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Abstract:

Requirement for higher strength of parts that absorb
energy at the collision, such as front side members, is
rapidly increasing to reduce the weight of automobile
bodies and to cope with the increase in vehicle weight due
to the progress of electrification. However, fracture
during axial crush which is a problem in over 980 M Pa
grade causes reduction and dispersion of the energy
absorption of parts, and it is a bottleneck to increase the
strength. From the axial crush test using 980 M Pa grade
steels with various chemical compositions and micro-
structures, it was found that the material design guideline
to improve the hole expanding ratio (1) is effective for
stable axial crush without fracture. By the test simulating
the deformation of the pre-bended portion, which is the
fracture origin of the part, the basic analysis of the
microstructure factor which affects the fracture was con-
ducted, and the optimum microstructure design guideline
was obtained. JEFORMA™ 980G A-type2, which
applies these findings, has excellent fracture resistance
and enables stable energy absorption without fracture
during axial crush.

1. Introduction

Auto makers are promoting high strength in auto-
motive steel sheets to improve fuel economy by light-
weighting the automobile body, and ultra-high-strength
steel sheets with tensile strength (TS) of 1470 MPa
grade and higher have already reached practical appli-
cation in non-deforming parts such as the cabin . On
the other hand, 440 to 780 MPa grade steel sheets are
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mainly applied in energy absorption (EA) parts such as
front side members and crash boxes, which are
designed to absorb impact by deforming in a collision,
but in response to the short-nose designs of electric
vehicles (EVs) and increased weight accompanying
electrification in recent years, needs for high-strength
steel sheets in EA parts are also increasing rapidly.

However, parts using steel sheets with 980 MPa
grade and higher strength may sometimes fracture
without undergoing accordion-like crush deformation
(compact mode deformation) during axial crushes.
Fracture during crushing destabilizes the deformation
mode of the part as a whole, and causes an increase in
the variation of EA, in other words, a decrease in
robustness™?. Since this is a fatal issue which is directly
related to the reliability of structural parts, fracture
resistance during axial crush is extremely important
when developing ultra-high-strength steel sheets for EA
parts assuming strength up to 1 470 MPa. Although
this is a new property that has not received attention
until now, material design guidelines for improvement
of this property are needed.

In the past, it was suggested that fracture during
axial crush deformation tends to be suppressed in
materials with excellent bendability and stretch-flange-
ability®> . However, only limited types of steel sheets
have been investigated, and the microstructural mecha-
nism of fracture suppression is also unclear due to the
complex deformation of parts during axial crush, and
the difficulty of identifying the material-related factors
that affect fracture behavior during axial crush.

This paper describes the advantageous properties of
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steel sheets for suppression of fracture during axial
crush, which were determined through axial crush tests
of various types of steel sheets, and efforts to clarify
the effects of the material microstructure on crack initi-
ation and crack propagation behavior by a new mate-
rial test which fundamentally simulates the deformation
history at the fracture initiation site'*'?. In addition, a
980 MPa grade galvannealed steel sheet (GA;
JEFORMA ™ 980GA-type2), which reflects the mate-
rial design guideline obtained through this study, is also
introduced.

2. Steel Sheet Properties Necessary for
Suppression of Fracture during Axial Crush

2.1 Experimental Method

In order to clarify the effects of steel sheet proper-
ties on the fracture phenomena that occur during axial
crush, in this study, we examined 15 types of 980 MPa
grade steel (thickness: 1.2 mm) with different mechani-
cal properties due to differences in the steel composi-
tion and microstructure. Steels with a wide variety of
microstructures were used, including dual-phase (DP)
steels consisting of ferrite and martensite phases, multi-
phase microstructures containing retained austenite (y)
and bainite, and a single-phase martensitic microstruc-
ture. The specimens used in the axial crush test were
first bent to the hat-shaped cross section shown in
Fig. 1 (a), after which a flat sheet of the same steel was
prepared as a back sheet, and the flange part was spot-
welded at an interval of 45 mm. Fig. 1 (b) shows the
typical appearance of a specimen before and after the
test. The tests were performed using a precision univer-
sal testing machine manufactured by Shimadzu Corpo-
ration, and the specimens were crushed to a stroke of
100 mm at a speed of 0.17 mm/s. The tests were per-
formed 3 times with each steel, and their fracture
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Fig. 1 (a) Specimen used for axial crush test and (b) typical
appearance of tested specimen
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behavior was analyzed.

The hole expanding ratio A conformed to the stan-
dard JIS Z 2256, and the die diameter used in punching
was 10.3 mm (clearance: 12.5%). Bendability was eval-
uated by two methods. In order to evaluate the occur-
rence tendency of comparatively fine cracks, a 90° V
bending test was carried out by the V-block method in
accordance with JIS Z 2248. In this test, the limit bend-
ing radius R was defined as the smallest die radius at
which cracking did not occur at the bend apex when a
strip specimen was bent, and R divided by the sheet
thickness t (i.e., R/t) was used as an index. The second
method used here was the bending test'® (hereinafter,
VDA bending) standardized in VDA238-100 (2017) for
evaluation of the crack behavior of members during
crushing in the standards of the German Association
of the Automotive Industry (VDA: Verband der Auto-
mobilindustrie). Bending was performed in accordance
with the VDA standard, and the bending angle o on
reaching the maximum load was used as an index. In
both 90°V bending and VDA bending, the bending
direction was set so that the rolling direction of the
steel sheet was parallel to the bend line.

2.2 Deformation/Fracture Modes during Axial
Crush

Based on time-series observation of the axial crush
behavior of the 980 MPa grade steels with different
steel sheet properties, the fracture modes could be
broadly classified into 3 types. Figure 2 shows typical
examples. Fig. 2 (a) is an example of crush deformation
in the compact mode without fracture. In this deforma-
tion mode, the deformation load is maintained stably
until a high stroke, while repeatedly showing maximum
and minimum values due to continuous buckling.
Therefore, this is the ideal deformation mode for stably
obtaining absorbed energy '*'>. Fig. 2 (b) is an exam-
ple in which crush deformation in the compact mode
occurred in part of the specimen, but fracture was also
observed, and (c) is an example in which fracture initi-
ated during buckling in the initial stage, and was fol-
lowed by splitting of the flat sheet with no new buck-
ling. Fig. 2 (c) is the worst-case deformation mode.
However, partial fracture also occurred in (b), and (b)

Fig. 2 Typical appearance of fracture mode
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showed varying results in the 3 tests, as fracture
occurred in some but not all cases. These results indi-
cate that the compact mode in (a) must be achieved sta-
bly in order to stabilize EA at a high level.

2.3 Relationship of Fracture Resistance and
Steel Sheet Properties

To analyze the effect of steel sheet properties on the
above-mentioned occurrence tendency of the deforma-
tion modes during axial crush, scores of 1, 0.5 and 0
were assigned to fracture modes in Fig. 2 (a), (b) and
(c), respectively, and the total score for 3 trials was
defined as the Crush Fracture Index (CFI), which was
used as an index of fracture resistance. Figure 3 shows
the correlation of CFI and various mechanical proper-
ties. In addition to the properties of elongation (EI)
and the hole expanding ratio A, which are generally
used as indices of the formability of automotive steel
sheets, this figure also shows the correlation with bend-
ability because the buckled region in axial crush parts
displays the bending deformation mode. The sufficient
condition of steel sheet properties for obtaining a stable
deformation mode (CFI = 3) with no occurrence of
fracture is considered to change depending on the con-
ditions of the axial crush test. However, in this study,
this condition was as shown by the solid vertical lines
in the figures. Among the properties, A showed a strong
correlation with fracture resistance, as CFI = 3 when A
was 45% or more. Although there was also a type of
steel that achieved CFI = 3 when A was approximately
25%, this case was limited to only 1 steel type among
the steels that achieved CFI = 3. Sufficient conditions
for CFI = 3 could be seen in the 90°V bending and
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VDA bending (&) properties, but the correlation of
these properties was considered to be relatively weak
because 5 steels and 4 steels, respectively, achieved CFI
= 3 without meeting the sufficient conditions for 90°V
bending and VDA bending.

Figure 4 shows examples of detailed observation of
the deformation and fracture initiation site during axial
crush. A black line was drawn in advance on the bend
line of bending during specimen preparation. Focusing
on the region where deformation progressed, resulting
in buckling, after flattening of the bend line part, the
specimen was bent in the opposite direction at the
stroke of 20 mm so as to be perpendicular to the origi-
nal bend line, and fracture occurred. In other words,
the fracture initiation site was in the pre-bent region,
and the fracture mode was different from 90°V bending
or VDA bending.

These results suggested that improvement of the
deformation properties (formability) of the pre-bent
region is effective for suppression of fracture during
axial crush. Since A, which showed a strong correlation
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Fig. 4 Deformation and fracture behavior during axial crush
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Fig. 3 Relationship between mechanical properties and crush fracture index
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with fracture resistance in the axial crush test, is an
index for evaluating the deformation properties of the
edge of materials subjected to pre-shear working, it can
be thought that there is some microstructural factor
that has a common effect on both improvement of A
and fracture resistance.

3. Controlling Factor of Fracture Resistance in
the Pre-Bent Region

3.1 Experimental Method

To fundamentally clarify the microstructural factor
that controls the fracture resistance of the pre-bent
region, 900 MPa grade model steels with different
mechanical properties were prepared in the laboratory
and evaluated by a fundamental test simulating fracture
of the pre-bent region '*'?. The microstructures and
mechanical properties of the specimen steels are shown
in Fig. 5 and Table 1, respectively. The low A steel in
Fig. 5 (a) has a DP microstructure, and the high A steel
in Fig. 5 (b) has a multiphase microstructure that
includes intermediate-hardness phases such as tem-
pered martensite and bainite, as well as a small amount
of retained austenite (retained y). The high EI steel in

Fig. 5 Microstructure of (a) low A, (b) high 4, (c) high El steel

Table 1 Mechanical properties of steel
Steel Thickness YS TS El A
(mm) (MPa) | (MPa) | (%) | (%)
Low A 1.2 446 925 19 20
High 4 1.2 682 923 21 70
High El 1.2 509 905 30 33

Punch
(0.4 R)>

(a) s 2 ‘

Sample Press-formed area

re-bended) | /
(p )\

Roll < '

Rolling direction
(Tickness X 2+0.5) mm

Load

Fig. 5 (¢) is a TRIP (TRansformation-Induced Plas-
ticity) steel containing bainite, martensite and retained
y. Here, the martensite included in the low A steel and
the high El steel is hard martensite that has not under-
gone tempering (hereinafter, fresh martensite).

Figure 6 shows a schematic image of the bending
test (hereinafter, V-VDA bending test) simulating the
fracture initiation site during the axial crush test
observed in Fig. 4. The bend line in press forming was
simulated by pre-bending the specimen using a
90°V-block with a die radius of 5 mm. Next, bending
deformation was performed in the opposite direction
under conditions conforming to VDA238-100, as
shown in Fig. 6 (a) so that the bend line was perpendic-
ular. Fig. 6 (b) shows a schematic image of the stroke-
load curve under reverse bending. Assuming the stroke
when the pre-bent specimen was flattened by reverse
bending is the starting point (0 mm), the stroke at max-
imum load was defined as Srmax and was used as an
index of fracture resistance. For comparison, the VDA
bending test was also performed. In order to evaluate
the crack initiation and propagation behavior before
and after maximum load, both tests were interrupted
while in progress, and the sheet thickness cross section
perpendicular to the bend line was observed. The ratio
of the crack depth to the sheet thickness was obtained,
and in addition to calculation of the crack growth
ratio, the void formation behavior was also analyzed.

3.2 Fracture Behavior in V-VDA Bending Test

Figure 7 shows the stroke-load curves in the VDA
bending and V-VDA bending tests. In the low A steel
and high El steel, a rapid decrease in load due to frac-
ture in the pre-bent region was observed in the V-VDA
bending test, resulting in discontinuous stroke-load
curves. Figure 8 shows the Spmax in the respective bend-
ing tests. The rapid load decrease occurred at a lower
stroke in the V-VDA bending test than in the VDA
bending test, implying that fracture was accelerated by
pre-bending. The decrease in Spmax due to pre-bending
was large in the low A and high El steels, and small in
the high A steel.

(L

Crack point

Flat point
(Stroke: 0 mm)

Stinax

Stroke

Fig. 6 Schematic image of (a) V-VDA bending and (b) stroke-load curve
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Fig. 9 Crack growth behavior in VDA bending test and
V-VDA bending test

Figure 9 shows the crack growth ratios in each test.
Regarding the crack growth behavior, in the VDA
bending without pre-bending, no remarkable differ-
ences could be seen in the stroke at fracture of the vari-

JFE TECHNICAL REPORT No. 36 (Sep. 2026)

ous steels. However, in the V-VDA bending with
pre-bending, the stroke at fracture was smaller, and
there were also differences among the steels. In particu-
lar, the effect of pre-bending on the high A steel was
extremely small.

Based on these points, in order to suppress fracture
of axial crush specimens, it is important to suppress
initiation of cracks in the bend line region, which is the
fracture initiation site, and although crack initiation is
accelerated by pre-bending, these tests revealed that the
effect of pre-bending can be reduced by high A mate-
rial.

3.3 Microscopic Deformation Behavior in the
Pre-Bent Region

To elucidate the mechanism of the reduced effect of
pre-bending seen with the high A material, the elemen-
tary process of crack initiation in the region subjected
to pre-bending was observed. The observed microstruc-
ture was the surface layer on the bending tension side
during the V-VDA bending test (i.e., the bending com-
pression side during pre-bending). Figure 10 shows

Fig. 10 Microstructure of the bending surface at beginning of
V-VDA bending test
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microstructural images when the test was stopped at a
stroke before crack initiation. Focusing on the void for-
mation positions, in all cases, voids had formed at the
martensite interface. Comparatively coarse voids also
existed in the low A steel, mainly at the coarse marten-
site interface. This suggested the possibility that the
grain diameter of the hard phase, which becomes the
site of void formation, affects the diameter of the
formed voids. Figure 11 shows histograms of the num-
ber density relative to the void diameter in the surface
layer on the bending tension side (bending compression
side in pre-bending) in the initial period of void forma-
tion (stroke: 4-6 mm). The number density of all voids
was remarkably small in the high A steel, and was
roughly similar in the low A steel and high El steel. This
difference is thought to occur because the use of tem-
pered martensite in the high A material reduced the
region where large hardness differences exist, reducing
the strain concentrations at the phase interface during
bending compression. Regarding the void diameter, in
the low A steel, it was found that relatively coarse voids
with diameters of 0.5 to 1.2 um made up about 30% of
the total, even in the initial period of void formation.
Figure 12 shows the relationship of the average grain
diameter of the fresh martensite and retained y, and
the average void diameter. As the average grain diame-
ter of the fresh martensite or retained y decreased, the
average void diameter of the voids that form near fresh
martensite or retained y also tended to be small.

From the above, in order to reduce the effect of
pre-bending and suppress fracture during axial crush,
these results clarified the fact that reducing the hard-
ness difference at the phase interface by utilizing inter-
mediate-hardness phases such as tempered martensite
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Fig. 11 Void analysis result for V-VDA bending sample of (a)
low 4 steel, (b) high A steel, (c) high El steel
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or bainite, and fine dispersion of hard phases by a mul-
tiphase microstructure design is an effective microstruc-
ture control guideline. Although it has long been
known that this type of microstructure control is effec-
tive for improving the hole expanding property A, this
study made it clear that it is also effective for suppress-
ing cracks that initiate during orthogonal reverse-bend-
ing deformation of the pre-bent region, which becomes
the fracture initiation site in axial crush, and thus clari-
fied the design principle for suppressing fracture in
axial crush, which had been unclear until now due to
the complexity of the fracture phenomena.

4. Features of 980 MPa Grade GA High-
Strength Steel Sheet for EA Parts

As a JFE Steel product that reflects the design prin-
ciple for improvement of fracture resistance described
in this paper, this chapter introduces JEFORMA ™
980GA-type2'®? (980 MPa grade GA high-strength steel
sheet), which contributes to high strength and thickness
reduction of parts in which stable energy absorption in
collisions and corrosion resistance are required, such as
front side members and crash boxes. Table 2 shows the
mechanical properties of JEFORMA 980GA-type2
and a general-purpose 980GA high-strength steel sheet.
From the viewpoints of suppressing fracture during
collisions and securing the robustness of the energy-ab-
sorption (EA) amount, JEFORMA 980GA-type2 has
a A of 60%. It is thought that its excellent A and high

Table 2 Mechanical properties of 980 MPa grade GA steel
sheet

YS TS El | A

Steel (MPa) | (MPa) | (%) | (%)

JEFORMA™ 980GA-type2
(Developed)

Conventional 980GA 630 1030 14 | 25

850 1030 | 15 | 60
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Fig. 13 Average load in axial crush test of developed steel

El, which is comparable to that of the conventional
steel, will enable easy press forming of EA parts, A pil-
lar lowers and other parts in which stretch-flange
cracking is a concern, contributing to expansion of the
types of applicable parts and the degree of freedom in
shape design. In addition, reduction of the soft phase
for the high A design also results in a remarkable
improvement of yield strength (YS), which increases
buckling strength in axial crush and contributes to
improvement of EA amount'”'®.

Figure 13 shows the results of an axial crush test of
JEFORMA 980GA-type2 and a conventional 980GA
high-strength steel sheet. The test method was the same
as that described in Chapter 2, and the average load of
a stroke of 0 to 100 mm was arranged by YS. For com-
parison, the figure also shows the results for strength
classes other than the 980 MPa grade. With the con-
ventional 980GA high-strength steel sheet, there are
cases where fracture occurs during axial crush, and
variations in the average load are large. In contrast,
since the JEFORMA 980GA-type2 displays crush
deformation in the compact mode, stable average values
at a high level were confirmed.

5. Conclusion

For fracture during axial crush, which was a chal-
lenge for the application of high-strength steel sheets to
energy-absorbing parts, JFE Steel developed a
980 MPa grade high-strength steel sheet for EA parts
by clarifying the relationship between the elementary
process of fracture and microstructural factors. The
knowledge gained in this study is also being used in the
development of 1180 and 1 470 MPa grade ultra-high-
strength steel sheets. Since there are still large chal-
lenges for practical application of those products in
terms of formability, weldability, delayed fracture, etc.,
JFE Steel is also developing solution technologies that
respond to those issues, while contributing to further

JFE TECHNICAL REPORT No. 36 (Sep. 2026)

improvement of automobile structural performance
through conversations with customers.
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