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ordered to a specified nominal thickness, with the tolerances being plus and
minus as shown in the ASTM A568, Table 23 (Cold Rolled Sheet—thickness
tolerances). An example of this method is shown below.
0.034 in (8.6 mm) x 36.5 in (930 mm)
Tolerance would be plus and minus 0.003 in (0.08 mm).
3. Defining Profile
3.1 Feather Edge!—Feather edge is generally understood to be the
thickness deviation between a location % in (9.5 mm) from the mill trimmed
edge of sheet steel and a position 1 in (25 mm) to 2 in (50 mm) in from the
mill trimmed edge.
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3.2 Crown!—Crown is generally understood to be the difference in
thickness between a point 3 in (9.5 mm) in from the mill trimmed edge and
the center area of the sheet across the width as rolled. A more correct inter-
pretation of crown would be the difference in thickness 1 in (25 mm) to 2 in
(50 mm) in from the mill trimmed edge and the thickness at the center of the

sheet width as rolled.

!'To illustrate the phenomenon of feather edge

and crown, profiles of typical

hot rolled and cold rolled sheet are illustrated on preceding page. Actually, however,

no such “classic profile™ exists.
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1. Introduction—Prollems associated with the evaluation of formabitity

or deep drawability of sheet metals are complex and may be difficult to
solve due to the numHber of variables involved. As long ago as 1940,
the AISI Technical Committee on Sheet Steel reviewed this problem.
More recently, Volume |l of the Ninth Edition of the ASM Metals Hand-
book contains sections| on “Low Carbon Steel Sheet and Strip” and
“Formability of Steel Sheet” that provide suggestions to help evaluate
parts and select materigls. The purpose of this information report is to
summarize the sheet mégtal characteristics that are commonly used when
attempting to predict tle formability of sheet metal.

2. Traditional Tests df Formability—The Rockwell Hardness and the
Ball Punch Deformatiop Test (sometimes referred to as the Olsen or
Erichsen Cup Test) haye historically been the primary mechanical tests
made by the fabricator {o indicate formability. These tests are easily and
quickly made, and requife a minimum quantity of material. Unfortunately,
they are not exact meagures of formability, and can be used only as a
guide in determining if|trouble in a press operation is due to the sheet
metal,

2.1 Ball Punch Deformation Test—This test consists of forcing a
ball-type punch against the surface of a securely clamped sheet spécimen
until the metal fails. A fleeper cup indicates better ductility. Details for
conducting this test cap be found in ASTM E643, ‘“‘Standard Method
for Conducting Ball Punfh Deformation Test for Metallic Shéet Material.”
The test can also be uded to predict surface coarsening after forming.
For example, with matefial exhibiting an ASTM grain' size of 8 or finer,
the outer surface of the cup will be smooth, howevér, with a grain size
of 7 or larger there will gossibly be moderate to heavy surface coarsening.
In addition, directionalify problems within thé shieet, and any tendency
for brittle fracture, may |be detected by examination of the fracture line.

2.2 Rockwell Hardness Test—Indéntation hardness is one of the
common controls in shdet steel production. However, it is not an exact
indicator of formability and should not be used to establish rigid inspec-
tion limits. Details for canducting:the test are given in ASTM E18 “Meth-
ods of Test for Rockwdll Hardness and Rockwell Superficial Hardness
of Metallic Materials.” As explained in E18, there are minimum sheet
thickness limits for variqus-hardness scales. Normally, the hardness of a
low carbon steel is repo
as less than 0,040 in (1 mm), the test should be made using the F scale
The HRB value can then be obtained from a conversion table and included
in parentheses. Surfaces of the sheet to be tested may be prepared by
lightly pre-polishing with 180 grit paper to provide a smooth flat surface.
Results are more repeatable with this type of surface preparation than
when the as-rolled surface is used. For comparison purposes, any change
in the as-received surface should be noted.

3. Tension Test—Data from tension tests can give a more complete
measurement of formability, ASTM A370, “Mechanical Testing of Steel
Products,” and E8, “Tension Testing of Metallic Materials,” describe
testing procedures.

NoTE: Any taper in the width of the bar between the gage marks could
affect the total elongation adversely.

3.1 Yield Strength—The measured strength depends on both the
steel and the conditions under which the prepared specimen is loaded.
This term is applicable to those materials having an eéngineering stress-
strain diagram in the transition from elastic to plastic strain which is a
smooth curve as well as to those which exhibit an upper yield point or
sharp knee. The upper yield point may be reported as well as the lower

yield point. If only a single yield _point valy
indicated whether it is the lower, or'upper yig

e is reported it should be
1d point. In reporting yield

strength, the method by which it was determined should be stated (0.2%
offset method, 0.5% extension underload method, halt of the pointer

or from a stress-strain diagram). See ASTM H
methods.
In forming sheet metal, the upper yield poin

8 for a description of these

t has to be overcome before

any deformation joccurs in the flat blank. Experience has indicated that

when the upperiyield point is high in relat
approaches the ultimate strength, the material
to split thanmaterial which has an upper yiel
than the lower yield point. A low yield strength
ity is the_major consideration,

3.2" Tensile Strength—The strength at tH
ing\the tension test is the tensile strength, It
units using the specimen cross sectional are

3.3 Elastic Ratio—The yield strength diy
expressed as a decimal value is the elastic r.
ratios have a greater capacity for being forme
tion between the yield load and the ultimate
can take place.

3.4 Total Elongation—The total elonga
of a gage length on the tension test specin
steel, a 2 in (50 mm) page length and a 0.5
normally used. Steels with a higher percent el
before failure. This elongation is a direct med
sents an important consideration in evaluatin
be used, however, in comparing elongation|
on specimen preparation and testing proced
may vary with sample orientation in relation td

3.5 Uniform Elongation—The amount
cur before any measurable localized neckin
starts, is known as uniform elongation. This

on to the lower yield and
will have a greater tendency
d point only slightly higher
is preferred when formabil-

e highest load reached dur-
is calculated in pst or MPa
a measured before testing,
ided by the tensile strength
htio. Steels with low elastic
 due to the greater separa-
load during which forming

ion is the percent increase
pen. For low carbon sheet
in (13 mm) gage width is
ngation will stretch further
sure of ductility and repre-
r formability. Caution must
values since they depend
ure. Total elongation also
the sheet rolling direction.
bf deformation that can oc-
r of the tension specimen

o
s designated as ey and will

usually vary between 20 and 28% for low cafbon steel.

3.6 Yield Point Elongation—The yield

point elongation indicates

the intensity of stretcher strains that can develop in certain low carbon

v interstitial elements such

as carbon and nitrogen, or in ' the case of certain high strength steels, a
very fine grain size. The tendency to strain can be minimized by temper
rolling at the producing mill. However, in grades subject to aging, the
effect of temper rolling is only temporary and it is necessary for the
user to properly roller level the sheet immediately before forming a shape.
Sheet steels are available that will not exhibit yield point elongation,

3.7 Typical Mechanical Properties—Table 1 lists typical mechanical
properties of hot rolled and cold rolled sheet steel. Metallic coated prod-
ucts generally exhibit higher yield strength and hardness and lower elon-
gation due to the type of processing associated with the coating opera-
tions. The properties listed are intended for information only, and the
values are not to be used as criteria for acceptance or rejection. Mechanical
properties are not normally used in specifications unless special structural
properties are required in the part. Due to the range of properties possible,
the expected distribution can overlap among the various qualities. The
ranges are broader for hot rolled sheets than for cold rolled. Also, rimmed
steels may exhibit a broader range of properties than killed steels, due
to the segregation of carbon, phosphorous, and sulfur that occurs during
solidification in the steel making process.
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TABLE 1—MECHANICAL PROPERTIES OF HOT ROLLED AND COLD ROLLED SHEET STEEL
Typical Properties®
Yield Tensile
Elongation,
Sheet Quality Strength Strangth % %aga ’ RB Strain Strain
- {1/2%X 2 in) Hard- Aging or Flute
psi MPa psit MPa (13 X 50 mm) ness Potential | Potential*
Hot Rolled and Hot Rolled Pickled, :
Commercial Quality 38 000 260 52 000 360 a0 50-75 Yes Yes
Drawing Quality 35000 240 50 000 340 36 45-65 Yes Yes
Drawing Quality Special Killed 35000 240 50 000 340 40 48-68 No Yes
Cold Rolled
C ial Quality, A led Last 34000 230 46 000 320 37 35-60 No Yes
Commercial Quality, Temper Rolled 32000.( 230 46 000 320 35 38-60 Yes No*
Drawing Quality, Annealed Last 32 000 220 45 000 310 41 35-50 No Yes
Drawing Quality, Temper Rolled 29 000 200 45000 310 40 35-55 Yes No®
Drawing Quality Special Killed, Annealed Last 30000 ( 210 | 43000 | 300 42 35-48 No Yes
Dvuwmg Quality Special Killed, Temper Rolled 25000 170 43 000 300 41 35-48 No No
* Cold Rolled Sheels are ysually ordered temper rolled to minimize strain and ﬂuhng , but for d parts they may be ordered annealef last, If the consumer needs to avoid

strain and fluting and does

ot have effective roller leveling eqmpmeni, he should order Specml Killed Steel (Strain and fluting are illustrated in SAE

10}

b These values are given ds information only and are not i d as criteria for a i

or

P

¢ This only applies to freshly tempered rolled
1 ksi = 1000 psi = 6.89 (MPa

3.8 Test Specimgn—The location and orientation of the test speci-
men relative to the prpcessed coil from which it was taken is important.
Samples should be sdcured from the center three-fourths of the width
and after uncoiling 5¢—100 ft (15--30 m) to avoid coil edge and end
variability, if the tests hire to be representative of the bulk of the product.

4. Special Tests of Foymability—Durinig the late 1960’s, new test methods
more directly related fo the actual mechanism of deformation began to
be developed and accgpted. These tests are used to obtain a more com-
plete characterization [of sheet steel formability.

4.1 Plastic Strain Ratio—This is a measure of a sheet metal’s resis-
tance to thinning as cpntrolled by the crystallographic orientation of its
structure, which is ddpendent on the chemistry and processing of the
material. When a tensile test specimen from a sheet of ductile metal
having isotropic mecHanical properties is stretched 20%, the width and
thickness will each coptract 10%. This is essentially true for steel inthie
as-hot-rolled conditioh, or for a normalized low carbon sheet steel. If
the sheet has been cold reduced and annealed subcritically by conventional
methods, it will have ja degree of anisotropic mechanical properties. In
that case, a tensile teft specimen stretched 20% will exhibit a different
amount of contractiop in the thickness than in the width. The degree
of anisotropy is measpred by the plastic strain ratio,.r. The procedure
for determining r can‘[i)e found in ASTM Eb517, ‘Standard Test Method
for Plastic Strain Ragio r for Sheet Metal.” For\anisotropic materials,
the r value changes wifh test direction, and fof corivenience it is measured
in directions longitudfnal (0 deg), diagonal (45 deg), and transverse (90
deg) to the rolling direction. An average value, rm, is usually reported

_Tot2rstr
= —-4—”4 .

Higher r values indfcate greater, resistance to thinning, and are directly
related to an increased ability, 6f the sheet to be formed by deep drawing.
Typical ry, values for peveral\selected steels are shown in Table 2.

4.2 Strain Hard¢ning Exponent—The strain hardening exponent,
known as the n value, {s defined as the exponent of the power law relation-

4.3 Strain Rate Hardening—The m v3lue is a measure of the change
of the flow stress as thé rate of strain is changed. It becomes important
beyond uniform' elongation, when a tensipn test specimen necks-down
by a diffuse, and finally’localized reduction| of cross section prior to frac-
ture, It is the strain/rate sensitivity of the flow stress (€) in the modified
power law equation, o =Ke"-é&m, Since thq m value is strain rate depen-
dent, its determination requires loading control based on changes in the
strain, In\general, higher positive m valuef are desired. For low carbon
steels,the m value is positive and generilly in the range of 0.006 to
0.012. Its significance is apparent in that it|accounts for the total elonga-
tien being on the order of two times the[uniform elongation for most
low carbon high ductility sheet steels.

4.4 Cup Drawing Tests—Deep draw| biaxial deformation cupping
tests, in which metal is allowed to be drapn-in from the flange area of
the test blank, are considered distinct from clamped flange stretch tests
such as the previously described Ball Punch Deformation Test. Referring
to the severity curve of 863 DEC81, these t¢sts generally develop negative
ez strains in the cup side wall near the flange.

4.4.1 Swirr Cup—Either a flat bottomeﬁ or a round bottomed punch
is used to draw a suitably lubricated circular blank into a straight walled
cup shape of 2 in outside (50 mm) diameler over an approach radiused
hold-down die. The punch diameter, die radius, and pressure are optim-
ized for the gage and strength level of the sheet metal under test. Blanks
of increasing diameter are tested until a diameter is reached with which
the cup bottom is punched out rather than forming a straight walled
cylindrical cup shape. The reported value i§ the limiting draw ratio (LDR)
determined by dividing the largest blank digmeter that will make a straight-
walled shape by the punch diameter. A YValue of 2 to 2.5 is generally
expected for low carbon sheet steel. The LIDR has been found to correlate
with the r value in that material with a higher ry will form a cup from
a larger blank. The round bottom swift cup is considered a combination
stretch and deep-draw test.
4.4.2 Fuxkur Conical. Gup—The Fukui [test does not employ a hold

ship of true stress (o) o true strain (€), & = Ke&, where K is a strengti
coefficient. True stress and true strain are based on the instantaneous
cross section area, rather than the initial area used for engineering stress
and strain. Deterniination of n from load elongation curves'is described
in ASTM E646, ““Tensile Strain Hardening Exponents (n values) of Metal-
lic Sheet Materials.” A higher n value indicates a capability for the metal
to strain harden in areas that have been cold worked by deformation
processes, and in turn cause further straining to occur in less cold worked
areas. This capacity to transfer strain contributes to a better response
to biaxial stretch deformation modes. Typical n values for selected sheet
steels are shown in Table 2.

TABLE 2—TYPICAL PLASTIC STRAIN RATIO AND STRAIN
HARDENING EXPONENT FOR SELECTED STEELS

Sheet Quality o n
Hot Rolled Drawing Quality 1.0 0.20
Cold Rolled Drawing Quality 1.2 0.24
Cald Ralled Drawing Quullh/ Special Killed 1.6 0.24

down force on the flange. This eliminates a difficult to control variable.
A 60 deg approach angle conical die is used to form a cup shape by a
ball punch forcing a suitably lubricated circular blank into the die until
the ball ruptures the conical form. The ball diameter and blank diameter
depend on the thickness of the sheet metal being tested. For low carbon
steel, a 60 mm (2.362 in) diameter blank is frequently used. A larger
diameter tends to collapse in the circumference rather than form a cup.
The base diameter of the formed cup is measured in as many directions
as necessary to determine the average, usually longitudinal, diagonal,
and transverse to the rolling direction. This value may be reported, or
a reduction of blank diameter can be calculated for a percent diameter
reduction value. Other modifications are possible, but the test has limited
usefulness due to_the small amount of material being tested. It has been
found to relate to both r and n of low carbon steel. Some of the more
recently developed steels, such as the interstitial-free with extremely high
rm values, do not rupture in the Fukui cup test,

4.4.3 HoLe ExransioN Test—There are several versions of this test.
In one, a cup is made using a blank with a punched or machined hole
in the center which is stretched to failure as the flange is securely clamped.
The test is useful in evaluating edge tearing tendencies, as well as the
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