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Abstract
A punching test for simply estimating the tensile strength and total elongation of steel sheets and formed parts was proposed. The
tensile strength and total elongation were estimated from the shear stress at the maximum punching load and percentage of the
burnished depth at the sheared edge of the slugmeasured without cutting, respectively. For a variety of steel sheets with a range of
the tensile strength from 360 to 1500 MPa, linear functions for the estimation were experimentally obtained. The correlation of
the estimated tensile strength of the steel sheets with the measured one from the uniaxial tensile test was considerably high, and
the correlation of the estimated total elongation was high. The distributions of tensile strength and total elongation for hot- and
cold-stamped parts were estimated. The proposed punching test is available under not only a laboratory environment but also a
factory environment.
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1 Introduction

A variety of parts used in automobiles, trains, aircrafts, farm
equipment, office equipment, furniture, house appliances,
computers, etc. are formed from sheets such as steel, alumin-
ium, copper, magnesium, titanium and plastic. Steel sheets
have a wide range of strength from 250 to 1500 MPa, and
the application of high strength steel sheets to automobile
parts is remarkable because of proper strength and costs [1].
The mechanical properties such as the strength and ductility
have a large effect on sheet metal forming processes and are
indispensable as properties of formed parts. Bruschi et al. [2]
reviewed various testing methods of the mechanical properties
of sheet metals.

Although the strength of sheet metals includes the fatigue,
toughness and creep, the static strength is required as the most
standard mechanical properties for the sheet metals. The static
strength is generally determined by the uniaxial tensile test,

and Young’s modulus, Poisson’s ratio, yield stress, stress-
strain curve, r-value, total elongation and reduction of area
are measured. Zhao et al. [3] examined the influence of the
specimen dimensions and thickness on the stress-strain curves
in the uniaxial tensile test of copper sheets and foils. Fu et al.
[4] exhibited that the flow stress, fracture stress and strain
decrease with decreasing ratio of the specimen thickness to
the grain size in the tensile test of copper foils. Ilinich et al. [5]
examined the effects of the clearance and the rolling direction
in trimming of a tensile specimen on the total elongation of
high strength steel sheets, since the sheared edges have a
rough fracture surface, rollover and burr. Although the ultra-
high strength steel sheets have the advanced strength, Gu et al.
[6] indicated the remarkable reductions in strength and ductil-
ity in the tensile test of a 1500 MPa ultra-high strength steel
sheet by the hydrogen embrittlement. Liu et al. [7] examined
the hydrogen embrittlement for some ultra-high strength steel
sheets. Venezuela et al. [8] examined the effect of microstruc-
ture on the hydrogen embrittlement of martensitic ultra-high
strength steel sheets. Takashima et al. [9] investigated the
hydrogen embrittlement behaviour of an ultra-high strength
dual-phase steel sheet by sustained tensile-loading testing.
Mori et al. [10] showed that the drop in total elongation by
the hydrogen embrittlement for blanked ultra-high strength
steel sheets is considerably larger than that in tensile strength.
Tewary et al. [11] examined the effect of annealing on the
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mechanical properties of a dual-phase ultra-high strength
TWIP steel sheet. Although the uniaxial tensile test has the
advantage of obtaining the accurate and abundant informa-
tion, the preparation of specimens, testing and measurement
are laborious. Further, the tensile test is generally performed
under a laboratory environment, rarely under a factory envi-
ronment. It is desirable in industry to develop a simple test of
the mechanical properties of sheet metals.

In the uniaxial tensile test, accurate stress at large strains
cannot be measured, since a stress state is triaxial due to the
occurrence of necking after passing the maximum force. After
the occurrence of necking, the true stress and strain cannot be
calculated from the force and gauge length, respectively. To
prevent necking in the tensile test, tensile deformation was
replaced with local shear deformation using slitted specimens.
Bao et al. [12] designed a slit shape of the tensile specimen to
cause localized shear deformation. Li et al. [13] obtained the
stress-strain curve of an ultra-high strength steel sheet for a
comparatively large deformation from the tensile test of a
slitted specimen. Shirakami et al. [14] approximately calculat-
ed stress-strain curves of 590 and 980 MPa high strength steel
sheets for a comparatively large deformation from a simple
shear test.

The most common mechanical properties of sheet metals
are the tensile strength and total elongation. The yield stress
and tensile strength are approximately calculated from the
hardness, since the hardness is the resistance to permanent
indentation [15]. The hardness test is easier than the uniaxial
tensile test, and a strength distribution can be obtained. The
tensile strength of steel sheets has a correlation with the total
elongation [16]. To estimate the mechanical properties of
sheet metals, a small punch test was developed, and a circular
blank is bulged with a hemispherical punch [17]. Garcia et al.
[18] estimated the yield stress and tensile strength using the
small punch test, whereas the accuracy of the total elongation
was low. Simonovski et al. [19] extended the small punch test
to the measurement of curved specimens such as pipes.
Altstadt et al. [20] exhibited that the force at a punch displace-
ment of about 1.3 times of the specimen thickness is more
accurate in estimating the tensile strength. Vijayanand et al.
[21] predicted a stress-strain curve by means of the small
punch test using a digital image correlation technique.
Hähner et al. [22] determined the yield stress from the small
punch test using finite element simulations for wide ranges of
strength coefficients and work-hardening exponents.
Although it is easy to estimate the tensile strength from the
small punch test, a fracture test is necessary for the estimates
of the total elongation and reduction of area representing the
ductility.

In shearing processes such as punching and blanking, the
sheets are separated by the initiation and progress of cracks,
and these processes utilise a fracture phenomenon. Levy et al.
[23] showed that the fracture surface at the sheared edge

increases with increasing tensile strength. The initiation of
cracks in shearing depends on the ductility. Sellamuthu et al.
[24] predicted the tensile strength of different sheet metals
from punching while they could not infer the ductility.

In this paper, a punching test for estimating the tensile
strength and total elongation of sheet metals and formed parts
was proposed. The tensile strength and total elongation of
steel sheets were estimated from the maximum punching load
and punched edge quality measured from the punching test,
respectively. The proposed test is to simply estimate the ten-
sile strength and total elongation under a factory environment
by applying a punching process classified into sheet metal
forming.

2 Punching test for estimating tensile
strength and total elongation of sheet metals

2.1 Estimates of tensile strength and total elongation
from punching test

In punching of sheet metals, the punching load increases with
increasing punch stroke, then a maximum load appears and
finally the load sharply drops due to the occurrence of cracks,
as shown in Fig. 1. The punched edge is composed of the
rollover, burnished surface, fracture surface and burr. The
burnished surface is formed by plastic deformation during
the punch indentation, and then the fracture surface is formed
by the progress of cracks initiated from the punch and die
corners. Since the punching loads for sheets having high and
low strengths are high and low, respectively, the punching
load is related to the tensile strength of the sheet. The initiation
of cracks is determined by the ductility of the sheet. The
burnished surface is stopped by the initiation of cracks, and
then the fracture surface is formed [25]. For a high total elon-
gation, the burnished surface is large and is small for a low
total elongation [26]. Therefore, the percentage of the
burnished or fracture surface along the punched edge is related

Fig. 1 Load-stroke curve and quality of sheared edge in punching of
sheet metal. a Punching load-stroke curve. b High elongation. c Low
elongation
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to the total elongation and reduction of area representing the
ductility of the sheet.

In the present study, the tensile strength and total elonga-
tion are estimated by a punching test. The tensile strength σt of
sheet metals is estimated from the maximum punching load
Pmax and is linearly approximated by

σt ¼ a

ffiffiffi

3
p

Pmax

πDt
þ b ¼

ffiffiffi

3
p

aτp þ b; ð1Þ

whereD is the punch diameter, t is the sheet thickness and τp is
the shear stress at the maximum punching load. To increase
the accuracy of estimation, the coefficient b is not zero, and
the coefficients a and b are determined from a correlation
between results of uniaxial tensile and punching tests.

Since the total elongation increases with increasing
burnished surface and with decreasing fracture surface, the
total elongation E is estimated from the percentage of the
burnished or fracture surface, B or F, along the punched edge
by the following linear equation:

E ¼ cBþ d; or eF þ f ; ð2Þ
where the coefficients c, d, e and f are determined from corre-
lations between results of uniaxial tensile and punching tests.

2.2 Procedures of uniaxial tensile and punching tests

The procedures of uniaxial tensile and punching tests are giv-
en in Fig. 2. The specimen was tensile-tested, and then the
middle of the undeformed grip of the ruptured specimen was
punched. The width and length of the gauge section of the
tensile specimen were 25 and 50 mm, respectively. In the
punching test, the maximum punching load and percentages
of the burnished and fracture depths along the punched edges

of the slug and hole were measured. Since it is necessary to cut
the inside sheared edge for the measurement of the hole, the
measurement of the slug without cutting is easier. The punch
and die were made of the tool steel SKD11, and the punch
diameter was 6 mm. The clearance between the punch and die
was 10% of the sheet thickness, and no burr generally appears
for this value [27]. The tensile and punching tests were per-
formed three times for each sheet.

Commercial mild, 440, 590 and 980 MPa steel sheets used
for cold stamping were punched, and the thickness of these
sheets was 1.6 mm. The 440 and 590 MPa steel sheets were
high strength low-alloy steels, and the 980 MPa steel sheet
was dual phase steel.

In addition to the steel sheets used for cold stamping, a
22MnB5 steel sheet conventionally employed for hot
stamping was heat-treated to change the tensile strength and
total elongation, as shown in Fig. 3. Lee et al. [28] changed the
mechanical properties of a medium carbon steel sheet by heat
treatments. Although the tensile strength of the 22MnB5 sheet
is generally heightened to about 1500 MPa by die quenching,
the strength varies with the time of natural air cooling after
taking out of a furnace before die quenching. The 22MnB5
sheet is transformed into austenite by heating and is trans-
formed into martensite, bainite and ferrite with increasing time
of natural air cooling, decrease in tensile strength and increase
in total elongation result. An Al-Si-coated 22MnB5 specimen
was heated to 910 °C for 330 s in an electrical furnace. The
heated specimenwas put on firebricks and naturally air-cooled
for 10, 30, 45 and 55 s including the transfer time. The cooled
specimen was sandwiched between a flat cold punch and die
made of the tool steel SKD61 under a contact pressure of
20 MPa for 20 s.

2.3 Results of punching

The punching load-stroke curves for the mild steel and
980 MPa ultra-high strength steel sheets are shown in Fig. 4.
The punching load for the 980 MPa sheet is about 3 times
higher than that for the mild steel sheet, whereas the stroke
is shorter. The punching load for the 980 MPa sheet sharply
drops after attaining the maximum load, whereas the long
peak of load appears for the mild steel sheet.

The surfaces of the sheared edges for the hole and slug of
the mild and 980 MPa steel sheets are shown in Fig. 5. In the
hole and slug, the rollover, burnished surface and fracture
surface are upside down. The burnished depth of the hole is
larger than that of the slug, and the tendency of the fracture
surface is reverse. For the mild steel sheet having high ductil-
ity, the burnished depth is large, whereas that for the 980 MPa
steel sheet having low ductility is small. The percentage of the
burnished or fracture depth along the punched edge is related
to the ductility of the sheet.

Fig. 2 Procedure of experiment for determining correlations between
results of uniaxial tensile and punching tests. a Tensile test. b Punching
test of undeformed grip
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3 Estimation for steel sheets and discussion

3.1 Tensile strength

The tensile strength and total elongation of the steel sheets are
estimated from the punching test. For the estimation, the cor-
relation between the tensile strength in the tensile test and
shear stress at the maximum load in the punching test was
obtained.

The relationship between the tensile strength and shear
stress at the maximum punching load for the various steel
sheets is shown in Fig. 6. The tensile strength is almost pro-
portional to the shear stress at the maximum punching load,
and the correlation coefficient between the tensile strength and
shear stress at the maximum punching load is r = 0.99 and
considerably high. The coefficients a and b in Eq. (1) were
calculated by the least squares method. The level of the esti-
mation of the tensile strength is considerably high.

3.2 Total elongation and reduction of area

The relationships between the percentages of the rollover,
burnished and fracture depths at the sheared edge and total
elongation for the slug and hole of the various steel sheets

are shown in Fig. 7. The sheared edge was composed of the
rollover and burnished and fracture surfaces, and the burr was
not formed for a clearance ratio of 10%. The rollover depth for
the slug is larger than that for the hole, and thus, the burnished
depth for the slug is smaller. As the total elongation increases,
the burnished depth increases, and the fracture depth de-
creases. This means that the burnished and fracture depths
correlate with the total elongation.

The relationships between the total elongation and percent-
ages of the burnished and fracture depths at the sheared edges
of the slug and hole for the various steel sheets are shown in
Figs. 8 and 9, respectively. The total elongation is almost
proportional to the percentages of the burnished and fracture
depths of the slug and hole. The correlation coefficients for the
burnished and fracture depths for the slug are r = 0.97 and
−0.98, respectively. On the other hand, the correlation coeffi-
cients for the burnished and fracture depths for the hole are
0.96 and −0.96, respectively. Since the levels of the estimation
of the total elongation for the burnished and fracture depths of
the slug and hole are all high, the burnished depth of the slug
without cutting for the measurement is appropriate.

Another parameter representing ductility of the steel sheet
is the reduction of area. The relationships between the reduc-
tion of area and percentages of the burnished and fracture
depths at the sheared edge of the slug for the various steel
sheets are shown in Fig. 10. Although the reduction of area
has almost proportional relationships with the percentages of
the burnished and fracture depths, the correlation coefficients
are lower than those for the total elongation.

3.3 Effect of sheet thickness

The accuracy of estimation for steel sheets having different
thicknesses was examined by the punching test of the com-
mercial mild, 440, 590 and 980 MPa steel sheets used for cold
stamping having thicknesses of t = 1.0 and 2.0 mm. In the
tensile test, the conditions except for the sheet thickness were
the same, and the diameter of the die used for the punching test
was adjusted for a clearance ratio of 10% for a fixed diameter
of the punch of 6 mm.

The relationship between the tensile strength and shear
stress at the maximum punching load for the steel sheets hav-
ing different thicknesses is shown in Fig. 11. The results for t

Fig. 3 Heat treatment operation
of 22MnB5 specimens having
various tensile strengths and total
elongations

Fig. 4 Punching load-stroke curves for mild and 980 MPa steel sheets
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= 1.0 and 2.0 mm are almost on the approximate straight line
for t = 1.6 mm indicated in Fig. 6. It was found that the tensile
strength of the steel sheet having a thickness between 1 and
2 mm can be estimated from the shear stress at the maximum
punching load with high accuracy.

The relationships between the total elongation and percent-
ages of the burnished and fracture depths at the sheared edge
of the slug for the steel sheets having different thicknesses are
shown in Fig. 12. When the total elongations for both
burnished and fracture depths are larger than 40%, the linear-
ity of the correlation is lost, and thus the total elongation
cannot be modelled by one linear function for steels having
considerably high ductility.

4 Estimation for stamped parts and discussion

4.1 Tensile tests of full-size and miniature specimens

To measure the distribution of the mechanical properties of
stamped parts, miniature tensile specimens are conventionally
cut from the part. The mechanical properties measured from
the tensile test are influenced by the shape and dimensions of
the specimen. To obtain similar results to the full-size tensile
specimen shown in Fig. 2, the dimensions of the miniature
specimen were determined to equal the ratio of the gauge
length to the square root of the cross-sectional area of the
parallel section, as shown in Fig. 13a [29]. The tensile
strengths and total elongations of the mild and 980 MPa steel
sheets having 1.6 mm in thickness measured from the full-size
and miniature specimens are shown in Fig. 13b and c.
Although the tensile strengths for the full-size and miniature
specimens are almost the same, the total elongation for the
miniature specimen is slightly larger than that for the full-
size specimen.

The distributions of tensile strength and total elongation in
stamped parts were estimated from the proposed punching
test. The distributions were measured from punching at

Fig. 5 Surfaces of sheared edges
for hole and slug of mild and
980 MPa steel sheets. a Mild
steel. b 980 MPa

Fig. 6 Relationship between tensile strength and shear stress at maximum
punching load for various steel sheets
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Fig. 7 Relationships between
percentages of rollover, burnished
and fracture depths at sheared
edge and total elongation for slug
and hole of various steel sheets.
a Slug. b Hole

Fig. 8 Relationships between
total elongation and percentages
of burnished and fracture depths
at sheared edge of slug for various
steel sheets. a Burnished depth.
b Fracture depth

Fig. 9 Relationships between
total elongation and percentages
of burnished and fracture depths
at sheared edge of hole for various
steel sheets. a Burnished depth.
b Fracture depth
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intervals along a line. The tensile strength was calculated from
the shear stress at the maximum punching load using the ap-
proximate straight line in Fig. 6, and the total elongation was
calculated from the percentage of the burnished depth using
the approximate straight line in Fig. 8a.

4.2 Tailored hot-stamped part

Tailored parts having high strength and ductility zones are
produced by tailored tempering in hot stamping to improve
the crash safety of automobiles [30]. In tailored tempering, the
high ductility zone is attained by partially preventing the mar-
tensite transformation due to the drop in cooling speed.

A tailored part was formed by a hot stamping process hav-
ing tailored tempering without die heating shown in Fig. 14
[31]. In the 1st forming stage, only the high strength zone was
formed with partial dies, and in the 2nd forming stage, both
zones were formed with whole dies. An Al-Si-coated
22MnB5 blank having 1.6 mm in thickness was heated to
910 °C for 360 s, and the transfer time and holding time at
the bottom dead centre were 5 and 10 s, respectively. The
times of the 1st and 2nd cooling stages were 10 and 20 s,
respectively. The distributions of tensile strength and total
elongation in the tailored hot-stamped part were estimated
from the punching test. As a comparison, the distributions of
tensile strength and total elongation were measured using the
miniature tensile specimens cut by wire electrical discharge
machining from the tailored part.

The distributions of tensile strength in the top of the tai-
lored hot-stamped part obtained from the estimation and min-
iature specimens are shown in Fig. 15. The tensile strengths at
the high strength and ductility zones are about 1500 and 700
MPa, respectively, and the estimated tensile strength is in
good agreement with the tensile strength for the miniature
specimens.

The distributions of total elongation in the top of the tai-
lored hot-stamped part obtained from the estimation and min-
iature specimens are shown in Fig. 16. The estimated total
elongations at the high strength and ductility zones are about

Fig. 10 Relationships between
reduction of area and percentages
of burnished and fracture depths
at sheared edge of slug for various
steel sheets. a Burnished depth.
b Fracture depth

Fig. 11 Relationship between tensile strength and shear stress at
maximum punching load for steel sheets having different thicknesses
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Fig. 12 Relationships between
total elongation and percentages
of burnished and fracture depths
at sheared edge of slug for steel
sheets having different
thicknesses. a Burnished depth.
b Fracture depth

Fig. 13 Dimensions of miniature
specimen and tensile strengths
and total elongations of mild and
980 MPa steel sheets having
1.6 mm in thickness measured
from full-size and miniature
specimens. aMiniature specimen.
b Tensile strength. c Total
elongation

Fig. 14 Tailored tempering
conditions without die heating in
hot stamping
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7 and 27%, respectively. Although the estimated elongation in
the high ductility zone is in good agreement with the elonga-
tion for the miniature specimens, the estimated elongation in
the high strength zone is lower than the elongation for the
miniature specimens.

4.3 Cold-stamped part

A mild steel sheet having 1.6 mm in thickness was cold-
stamped, as shown in Fig. 17a. The tensile strength and total
elongation of this sheet were 360 MPa and 39.5%, respective-
ly. The tensile strength for the cold-stamped part is increased

by plastic deformation, and the total elongation is decreased.
The tensile strength and total elongation in the top and flange
of the stamped part were estimated, and the miniature speci-
mens were cut from the 5 portions a, b, c, d and e.

The stamping process was simulated by the dynamic ex-
plicit commercial finite element code LS-DYNA, and the dis-
tribution of calculated equivalent strain is given in Fig. 17b.
The sheet was modelled to be isotropic elastic-plastic because
of an r-value of 0.97 and divided into one layer of solid ele-
ments. The sheet was automatically meshed by LS-DYNA,
and the element size was about 2 mm. Remeshing was not
performed because of not large deformation. The flow stress
of the sheet was measured from the uniaxial tensile test to be σ
= 570ε0.16 MPa. The punch, die and blankholder were divided
into rigid shell elements. The coefficient of friction between
the sheet and tools was assumed to be 0.2, since the experi-
ment was performed without lubrication. As the equivalent
strain increases, the tensile strength increases and the total
elongation decreases. The equivalent strain is non-uniformly
distributed in the stamped part, and thus, the tensile strength
and total elongation are also distributed.

The distributions of tensile strength in the top and flange of
the stamped part obtained from the estimation and miniature
specimens are shown in Fig. 18. The estimated tensile strength
is lower than the tensile strength for the miniature specimens.
Since the top and flange of the stamped part were slightly
curved, shearing in punching is incremental, and thus, the
estimated tensile strength from the punching load was reduced
by the effect of the shear angle [32].

The distributions of total elongation in the top and flange of
the stamped part obtained from the estimation and miniature
specimens are shown in Fig. 19. The estimated elongations for
the portions a and c are in good agreement with the elonga-
tions for the miniature specimens, whereas the elongations for
the portions b, d and e for the miniature specimens are con-
siderably lower.

In a stamped part, the thickness is non-uniformly distribut-
ed, and the cut miniature specimens have a thickness distribu-
tion. When the specimen having a thickness distribution is
tensile-tested, uniform deformation is not obtained by the con-
centration of deformation at the thinnest portion, and thus, the
total elongation becomes small. The distributions of thickness
in the gauge section of the miniature specimens cut from the 5
portions are illustrated in Fig. 20. Although the thicknesses for
the portions a and c are uniform, those for the portions b, d and
e are considerably different. The thickness in the top of the
tailored hot-stamped part in Section 4.2 was uniform. The
discrepancy in Fig. 19 is caused by the distribution of thick-
ness of the miniature specimens. The proposed punching test
is advantageous to the estimation of the total elongation for
stamped parts having a distribution of thickness.

Fig. 15 Distributions of tensile strength in top of tailored hot-stamped
part obtained from estimation and miniature specimens

Fig. 16 Distributions of total elongation in top of tailored hot-stamped
part obtained from estimation and miniature specimens
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5 Conclusions

A punching test for simply estimating the tensile strength and
total elongation of steel sheets and formed parts was devel-
oped. The results measured from the punching test were cor-
related with those measured from the tensile test. The tensile
strength and total elongation in the tensile test were estimated
from the shear stress at the maximum punching load and per-
centage of the burnished depth at the sheared edge of the slug,
respectively. The obtained results are summarised as follows:

1) The level of estimation of the tensile strength from the
shear stress at the maximum punching load was consid-
erably high.

2) Since the levels of estimation of the total elongation for
the burnished and fracture depths of the slug and hole
were all high, the burnished depth of the slug without
cutting was appropriate for this estimation.

3) The level of estimation of the reduction of area was lower
than that of the total elongation.

4) The distributions of tensile strength and total elongation
in a stamped part were measured from punching at inter-
vals along a line.

Fig. 17 Cold-stamped part and
distribution of calculated
equivalent strain. a Stamped part.
b Equivalent strain

Fig. 18 Distributions of tensile
strength in top and flange of
stamped part obtained from
estimation and miniature
specimens. a Top. b Flange

Fig. 19 Distributions of total
elongation in top and flange of
stamped part obtained from
estimation and miniature
specimens. a Top. b Flange
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Since the mechanical properties of sheet metals vary for
each production lot, it is significantly important to control
the mechanical properties for stamping. Not only the mechan-
ical properties of stamped parts but also the formability is
influenced by the mechanical properties of the sheet metals.
It is desirable in industry to develop a simple test for estimat-
ing the mechanical properties of sheet metals. The developed
punching test is available for forming environments unlike the
conventional tensile test and is applicable to ductile metals,
not just steels. By punching the edge of coils before stamping,
the mechanical properties of sheet metals are easily verified
for massive production of sheet metal parts, and the useful
information for the quality control of the stamped parts is
obtained.

Since blanked sheets are conventionally stamped in sheet
metal forming, the mechanical properties of sheet metals for
stamping are easily controlled by extending the present test to
blanking processes. The relationships between the blanking
load and tensile strength and between the sheared edge quality
and total elongation are similar to those for the punching
test. The mechanical properties can be controlled by mon-
itoring online the blanking load and sheared edge quality.
On the other hand, repeating local punching is required to
estimate the distributions of tensile strength and total elon-
gation in a formed part. If the punching equipment is
installed in a robot having a C frame commonly used for
spot resistance welding, the punching operation becomes
easy and speedy.
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