
ORIGINAL ARTICLE

Prevention of delayed cracking of punched 1.5 GPa ultra-high
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Abstract
Hydrogen-induced delayed cracking of punched 1.5 GPa ultra-high strength steel sheets was prevented by ironing with a slug
ejected from punching, because the risk of delayed cracking for sheared 1.5 GPa sheets is very high due to high tensile residual
stress and large plastic deformation. To prevent the occurrence of delayed cracking, the sheet was punched, and then, the punched
hole was ironed by passing the punched slug. Although the residual stress around the punched edge of the 1.5 GPa sheet was
tensile, the stress was turned to compressive stress by slug ironing. In addition, the fracture surface of the sheared edge was
changed to a smooth ironed surface. A cathode hydrogen charging test of the punched edge for delayed cracking was performed.
Although delayed cracks were caused at the punched hole by hydrogen charging, no cracks occurred at the ironed hole for
charging. It was found that slug ironing of the punched hole is effective in preventing delayed cracking.
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1 Introduction

For the weight reduction and passenger safety of automobiles,
the use of ultra-high strength steel sheets having a tensile
strength above 1 GPa for body-in-white parts rapidly increases
[1]. The strength of the ultra-high strength steel sheets used for
cold stamping attains 1.5 GPa at present [2], and this strength
is the same level as hot-stamped parts made of quenchable
22MnB5 steel sheets [3]. Although hot stamping is major
for production of automobile 1.5 GPa steel parts, cold
stamping of the ultra-high strength steel sheets has the advan-
tages of high productivity, conventional and cheaper equip-
ment, no oxidation prevention treatment, etc. The drawbacks
in cold stamping of the ultra-high strength steel sheets are
large springback [4], large forming load, low formability [5]
and short tool life [6, 7]. Won et al. [8] evaluated the stretch-
ability of edges produced through flat blanking, humped bot-
tom blanking, and waterjet cutting by using deep drawing and
stretch flanging of ultra-high strength steel sheets. Mori et al.

[9] indicated that the hardness for the 1.2 GPa sheet consider-
ably approaches that of conventional 1.5 GPa hot-stamped
parts by using a warm stamping process at comparatively
low temperatures with rapid resistance heating.

The risk level of hydrogen-induced delayed fracture occurring
after a long time is high for the ultra-high strength steel sheets
[10]. In steel sheets, the ductility generally decreases with in-
creasing strength, and moreover, ultra-high strength steel be-
comes brittle due to diffusion of hydrogen [11, 12]. The hydro-
gen embrittlement results in hydrogen-induced delayed fracture,
and this tendency for the 1.5 GPa sheets becomes remarkable
[13]. The delayed fracture has been mostly studied in the field of
ultra-high strength steel bolts and fasteners [14], because the
delayed fracture is induced by a high tensile stress acting on
tightened ones. Takashima et al. [15] examined the hydrogen
embrittlement behavior of the ultra-high strength steel sheets
under tensile loading and indicated that the tensile stress has a
significant effect on the occurrence of delayed fracture. Hojo
et al. [16] improved the hydrogen embrittlement of the ultra-
high strength steel sheets by adding alloying elements. Hojo
et al. [17] examined the effect of strain rate on the hydrogen
embrittlement of ultra-high strength TRIP (transformation in-
duced plasticity) steel sheets. Hojo et al. [18] exhibited the relief
of hydrogen embrittlement by pre-strain for ultra-high strength
TRIP steel sheets. Venezuela et al. [19] examined the hydrogen
embrittlement behavior of a 1.7 GPa martensitic ultra-high
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strength steel sheet. For industrial application of 1.5 GPa steel
sheets, it is required to prevent the occurrence of delayed fracture.

Body-in-white parts are generally punched to make many
holes for joining, paint removing, attachment, reduction in
weight, etc. Mori [20] reviewed shearing processes of high
strength steel sheets. In punching of ultra-high strength steel
sheets, the sheared edge undergoes large shear deformation,
and the quality of the sheared edges deteriorates due to early
onset of cracks caused for the low ductility, a large rough frac-
ture surface [21, 22]. Moreover, a high tensile residual stress
acts around the sheared edges, and the risk level of the delayed
fracture rises [23]. Mori et al. [24] examined the occurrence of
delayed cracking for blanked 1.5 GPa steel sheets and showed
that delayed cracking is prevented by reducing the tensile re-
sidual stress around the sheared edge. Shiozaki et al. [25] in-
vestigated the effect of the residual stress on the fatigue strength
for punched high strength steel sheets. Yasutomi et al. [26]
improved the fatigue strength of punched 1 GPa sheet by re-
ducing the residual stress by means of scrap coining.

To improve the quality of sheared edges of ultra-high strength
steel sheets, Murakawa et al. [27] shaved the sheared edge. Mori
et al. [28] developed a slight clearance punching process with a
punch having a small round corner. In this process, not only the
burnished surface of the sheared edge increases, but also the
residual stress becomes compressive. Jaafar et al. [29] introduced
automatic centering with a moving die into the slight clearance
punching process in order to simplify setting of the punch having
a small round corner and prevented the occurrence of delayed
cracking for punched 1.5 GPa sheets by the compressive residual
stress. On the other hand, Mori et al. [30] ironed a hole of a
punched ultra-high strength steel sheet with a taper punch in

order to smooth the sheared edge, and Kadarno et al. [31] devel-
oped a punching process including thickening around a hole with
a taper punch and step die. In these punching processes, the
tensile residual stress is considerably reduced by applying large
shear deformation to the sheared edge under a high contact pres-
sure, and thus, the risk level of delayed cracking becomes low.

In the present paper, hydrogen-induced delayed cracking of
punched 1.5 GPa ultra-high strength steel sheets was
prevented by ironing with a slug ejected from punching. The
punched hole is ironed by passing the slug to reduce the ten-
sile residual stress.

2 Procedure of ironing of punched hole
with slug for preventing delayed cracking

In punched 1.5 GPa ultra-high strength steel sheets, the risk
level of hydrogen-induced delayed fracture is very high due to
high tensile residual stress and large shear deformation around
the sheared edge. The delayed cracks generally appear on the
rough fracture surface of the sheared edge, and the high tensile
residual stress acts [24]. Although ironing of punched holes
with a taper punch [30] is effective in preventing the occur-
rence of delayed cracking, the wear of the punch becomes
remarkable because of a large slip between the punch and hole
under a high contact pressure. Therefore, an ironing process
without an ironing punch is developed.

(a) 1st stage: punching (b) 2nd stage: slug ironing
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Fig. 1 Ironing of punched hole
with slug ejected from punching
for preventing delayed cracking

Table 2 Conditions of punching and slug ironing

Punch diameter 10.00 mm

Ratio of clearance for punching c = 10 and 20%

Punch and die SKD11

Sheet thickness 1.6 mm

Sheet length 40 mm

Punching speed 200 mm/s

Table 1 Mechanical properties of die-quenched 22MnB5 steel sheet

Tensile strength Total elongation Vickers hardness

1.53 GPa 6.8% 480 VH1
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A process for preventing delayed cracking in punching
of 1.5 GPa ultra-high strength steel sheets is proposed in
this study. In this process, a slug ejected as a scrap from
punching is employed to iron the punched hole, as shown in
Fig. 1. The 1.5 GPa ultra-high strength steel sheet is
punched in the first stage; then, the sheet and slug are
turned upside down, and the punched hole is ironed by
passing the slug in the second stage. Since both fracture
surfaces of the hole and slug are inclined by the clearance
between the die and punch in punching, the punched hole is
ironed with the slug, and the hole surface is smoothed by
the large shear deformation under a high contact pressure.
By the large shear deformation during slug ironing, the high
tensile residual stress around the sheared edge induced by
punching is tuned to a compressive stress. The compressive
residual stress and the smoothed surface lead to the preven-
tion of delayed cracking occurring at the sheared edge [24].
This process using a discarded slug is economical.

The steel sheet used for punching and ironing was made of a
die-quenched 22MnB5 steel sheet having 1.6 mm in thickness.
The die-quenched 22MnB5 (C: 0.21%, Si: 0.25%, Mn: 1.2%, P:
0.015%, B: 0.0014%) was martensite steel and had similar me-
chanical properties to commercial 1.5 GPa ultra-high strength
steel sheets used for cold stamping. The Al-Si-coated 22MnB5
sheet was heated to 910 °C in an electric furnace, and then was
die-quenched by being sandwiched between two thick steel
plates under a pressure of 30 MPa for 30 s. The mechanical
properties of the sheet measured from the uniaxial tensile and
hardness tests are given in Table 1.

The conditions of punching and slug ironing are shown in
Table 2. The ratio of the clearance between the punch and die
to the sheet thickness for punchingwas c = 10 and 20%, where
the punch diameter was fixed to 10.00 mm and the hole diam-
eter of the die was changed for the clearance ratio. A clearance
ratio of 10% is commonly employed for punching and a larger
ratio of 20% is added. The die and punch used for slug ironing
were the same as those for punching. The punches and dies
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were made of the die steel SKD11, and no lubricant was ap-
plied at the tool-sheet interfaces. The sheet having a thickness
of 1.6 mm was a square having 40 mm in length, and the
middle of the sheet was punched and ironed. Since steel sheets
are conventionally punched at a high punching speed in in-
dustry, a punching speed of 200 mm/s was chosen.

3 Results of punching and slug ironing

The punching and ironing load-stroke curves for c = 10 and
20% are shown in Fig. 2. Although the punching loads for c =
10 and 20% are similar, the ironing load for c = 20% is higher
due to increase in amount of ironing. The ironing load is
considerably lower than the punching load, whereas the stroke

for ironing is long. The punching load sharply drops after
attaining the peak load due to the rapid progress of cracks.

The surfaces and cross-sections of the punched and ironed
edges for c = 10 and 20% are illustrated Fig. 3. The surfaces
and cross-sections of the ironed edges are upside down from
those of the punched edges, because the punched sheet and the
slug are turned for slug ironing after punching. The burnished
and fracture surfaces of the punched edge are small and large,
respectively, due to low ductility. The large fracture surface is
ironed into the smooth surface with the slug. The slope of the
fracture surface of the punched edge for c = 20% is larger, and
thus, the amount of slug ironing increases. For c = 10%, the
whole surface of the ironed edge is smooth, whereas the burr
is caused by excessive ironing for c = 20%. Punching for c =
10% is sufficient for slug ironing. It was found that the surface
quality of the hole is improved by slug ironing.

The diameters of the punched and ironed holes measured
by a vernier caliper for c = 10 and 20% are illustrated in Fig. 4.
The ironed holes are expanded from the punched holes by slug
ironing, and the hole diameter for c = 20% is larger due to the
increase in amount of ironing.

The distributions of residual stress in the thickness direction at
the punched edges for c= 10 and 20% are shown in Fig. 5. The
residual stress wasmeasuredwith theX-ray diffraction technique
using the cosαmethod [32] without cutting, and the diameter of
the measuring spot was about 0.4 mm. The X-ray cannot be
applied in the hoop direction of the hole, and the residual stress

0

ssertslaudis eR
]aPG[

1.0

-1.0

-0.5

1.5

0.5

Burnished       Fracture

Rollover

Distance from upper surface [mm]   Distance from upper surface [mm]

2.0

0 1.6

0

1.0

-1.0

-0.5

1.5

0.5

0.2 0.6 1.0 1.40.4 0.8 1.2

2.0

0 1.60.2 0.6 1.0 1.40.4 0.8 1.2

R
es

id
ua

l s
tre

ss
 [G

Pa
]

Burnished       Fracture

Rollover

(a) c = 10% (b) c = 20%

Fig. 5 Distributions of residual
stress in thickness direction at
punched edge for c = 10 and 20%

0

1.0

-1.0

-0.5

0.5 Ironed

0 0.2 0.6 1.0 1.40.4 0.8 1.2

ssertslaudise
R

]aP
G[

01.6

0

1.0

-1.0

-0.5

0.5 Ironed               Burr

R
es

id
ua

l s
tre

ss
 [G

Pa
]

0.2 0.6 1.0 1.40.4 0.8 1.2 1.6
Distance from upper surface [mm]   Distance from upper surface [mm]

(a) c = 10%       (b) c = 20%

Fig. 6 Distributions of residual
stress in thickness direction at
ironed edges for c = 10 and 20%

0.5 mm

470 

670 

510 
550 

590 
630 

[HV0.1]

i) c = 10% ii) c = 20% i) c = 10% ii) c = 20%
(a) Punching      (b) Slug ironing

Fig. 7 Distributions of Vickers hardness in vicinity of punched and
ironed edges for c = 10 and 20%

2506 Int J Adv Manuf Technol (2020) 109:2503–2510



only in the thickness direction was measured. The residual stress
increases from the upper surface and has the highest peak on the
fracture surface. Since the burnished surface is generated by
shear deformation under the contact with the punch, the residual
stress is low. On the other hand, the residual stress on the fracture
surface is high due to the progress of cracks without contact with
tools. The residual stress for c = 10% is higher than that for c =
20% and exceeds 1.5 GPa due to the tensile residual stress in the
hoop direction. In c = 10% conventionally used for punching
operations, the tensile residual stress for the punched 1.5 GPa
sheet becomes considerably high. Such a high tensile residual
stress on the fracture surface results delayed cracking.

The distributions of residual stress in the thickness direc-
tion at the ironed edges for c = 10 and 20% are shown in
Fig. 6. The tensile residual stress at the punched edge is turned
to the compressive stress by slug ironing. The compressive
residual stress is induced by large shear deformation under a
high contact pressure during ironing.

The distributions of Vickers hardness in the vicinity of the
punched and ironed edges for c = 10 and 20% are shown in
Fig. 7. The Vickers hardness around the hole edge is increased
by slug ironing, and the hardness around the ironed edge for
c = 10% is larger than that for c = 20%.

4 Results of delayed cracking

A cathode hydrogen charging test of the punched and ironed
holes for delayed cracking [33] was performed, as shown in
Fig. 8. The specimen was held in the 3% NaCl + 0.75 g/L
NH4SCN aqueous solution kept between 30 and 35 °C with
the silver-silver chloride reference electrode for a potential of
− 1.0 V for 10 h. The occurrence of cracks at the hole edges
was observed with the naked eye, and no cracks appeared at
all hole edges just before hydrogen charging. This test is that
for accelerating hydrogen charging for delayed cracking.

The surfaces of the punched and ironed edges after
10 h hydrogen charging are illustrated in Fig. 9.
Although cracks appear at the punched edge, no cracks
occur at the ironed edge. The cracks at the punched edge
were initiated on the fracture surface along the hoop
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direction by the tensile residual stress shown in Fig. 6,
and the cracks were prevented by the compressive resid-
ual stress in spite of the increase in hardness by ironing
shown in Fig. 7. Although delayed cracking induced by
punching is surface cracking, the cracks gradually prog-
ress under loading and cause severe damage to parts.
Although the embrittlement occurs for hydrogen charg-
ing, delayed cracking is caused by the addition of the
tensile residual stress to the embrittled steel. Not only
the tensile residual stress is eliminated by slug ironing,
but also the fracture surface is smoothed. It was found
that the elimination of the tensile residual stress by slug
ironing is greatly effective in preventing the occurrence
of delayed cracking, and punching for a clearance ratio
of about 10% and slug ironing are useful in preventing
delayed cracking of the 1.5 GPa steel sheets without a
burr.

5 Combination of punching and slug ironing
processes into one stage

Since it is not easy to turn the sheet and slug upside
down in a sequence of actual stamping operations, the
punching and slug ironing processes are combined into
one stage, as shown in Fig. 10. The transfer of the
ejected slug to the next stage is also omitted. The sheet
is punched with the upper punch, and then, the slug is
pushed back to the hole with the lower punch. The
lower punch is driven by a die cushion of the press
due to the low slug ironing load shown in Fig. 2.

The surfaces and cross-sections of the ironed edges for the
one stage are illustrated in Fig. 11. The surfaces and cross-
sections are almost similar to those turning upside down for
the two stages shown in Fig. 3b. The burr appears due to
excessive ironing for c = 20%.
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The distributions of residual stress in the thickness direc-
tion at the ironed edges for one stage are shown in Fig. 12. The
tensile residual stress at the punched edge is turned to the
compressive stress by slug ironing as well as that for the two
stages shown in Fig. 6.

The surfaces of the ironed edges after 10-h hydrogen charging
for the one stage are illustrated Fig. 13. No cracking occurred as
well as the two stages because of the compressive residual stress
shown in Fig. 12. The combined punching and slug ironing can
be applied to a sequence of actual stamping operations. It was
found that the combined punching and slug ironing for c = 10%
are enough to prevent delayed cracking without a burr.

6 Conclusions

The application of cold stamping of 1.5 GPa ultra-high
strength steel sheets to automotive body-in-white has
started. The conventional 1.5 GPa sheets have a serious
problem of hydrogen embrittlement, and not only the me-
chanical properties of formed parts such as strength, duc-
tility, and toughness decrease, but also the delayed frac-
ture occurs. Approaches of material development such as
the addition of alloying elements and microstructure con-
trol for heightening the hydrogen embrittlement resistance
are developing. The tensile residual stress and plastic de-
formation around sheared edges induced by shearing pro-
cesses such as blanking, punching, and trimming are
higher than those by forming processes, and the risk level
of delayed cracking at the sheared edges is higher. For the
industrial application of the 1.5 GPa sheets, it is essential
to reduce the residual stress at the sheared edges.

In the present study, delayed cracking of punched 1.5 GPa
ultra-high strength steel sheets was prevented by ironing with
punched slug, and the obtained results are summarized as
follows:

(1) The punched hole was ironed with a slug ejected as a
scrap from punching.

(2) The tensile residual stress at the punched edge was elim-
inated by slug ironing.

(3) Delayed cracking was prevented by the compressive re-
sidual stress and the smoothed surface.

(4) The punching and slug ironing processes are combined
using a counter punch into one stage not to turn the sheet
and slug upside down.

(5) Punching for a clearance ratio of about 10% and slug
ironing are useful in preventing delayed cracking of the
1.5 GPa steel sheets without a burr.

The present slug ironing process is effective in eliminating the
tensile residual stress at the sheared edges as well as the improve-
ment of the surface quality, and thus, the occurrence of delayed
cracking is prevented by ironing. Large shear deformation is
applied under a high contact pressure to the sheared edges by
slug ironing. The combined punching and slug ironing processes
into one stage render the application of this process to a sequence
of actual stamping operations comparatively easy. It, however, is
required to deal with the slug upward ejected by ironing. The
present process is also useful for improving the fatigue strength
because of the compressive residual stress around the hole edge.
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