship
between the size and necessary elongation of door impact beam
tubes.
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Fig. 7. Estimation of strain on outer side of bend when
tube is not flattened
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Fig. 8 Correction factor for strain on outer side of bend

6.0

5.0f
Large elongation

4.0

3.0

Tube wall thickness (mm)

Small elongation

o Typical sample size : 1,471N/mm? grade
0 1 1 1 1 1
150 20.0 25.0 30.0 350 40.0 45.0

Tube outside diameter (mm)

Fig. 9 Schematic diagram of ductility required on
outer side of bend before plastic collapse

The outside diameter of the tube depends on the space avail-
able in the door, and its wall thickness on the necessary bending
load and absorbed energy. Open circles in Fig. 9 indicate the
dimensions of typical high-strength steel tubes having a tensile
strength of more than 1,470 N/mm? used as door impact beams.
The figure shows that an elongation of more than 8% is required
of door impact beam tubes of present dimensions that are subject-
ed to bending deformation.

4. High-Strength Steel Tubes for Door Impact
Beams
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Fig. 11 Mechanical properties of martensitic steel®

As is clear from Equation (1), strengthening is effective in
obtaining high bending strength with small weight. Fig. 10
shows the relationship between strength and ductility in various
types of high-strength steels®?. Martensitic steels can be com-~
mercially produced by a low-cost process for application in door
impact beams that must have an elongation of 8% or higher and
tensile strength of 1,470 N/mm? or higher. The hardness of
martensitic steel is derived mainly from carbon, with only small
contributions from other elements®!®. Fig. 11 shows the
mechanical properties of steels with a carbon content of 0.15 to
0.30 mass% as quenched to obtain a martensite microstructure of
more than 99%3219. When the carbon content is 0.16 to 0.24
mass%, high strength, ductility, and toughness are accomplished
despite a martensite microstructure in the as-quenched condition.
A low-carbon (about 0.20 mass%C) martensite microstructure is
effective in producing lightweight door impact beam tubes.

4.1 High-strength steel tube production process

Door impact beam tubes of low-carbon martensite
microstructure are produced in the following way. Steel is
adjusted as to the necessary carbon content, inclusion control and
critical cooling rate, and is controlled rolled into strip of relative-

Water quenching rin
d £ "% Imduction heating coil

é: —"( Rotation —0 ) ?

ERW tube

Fig. 12 Induction heating method

Base metal

Welded portion

. v e e
Photo 1 Cross-sectional structures of high-strength steel tube
(STQMI18RB, 25.4mm ¢ X 2.3 mm t)

ly low strength to reduce the load on the subsequent slitting and
electric resistance welding processes. The strip can thus be effi-
ciently slit and electric resistance welded into door impact beam
tubing. The tubing is then induction hardened by the method
illustrated in Fig. 12 to provide the required strength and ductili-
ty. Photo 1 shows the cross-sectional structures of the electric
resistance weld metal and base metal. Induction hardening pro-
duces a uniform martensite microstructure including the weld
metal with little surface decarburization. Fig. 13 shows the ten-
sile test results of a representative tube size. The tensile strength
is higher than 1,470 N/mm?, and the ductility is stably high (total
elongation of more than 8%).
4.2 Delayed fracture resistance

Door impact beam tubes with a tensile strength of 1,470
N/mm? or higher in the as-quenched condition are installed in
the doors of passenger cars. Delayed fracture is generally feared
in these high-strength steel tubes. The new ERW tube steel dis-
cussed here is increased in delayed fracture resistance by decreas-
ing the amount of impurities, developing a fine-grained austenite
microstructure, and reducing the residual stress. Fig, 14
schematically shows the method of evaluating delayed fracture
resistance. A notched tensile specimen was corroded in a
5%HCI] solution and tested under a constant load. The test
results are shown in Fig. 15. Delayed fracture was observed in
none of the specimens that underwent tensile stress to notch frac-
ture stress. The new ERW tube steel is low in delayed fracture
sensitivity even in such an environment as shown in Fig. 14.
Since the door impact beam is not always subjected to stress as
under the delayed fracture test conditions, as-quenched ERW
tubes can suffice as door reinforcement members.
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Fig. 14 Method for evaluating delayed fracture resistance

4.3 Absorbed energy

When the bending span that corresponds to the door size
changes, flexural rigidity and intensities of flattening, plastic col-
lapse and circumferential buckling change. As a result, the dis-
placement-load curve in the three-point bend test greatly
changes.? As shown in Fig. 16, however, the energy (elastic
deformation energy plus plastic deformation energy) absorbed by
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Fig. 16 Absorbed energy before onset of circumferential buckling

the tube through its bending deformation until its circumferential
buckling depends on the wall thickness, and the absorbed energy
due to the plastic deformation is little affected by the bending
span. This is because the plastic deformation is concentrated
right below the loading device, as shown in Fig. 4, for example.
When the door impact beam tube is considered as a member
for preventing the door from intruding into the passenger com-
partment on a side collision, the energy absorbed by it until a
given displacement (for example, 6 inches) is important. Fig. 17
shows the absorbed energy before the 6-inch crush. The
absorbed energy may be divided into two regions according to
whether or not the absorbed energy is influenced by circumferen-
tial buckling®?. For the 600-mm bending span that simulates a
small door size, the absorbed energy can be increased by increas-
ing the wall thickness in the region where the onset of circumfer-
ential buckling is delayed by the increased wall thickness. For
the 1,250 mm bending span that simulates a large door size, a
thin-walled tube does not circumferentially buckle, and the
increase of absorbed energy with the increase of wall thickness
works only to raise the maximum load. The boundary between
the two regions in Fig. 17 is the circumferential buckling condj-
tion at the 6-inch crush®. To obtain such a tube shape as to
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Fig. 19 High-speed bending test method

increase the absorbed energy on bending, the absorbed energy
shown in Fig. 17 was divided by the cross-sectional area of the
tube to obtain the absorbed energy on bending per cross-sectional
area (or weight). The results are given in Fig. 18. From Fig.
18, it can be seen that there is the t/D ratio at which light weight
and high absorbed energy can be achieved for each bending span
or door size. For the bending span of 800 mm and tube outside
diameter of 31.8 mm, for example, the absorbed energy per
weight is maximum at the wall thickness of 2.4 mm.

The bending deformation behavior and absorbed energy of
door impact beam tubes have been discussed above. The high-
speed deformation that simulates an actual collision is briefly
described here. A high-speed bending test method is schemati-
cally shown in Fig. 19. The absorbed energy on bending was

© o Impact bending (Vo =5.0m/s). T=—40"C
Static bending (V,=2.0x10%m/s), T=R.T.
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Fig. 20 Comparison of absorbed energy during static bending
test and impact bending test (31.8 mm ¢ x 2.8 mm t,
2.0 mm t)

1.72k] 2.06kJ

Photo 2 Appearance of sample tubes after impact bending at 233 K
(25.4mm¢ X 2.3 mmt)

calculated from the area below the crush distance-applied load
curve as shown in Fig. 1 for low-speed bending and from the
kinetic energy of the loading device for high-speed bending. Fig.
20 compares the absorbed energy on high-speed deformation (at
the loading device initial speed v, of 5.0 m/s) and that on low-
speed deformation (at v, of 2.0 X 1072 m/s). The values of
absorbed energy on high-speed deformation as indicated by solid
and open circles agree well with those of absorbed energy on
bending deformation as indicated by solid lines.

Generally, the flow stress of body-centered cubic (bce) metals
depends on the strain rate( € ), and the m value (m = dln ¢ /dlne
for pure iron is reported to range from 0.02 to 0.04!D. When the
new door impact beam tube steel was tension tested in the wide
strain rate range of 1073 to 10° s~!, its m value was small (m <
0.001) and was not dependent on the strain rate®. This suggests
that the flow stress of the steel during high-speed deformation as
in collision can be estimated from its static deformation behavior.

Photo 2 shows the appearance of tubes bent at high speed
and 233 K. Each tube absorbed energy of about 2 kI (average
passenger car weight x 6 inches) and did not reveal brittle frac-
ture or other defects at the test temperature.

5. Conclusions

Steel tubes for door impact beams were three-point bend test-
ed to study their deformation behavior and clarify the deforma-
tion process. A new electric resistance welded (ERW) tube with
high strength, ductility, and toughness as required for door
impact beams was developed. This high-strength ERW tube was
found to have a satisfactory energy absorbing capacity in the serv-
ice environment of door impact beams.
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