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" DESIGN of structures and systems requires
determination of component dimensions and is
based on the appropriate mechanical properties
of materials. For static loading at low tempera-
ture, design criteria may include:

1. Excessive elastic deformation
2. Iniration of plastic deformation
3. Excessive plastic deformation
4. Unstable crack propagation.

Criterion 1 states that a certain component can
undergo a specific maximum elastic strain. The
elastic modulus of the material is the important

v, because it allows, through Hooke’s Law,
establishment of the maximum stress. Criterion
2 limits the strains to elastic (recoverable) strains
and prohibits plastic strains: the important prop-
erty of the material is its yield stress. Criterion
3 accepts a certain amount of plastic deforma-
tion; important material properties are ultimate
strength, uniform elongation, and work harden-
ing. Criterion 4 accepts the possible existence of
cracks or defects, and maximum loads are based
on fracture toughness.

In conjunction with static loads, most struc-
tures are subjected to cyclical loading conditions.
When the loads are not constant, the possible
damage due to fatigue must be considered and
the appropriate fatigue properties must be con-
sidered along with the static design reguire-
ments.

At high temperature, the mechanica! proper-
ties of metals are time-dependent and the prop-
erties used at low temperatures are not applica-
ble. Under high-temperature conditions, metals
tend to deform with time, and the appropriate
mechanical properties of interest are creep prop-
erties.

Introduction to Mechanical Testing

In this section, procedures for evaluating the
mechanical properties of metals—i.e., the re-
sponse of a metal to a particular imposed loading
condition— are reviewed.

STANDARDIZED TESTS

In the United States, most common mechani-
cal tests have been standardized by the American
Society for Testing and Materials (ASTM). In
other countries, similar standards have been de-
veloped by the appropriate standardization agen-
cies. If a mechanical test is being conducted by
the manufacturer, user or testing laboratory, and
if the results are used outside the organization.
it is imperative that the procedures outlined in
ASTM standards be followed and that this is
specified in the presentation of the results. For

internal work. comparative studies and research -

studies, specific procedures which may differ from
those of ASTM can be developed on approval of
all parties; in such instances, specific test con-
ditions should be specified. For specific infor-
mation on ASTM standards. test methods. defi-
nitions, specifications and recomm=rded pracuces,
the reader is referred to ASTM. Each year a new
edition of the Book of Standards is published.
Because modifications and revisions may be in-
troduced on an annual basis, it is not wise to use
cbsolete editions. For reference. the appropriate
ASTM specifications which are applicable to this
section are listed in Table 1. In this table. those
standards that have been approved as American
National Standards are given. These standards
(except for those under the headings “Corrosion”™
and “Erosion and Wear™) are presented in the
1983 Annual Book of ASTM Standards. Addi-
tional information can be obtained in the Special

Technical Publications (STP’s) published by
ASTM, a number of which are listed under “Ad-
ditional Reading™ at the end of this article, to-
gether with other useful sources of information.

MECHANICAL TESTING MACHINES

Numerous machines have been designed to
perform the wide variety of mechanical tests listed
in Table 1. In each of the following articles, test
machines which are designed for a specific test
are described in the separate section of that ar-
ticle devoted to that particular test. In this article,
the basics of “universal testing machines,” which
can be used for tension, compression. formabil-
ity and fatigue tests, are reviewed.

A wide variety of universal testing machines,
produced by several manufacturers, are avail-
able. The basic elements of 2 universal testing
machine are shown schematically in Fig. 1. In
most modern machines, load is measured with a
load cell (i.e., force transducer). Most load cells
consist of a deflecting member which is instru-
mentec with strain gages and which is coupied
to a signai-conditioning system. The voitage oui-
put of the signal-conditioning system varies lin-
early with load and is used as input to a display
or recording system.

The various universal testing machines differ
primarily in how the displacement-contro! (or
force-control) system operates. Displacement is
usually imposed by either a mechanical or a hy-
draulic system.

Hydraulic (Open-Loop) Machines. Conventional hy-
draulic test equipment operates largely on the ba-
sis of open-loop control. Figure 2 shows a typ-
ical system of this type that is used to position
the piston rod of a hydraulic actuator. An oper-
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Table 1. ASTM procedures for meshanical testing

Subject Reference

Subject Reference

Berd and Nexure tisting
Meticds ior:
Bend Testing for Metallic Flat Muterials for Spring

Applications . .......... ... E855-81
Guided Bend Test for Ductility ot Welds .. ............. E190-80
Semi-Guided Bend Test for Ductility of Metallic

Materials . ... ... E290-81

Methods and Definitions for:
Mechanical Testing of Steel Products . .................A370-77

Linear Tacnnal Expaesion of Rigid Solids w:tn

Interierometry ... . e e E289-70 (1979)
Machinability of test method
Method tor:
Machining Performance of Ferrous Metals Using an
Automatic Screw /Bar Machine, Evalvating ........... E618-81

Shear and torsion testing
Methods for:
Shear Testing of Aluminum and Aluminum-Alloy Rivets

Calibration of mechanical testing machines, extensomsters and sirain gages and Cold-Heading Wire and Rods ................... B565-76 (1981)

Methods of Calibration of: Torsion Testingotf Wire ............................ ES558-75
Force-Measuring Instruments tor Verifying the Load Residual stress measurement

Indication of Testing Machines Methods for:

Methods of Verification of: ; Determining Residual Stresses by the Hole-Drilling
Exiensometers. and Class:ﬁcauon of ... E83-67 (1980) Strain-Gage Method .. ............ T E837-81
Testing Machines ......... .. .. i E4-83 Verifying the Alignment of X-ray Diffraction

Test Methods for: Instrumentation for Residual Stress Measurement ....... E915-83
Perfcrmance Characteristics of Bonded Resnsta.nce . ) )

SRR GAZES oo v ot i E251-67 (1980) Stress-relaxation tests

Practice for: .

Compression testing Stress-Relaxation Tests for Materials and Structures . ...... E328-78

Methods for:

Compression Testing of Metallic Materials at Room Tension testing
Temperature . ..........iiiit s E9-81 Methods for: . .
Pin-Type Bearing Test of Metallic Materials ............ E238-68 (1978) MxMcﬂ Tesun_g of Ste;l Products .................. A370-77

Practice for: Tension Testing of Metallic Foil ..................... E345-81
Compression Tests of Metallic Materials at Elevated ‘l'ens§on Tesqng of Metallic Materials . R EB-82

Temperarures with Conventional or Rapid Heating Tension Testing Wrought and Cast Aluminum- and

Rates and Strain Rates . ..............ccoconueenns E209-65 (1981) Magnesium-Alloy Products . ...l B557-81

e . Tension Testing Wrought and Cast Aluminum- and .

Ductility and formability testing Magnesium-Alloy Products [Metric] ................. B5S7M-81

Methods for: Test Method for:

Bend Testing for Metallic Flat Materials for Spring Plastic Strain Ratio r for Sheet Metal . ................. ES17-81

Applications ........... ... il .E855-81 -

Conducting a Ball Punch Deformation Test for Thickness measurement
Metallic Sheet Material ........................... E643-78 Test Method for: ] ) o
Ductility Testing of Metallic Foil ..................... E796-81 Thickness of Thin Foil and Film by Weighing ........... E252-78

Test Method for: ‘ Fatigue
Tensile Strain-Hardening Exponents (n-Values) of Definitions of Terms Relating to:

Metallic Sheet Materials ....................... ... E646-78 Constant-Amplitude, Low-Cycle Fatigue Testing ......... E513-74 (1980)
Definitions on mechanical testing FatigueLoading .....................coiiiiiiinn.. E912-83
Definitions of Terms Relating to: Fatigue Testing and the Statistical Analysis for Fatigue

Mechanical Testing of Steel Products . ................. A370-77 Dm e EEER AR R E206-72 (1979)
Methods of Mechanical Testing ............ e E6-81 -Fllll;d Aqu;ous and Chemical Environmentaily Affected E742.81
ati OSHOR ..ttt -

Elastic properties mg‘;:r 8 :

Test Methods for: Constant-Amplitude Axial Fatigue Tests of Metallic
Poisson’s Ratio at Room Temperature ................. E132-61 (1979) Y P E466-82
Shear Modulus at Room Temperature ................. E143-61 (1979) Constant-Amplitude Low-Cycle Fatigue Testing .......... E606-80
Static Determination of Young's Modulus of Metals at Presentation of Constant-Amplitude Fatigue Test Resuits

Low and Elevated Temperatures .................... E231-69 (1981) for Metaliic Materials . .................oooooi.... E468-82

Young’s Modulus, Tangent Modulus, and Chord Modulus E111-82 Statistical Analysis of Linear or Linearized Stress-Life
Hardness testing ) (S-N) and Strain-Life (e-V) Fatigue Data ............. E739-80
Test Methods. for: Verification of Constant-Amplitude Dynamic Loads in an
Brineil Hardness of Metallic Materials ................. E10-78 Axial Load Fatigue Testing Machine ................ E+67-76 (1982)
Hardness Conversion Tables for Metals (Relationship Test Method for:
Between Brinell Hardness, Vickers Hardness, Rockwell Constant-Load-Amplitude Fatigue Crack Growth Rates
Hardness, Rockwell Superficial Hardness, and Knoop Above 107 m/Cycle ............ 0 i E647-83
Hardness) ............cciiiiiiiinniiinann, E140-79 Fracture Testing
Indentation Hardness of Metallic Materials by Portable Test Methods for

Haxdn.ess Testgrs ............. R E110-832 Crack Strength of Slow-Bend Precracked Charpy
Mechanical Testing of Steel Products .................. A370-77 Specimens of High-Strength Metallic Materials ...... ... E812-81
Microhardness of Materials ............. e E384-73 (1979) Drop-Weight Tear Tests of Ferritic Steels .............. E436-74 (1980)
Rapid Indentation Hardness Testing of Metallic Materials . .E103-61 (1979) Dynamic Tear Testing of Metallic Materials ............ E604-83
Rockwell Hardness and Rockwell Superficial Hardness Ji., 2 Measure of Fracture Toughness . ................. E813-81

of Metallic Materials ......... R E18-79 Plane-Strain Fracture Toughness of Metallic Materials ... .. E399-83
Vickers Hardness of Metallic Materials ................ E92-82 Sharp-Notch Tension Testing of Hign-3trength Shest

Practice for: , ) ‘ MARIETHALS -\ vee o e E333-81
Scieroscope Hardness Testing of Metallic Materials ... .. E448-32 Sharp-Notch Tension Testing with Cylindrical Specimens . .E602-81

Impact testing Practices for:

Methods for: Fracture Teasting with Surface-Crack Tension Spec.ncn., .. .E740-30C
Mechanical Testing of Steel Products . ................. A370-77 R-Curve Determination . .............c.coneundunann.. ES61-31
Notched Bar Impact Testing of Metallic Materials . ....... E23-82 Terminology Relating to:

. . Fracture Testing .. ............ciiiiiinianannenannnn E616-82

Linear thermal expansion test ; N

Test Methods for: Corrosion
Linear Expansion of Metals ................c....ouene B95-39 (1979) Method for: )

Linear Thermal Expansion of Rigid Solids with a Pmon and Use of Bent-Beam Stress-Corrosion
Vitreous Silica Dilatometer ... ..............uiuin.. E228-71 (1979) Specimens . ... G39-73
(contnued)
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Siaive!

Reference

Subject Reference
COrrosian 731 den ! Effect of Temperature v Meroals
Recomrnended fTactices ot Methoas for:
Alternate mmersion Stress-Corrosion Testing in 3.5% Conducting Drop-Weight Test to Determine Nii-Ductility
Sodiur: Chitomd:s Solution . ... . G44-78 ! Transition Temperature o7 Ferrine Steais .. ... .. E208-81
Making and Using the C-Rirg blress Corrosion Crackirg Static Delermmauon of Young's Modulus of Metals at
Test SPecimen . .. ..o oo G38-73 Low and Elevated Temperatures .. .................. E231-69 (1981)
Making and Using L-Bend Stress-Corrosion Test Practices for:
SPECIMENS . ..o vttt G30-72 Compression Tests of Meuwlic Marerials at Elevated
Performing Swess-Corrosion Cracking Tests in a Boiling Temperatures with Convenuenal or Rapid Heaung Rates
Magnesium Chloride Solution ................ ... ... G36-73 and Strain Rates . ........ ... ... ... ..o E209-65 (1981
Preparation and Use of Direct Tension Stress-Corrosion Conducting Creep and Creep-Rupture Tension Tests of
TeSUSPECIMENS .. .. ..ot G49-76 Metallic Matenials Under Conditions of Rapid Heating
Susceptibility of Stainless Steels and Related Nickel- and Short Times (Intent to Withdraw) . ............... E150-64 (1981)
Chromium-Iron Alloys to Stress-Corrosion Cracking in Conducting Creep, Creep-Rupture. and Stress-Rupture
Polythionic Acids, Determining . .................... G35-73 CTesLs of M-l?lallic Materals ........ ... .. E13%-83
. , ‘onducting Time-for-Rupture Notch Tension Tests of
Erosicn and Wear Materizle . o P E292.78
Method of: o ) Elevated Temperature Tension Tests of Metallic Materials . .E21-79
Te:;lgflaetggd C;z;/.nauon Erosion Test .................... G32-77 Tension Tests of Metallic Materials at Elevated
Rtinenes f I Iprgoaed Fabric rins Ribons G567 Tempeniis i Ravk Hosine SOVt e 158
Terminology Relating to:
Erosionand Wear .. ............ ... .. 0., G40-77
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Fig. 1. Schematic drawing of universal testing machine

ator must observe the position indicator and con-
stantly regulate the valve, adjusting for vari-
ations in the power source and actuator load to
maintain a given position. This is the simplest
form of closed-loop control, with the operator
closing the loop and thus inserting his response
into the loop. If the operator is provided with a
suitable indicator, he can also control other pa-
rameters, such as velocity or force. If the valve
is left unattended, there will be no reguiation of
_position or any other parameier. The Baldwin and

Tinius Olsen machines are examples of these
machines.

Electromechenical Machines. In electromechanical
machines, the cross-head usually is driven ver-
tically by twin screws (Fig. 3). The cross-head
velocity is determined by the rotational velocity
of the screws. This velocity can be maintained
constant throughout the test. in contrast with hy-
draulic machines. in which the operator contin-
uously adjusts the velocity. These screw-driven
machines are reliable, simple to operate, and

LOAD CELL

Manual
Control
Point

perfectly suited for routine tensile and compres-
sive testing.

Servo-Hydraulic (Closed-Loop) Systems. A typical
closed-loop system that operates in position con-
trol is shown in Fig. 4. Without a human oper-
ator within the loop. a visual indication of piston
position is not necessary. A transducer provides
a signal that is proportional to piston position.
That transducer signal is connected to a servo
controller that compares it to the signal from the
manually adjusted command control. The signal
from the manual command control is called sim-
ple "command”: the signal from the transducer

-is called “feedback.” If command and feedback
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Flg. 4. Closed-ioop control system
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are not equal, the actuator is not positioned at
the desired, or command. position. The servo
controller reacts to relative differences between
these signals (both polarity and magnitude) and
applies a control signal to the control valve that
causes the difference to be corrected. Thus. the
system automatically maintains the piston at any
_ given point, even when the power source or the
actuator load varies. Servo-hydraulic machines
aiso operate with the strain or load as controlling
parameters.

Figure 5 is very similar to Fig. 4 and shows a
test specimen as part of the closed servo loop.
The force applied to the specimen is sensed by
a transducer (load cell) and is controlied by the
system. When the specimen is part of the loop,
some important considerations are:

* Characteristics of the specimen directly affect
the behavior of the system.

¢ Selection of the proper transducer permits close
control of the parameter of interest within the
specimen itself. For example, to provide the
most precise control of the force applied to the
transducer, a load cell (force transducer) is used,
or, to control specimen strain, a strain trans-
ducer is attached to the specimen.
The following list describes some of the equip-

ment employed in the testing system illustrated

in Fig. S:

¢ The hydraulic power supply is the source of
power for the system. Its output is rated in gal-
lons (litres) per minute at a certain pressure.

¢ The servo valve, also rated in gallons (litres)
per minute, regulates the flow of fluid between
the hydraulic power supply and the actuator.
The valve opens to power high-pressure fluid
to either end of the actuator, depending on the
polarity of the electrical input of the valve. When

HARDNESS is a term that has different mean-
ings to different people: it is resistance to pen-
etration to a metailurgist, resistance to wear to a
lubrication engineer, a measure of tlow stress to
a design engineer, resistance to scratching to a
mineralogist, and resistance to cutting to a ma-
chinist. Although these various definitions of
hardness appear to differ significantly in char-
acter, they are all related to the plastic flow stress
of the material.

Pawer ‘
! Suppiy i
e
External ot
High Pressure | Return
Command Command. Line |i {Low Pressure)
"/ (Set Point)
input Servo Control -
Moduie Controiler Signal
Excitation :
Basic Loop <
I Feedback
Feedback
Transducer <: Specimen !
{Load Cell) !

he e
Fig. 5.

the servo valve is open to permit high-pressure
fluid to be admitted to one end of the cylinder,
the valve also provides a fluid-return path from
the other end of the cylinder to the supply. When
the system is in a static condition, the electrical
input to the valve is zero and the valve is closed
(fluid is not permitted to flow into or out of the
actuator). The valve opens in proportion to the
magnitude of the input signal and is fully open
when the input current reaches the current in-
put rating of the valve.

The hydraulic actuator has a maximum static-
force rating that is determined by the effective
area of the piston (area of cylinder bore minus
area of piston rod) and the actuating pressure.
The feedback transducer is any suitable trans-
ducer properly coupled to the specimen to sense
the quantity being controlled, in this case force.
Its electrical output (feedback) is directly pro-
portional to the mechanical input to the trans-
ducer and to the specimen. The polarity of the
output signal of the transducer is dependent on
the direction of the mechanical input. In the
case of load cells, the output signal is positive
when the input force is tensile. If the input force
is compressive, the output signal has a negative
polanty.

The servo controller accepts both the command
and feedback signals and reacts to their relative
magnitudes and polarities by supplying an out-
put control signal that resuits from any ditfer-
ence between command and feedback. If com-
mand aad feedback are equal. the cutput is zero
(the controlled variable is at the command level).

rargdness Testing

Only static indentation and rebound testing are
discussed in this article. These two methods ac-
count for virtually all routine hardness testing in
the metalworking industry. Static indentation
hardness testing is the more widely used of the
two methods. although rebound testing is exten-
sively employed, particularly for hardness mea-
surements on large workpieces or for applica-
tions in which visible or sharp impressions in the
test surface cannot be tolerated.

oY
81‘7”"?"’" Load Frame

Basic testing system

If command and feedback are not equal. the
output has a polarity that causes the actuator to
stroke in the direction required to reduce the
error and a magnitude that is proportional to
the amount of error.

CALIBRATION

All mechanical testing systems depend on ac-
curate measurement of loads, strains and dis-
placements. Thus, care must be taken to ensure
that the transducers are maintained in proper cai-
ibration. In the list of ASTM standards presented
in Table 1, calibration specifications are included
for reference. Specific calibration procedures are
usually provided by system manufacturers.

SELECTED REFERENCES

1983 Annual Book of ASTM Standards

Mechanical Measurements. 3rd Ed.. by T. B. Beck-
with, N. L. Buck and R. D. Marangoin: Addison-Wes-
ley. Reading, MA, 1982

ADDITIONAL READING

Reproducibility and Accuracy of Mechanical Tests.
ASTM STP 626, 1977

Recent Develonments in Mechanical Testing, ASTM
STP 608. 1976

The Making, Shaping, and Treating of Steel, 9th Ed.,
by rl E. McGannon: U. S. Steel, 1971, Chapter 49,
p 1214

Novel Techniques in Metal Deformation Testing, ed-
it;d by R. H. Wagoner: TMS-AIME. Warrendale, PA.
1983

BRINELL HARDNESS TESTING

The Brinell hardness test is basicailv simpie,
and consists of applying a constant load, usuaily
500 to 3000 kg, on a hardened steel ball-type
indenter, 10 mm in diameter. to the flat surtace
of a workpiece (Fig. 1). The 500-kg load is usu-
ally used for testing nonferrous metals such as
copper and aluminum alloys, whereas the 3000-
kg load is most >ft2n used tor testing harder met-
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r~Workpiece

Brinell indenter,
10 mm diom

Fig. 1. Sectional view of a Brinell
indenter, showing the manner in
which the application of force by
the indenter causes the metal of
the workpiece to flow

als such as steels and cast irons. The load is held
for a specified time (10 to 15 s for iron or steel
and about 30 s for softer metals), after which the
diameter of the recovered indentation is mea-
sured in millimetres. This time period is required
to ensure that plastic flow of the work metal has
stopped.

Hardness is evaluated by taking the mean di-
ameter of the indentation (two readings at right
angles to each other) and calculating the Brinell
hardness number (HB) by dividing the applied
load by the surface area of the indentation ac-
cording to the following formula:

HB = L/(=D/2)[D - (D* - d'?]

where L is the load, in kilograms; D is the di-
ameter of the ball, in millimetres: and d is the
diameter of the indentation, in millimetres.

It is not necessary, however, to make the cal-
culation for each test. Such calculations are
available in table form for all diameters of in-
dentations in Section 1 of this Desk Edition.

Highly hardened steel (or other very hard met-
als) cannot be tested by a hardened steel ball by
the Brinell method, because the ball will flatten
during penetration and a permanent deformation
will take place. This problem is recognized in
specifications for the Brineli tests.

~7 Tungsten carbide balls are recommended for
Brinell testing materials of hardness from 444 HB
up to about 627 HB (indentation of 2.45 mm in
diameter). However, higher Brinell values will
result when using carbide balls instead of steel
balls, because of the difference in elastic prop-
erties.

Surface Preparation. The degree of accuracy that
can be attained by the Brinell hardness test can
be greatly influenced by the surface smoothness
of the workpiece being tested.

The surface of the workpiece on which the
Brinell indentation is to be made must be filed.
ground, machined or polished with emery paper
(3/0 emery paper is suitable) so that the iden-
tation diameter is clearly enough defined to per-
mit its measurement. There should be no inter-
ference from tool marks.

Indentation Measurement. The diameter of the in-
dentation is measured by a microscope to the

nearest 0.05 mm (0.0G2 in.». This microscope
contains a scale. and usually a built-in light v
facilitate easy reading

The indentations produced in Brinell hardness
tests may exhibit diflerent surtace charactens-
tics. These have been caretullv studied and ana-
lvzed. In some instances there is a ridge around
the indentation extending above the onginal sur-
face of the workpiece. In other instances the edge
of the indentation is below the original surface.
Sometimes there is no difference at all. The first
phenomenon is called a “ridging™ type of inden-
tation and the second a “sinking” tvpe. Cold
worked metals generally have the former type of
indentation. and annealed metals the latter type.

Brinell Hardness Testers. Several types of testers
that exert the prescribed force on the indenter are
in general use. The one most commonly used is
the hydraulic, manually operated type shown in
Fig. 2.

The workpiece is placed on the anvil and raised,
by means of the elevating screw. to a position
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Fig. 2. Brinell hardness tester

Pressure
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h £ Gear
Tes! head Ei /nam
cng ol :

handie

Crank
handie

Fig. 3. Hydrauiic, manually oper-
ated portable Brinell hardness
tester

near the indenter. Fingertip rotation of the con-
trol knob allows a selected force (in kilograms).
indicated on the gage, to be applied. This force
is held for a pre-established length of time and
then released. The specimen is removed and the
indentation measured. The entire cycle, includ-
ing indenting and measurement. requires approx-
imately one minute.

For production testing. speed direct-reading
Brinell-type testers also are available.

Portable Brineli Hardness Testers. Conventional
Brinell hardness testers described above have
limited use, for two reasons: (a) the workpieces
to be tested must be brought to the testers, and
(b) size and design of the workpieces must be
such that they can be placed between the anvil
and the indenter.

Some of the problems posed by the above lim-

. itations can often be solved by use of a portable

hardness tester (Fig. 3). A hardness tester of the

' general design shown in Fig. 3 weighs no more
" than about 25 lb: thus. it can be easily trans-
ported to the workpieces.

Spacing of Indentations. To ensure accurate re-
sults, indentations should not be made too close
to the edge of the workpiece being tested. Lack
of sufficient supporting material on one side of
the workpiece will cause the resuiting indenta-
tion to be large and unsymmetrical. It is gener-
ally agreed that the error in a Brinell hardness
number is negligible if the distance from the cen-
ter of the indentation is not less than 2:/; times
(and preferably 3 times) the diameter of the in-
dentation from any edge of the workpiece.

Similarly, indentations should not be made toc
close to one another. If indentations are too close
together, the work metal may be cold workzd by
the first indentation, or there may not be suifi-
cient supporting material for the second inden-
tation. The latter condition would produce too
large an indentation, whereas the former may
produce too small an indentation. To prevent this.
the distance between centers of adjacent inden-
tations should be at least three times the diameter
of the indentation.

/ ﬂ/..". Q‘—MA-&——\
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1. Indentations should not be made on a curved
surface having a radius of less than ! in.

2. Spacing of indemations shouid be correct. as
outlined above under “Spacing of Indenta-
tions.”

3. The load should be applied steadily to avoid
overioading caused by inertia of the weights.

4. The load shouid be applied in such a way that
the direction of loading and the test surface
are perpendicular to 2ach other within 2°

S. The thickness of the workpizce being tested
should be such that no bulge or mark showing
the effect of 'the load appears cn the side of
the workpiece opposite the indentation. In any
event, the thickness of the specimen shall be
at least ten times the depth of indentation.

6. The surface finish of the workpiece being tested
should be such that the indentation diameter
is clearly outlined.

Limitations. The Brinell hardness test has three
principal limitations:

1. Size and shape of the workpiece must be ca-
pable of accommodating the relatively large
indentations.

2. Because of the relatively large indentations,
the workpiece may not be usable after testing.

3. The limit of hardness range—about 11 HB

with the 500-kg load to 627 HB with the 3000-

kg load —is generally considered the practi-

cal range.

ROCKWELL HARDNESS TESTING

Rockwell hardness testing is the most widely
used method for determining hardness. Tnere are
several reasons for this distinction: (a) the Rock-
well test is simple to perform and does not re-
quire highly skilled operators; (b) by use of dif-
ferent loads and indenters, Rockwell hardness
testing can be used for determining hardness of
most metals and ailoys, ranging from the softest
bearing materials to the hardest steels: (¢) a read-
ing can be taken in a matter of seconds with con-
ventional manual operation and in even less time
with automated setups: and (d) no optical mea-
surements are required (all readings are direct).

Rockwell hardness testing differs from Brineil
hardness testing in that the hardness is deter-
mined by the depth of indentation made by a
constant load impressed upon an indenter. Al-
though a number of different indenters are used
for Rockwell hardness testing, the most common
type is a diamond ground to a 120° cone with a
spherical apex having a 0.2-mm radius. which is
tnown as a Brale indenter {see Fig. 4).

As shown in Fig. 5, the Rockwell hardness test
consists of measuring the additional depth to which
an indenter is forced by a heavy (major) load (Fig.
5b) beyond the depth of a previousiy appiiad light
(minor) load (Fig. 5a). Application of the minor
load eliminates backlash in the load train and
causes the indenter to break through slight sur-
face roughness and to crush particles of foreign
matter, thus contributing to much greater accu-
racy in the test. The basic principle involving mi-
nor and major loads illustrated in Fig. 5 applies
to steel-ball indenters as well as to diamond in-
denters.

120°
digmend

B

rolder
Fig. 4. Dlamond-cone Brale in-
A=ntar usad in Rockwell hardness
\E3ung (shown at about 2Xx)

Srale
indenter

[
LDeovh of
indentation

Brate
indenter

Workpiece

indentation
(b) Major load

The hardness value is based on the difference in
depths of indentation produced by the minor and ma-
jor loads.
Fig. 5. Indentation in a workpiece
made by application of (a) the mi-
nor load, and (b) the major load,
on a diamond Braie indenter in
Rockwell hardness testing

The minor load is applied first, and a reference
or “set” position is established on the measuring
device of the Rockwell hardness tester. Then the
major load is applied at a prescribed. controlled
rate. Without moving the workpiece being tested.
the major load is removed and the Rockwell
hardness number is automatically indicated on the
dial gage. The entire operation takes from 5 to
10s.

Diamond indenters are used mainly for testing
materials such as hardened steels and cemented
carbides. Steel-ball indenters. available with di-
ameters of ‘/15, *'s, Y and /2 in., are used for
testing mateniais such as soft steei, copper alioys,
aluminum ailoys and bearing metals.

There are two basic types of Rockwell hard-
ness testers— reguiar and superficial. Both have
similar basic mechanical principles and signifi-
cant components. A schematic view ot a regular
Rockwell hardness tester is shown in Fig. 6.

Regular Rockwell Hardness Testing. In regular
Rockwell hardness testing the minor load is al-
ways 10 kg. The major load, however, can be

60, 1t or 153G kg, No Rockwell nardness value
ssed bv a aumber alone. A letter has been
J wro2ach combrnation of load and in-
siown in Table L Eich number is sur-
finees b fust the letter H for nurdnessi. then the
letter R (for Rockwell). and finally the letter that
indicates the scale used. For example. a value of
60 on the Rockwelil C scale is expressed as 60
HRC. and so on. Regardless of the scale used.
the “set” position is the same: however, when
e diamond Brale indenter is used. the readings
are taken from the black divisions on the dial gage.
When testing with any of the ball indenters, the
readings are taken from the red divisions.

One Rockwell number represents an indenta-
tion of 0.002 mm (0.00008 in.). Therefore. a
reading of 60 HRC indicates indentation from
miner (o major load of (100 — 60) x 0.002 mm
= 0.080 mm or 0.0032 in. A reading of 30 HRB
indicates an indentation of (130 — 80) X 0.002
mm = 0.100 mm or 0.004 in.

Superficial Rocikwell hardness testing employs a mi-
nor load of 3 kg, but the major load can be 15,
30 or 45 kg. :

Just as in regular Rockwell testing, the in-
denter may be either a diamond or a steel ball.
depending mainly on the nature of the metal being
tested. Regardless of load. the letter N designates
use of the superficial Brale, and the letters T, W,
X and Y designate use of steel-bail indenters.
Scale and load combinations are presented in Ta-
ble 1. Superficial Rockwell hardness values are
aiways expressed with the number suffixed by a
number and a letter that show the load/indenter
combination. For example, if a load of 30 kg is
used with a diamond indenter and a reading of
80 is obtained, the result is reported as 80 HR30N
(where H means hardness, R means Rockwell,
30 means a load of 30 kg, and N indicates use
of a diamond indenter).

All tests are started from the “set” position.
One Rockwell superficial hardness number rep-
resents an indentation of 0.001 mm or 0.00004
in. Therefore, a reading of 80 HR30N indicates
indentation from minor to major load of (100 —
80) x 0.001 mm = 0.020 mm or 0.0008 in.

Dials on the superficial hardness testers con-
tain only one set of divisions, which is used with
ail types of superficial indenters.

Fulcrum
knife edge

Dia! gage

Crank
handie

Fig. 6. Principal components of a
reguiar (normal) Rockwell hard-
ness tester. Superficial Rockwell
testers are similarly constructed.
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Tahie 1. Roskweli-hardness-scale desinnations for comhinaiions of tyre of indenter and maior load

—— [ndenter ———— Major i ———— [ndenter ——— Major
Scaie Diam. load, Dial U Scale Diam. load.
designation Type in. hg fipure | designation Type in. kg
Regular Rockwell tester Superficial Rockwell tester
B ......... Ball ine 100 Red ISN ... N Brale 15
C ......... Brale 150 Black 30N .......N Brale . 30
A Braie 60 Black 45N L N Brale 45
D ......... Brale 100 Black 1IsT ..., Ball Yie 15
E ... Ball s 100 Red 30T ....... Ball Yie 30
F oo . Ball e 60 Red asT .. all e 45
G ......... Bali Ve 150 Red ISW oo Bail : lig 15
H......... Ball Vs 60 Red 30W L. Ball Ys 30
K ......... Ball Y 150 Red 45W L Ball /s 45
L ... Ball Yy 60 Red 15X ... Ball Yy 15
M......... Ball Yy 100 Red 30X ... Ball Ve 30
P o Ball Y4 150 Red 45X ... ... Ball Y4 45
R ......... Ball s 60 Red 15Y ....... Ball e 15
S ... Ball ) 100 Red 30Y ..., Ball Y, 30
L 28 Ball s 150 Red 45Y ....... Ball 1y 45

Table 2. Typical applications of regular Rockwell
hardness scales

Scale(e) Typical applications

B.......... Copper alloys, soft steels. aluminum
alloys, malleable iron

C..iiiii Steel, hard cast irons, pearlitic
malleable iron. titanium, deep case-
hardened steel and other materials
harder than 100 HRB

Aol Cemented carbides, thin steel and
shallow case-hardened steel

D.......... Thin steel and medium case-hardened
steel and pearlitic malleable iron

E.......... Cast iron, aluminum and magnesium
alloys, bearing metals

F.......... Annealed copper alloys, thin soft
sheet metals

G........vt Phosphor bronze, beryllium copper,
malleable irons. Upper limit is 92
HRG, to avoid flattening of ball.

H.......... Aluminum, zinc, lead

K.L.M,P, .

R,S,V ... .Bearing metals and other very soft or

thin materials. Use smallest ball and
heaviest load that do not give anvil
effect.

(a) The N scales of a superficial hardness tester are used for ma-
terials similar to those tested on the Rockwell C. A and D scales.
but of thinner gage or case depth. The T scales are used for matenials

imiler 10 those tested on the Rockwell B. F and G scales but of
thinner gage. When minute indentations are reguired. a superficial
hardness tester should be used. The W, X and Y scaies are used for
very soft materials.

Selection of Rockwell Scale

Where no specification exists or there is doubt
about the suitability of a specified scale. an anal-
ysis should be made of those factors that influ-
ence the selection of the proper scale. These in-
fluencing factors are found in the following four
broad categories: )

1. Type of work metal
2. Thickness of work metal
3. Vidth of area 10 be tested
4. Scale limitations.

infiuence of Type of Work Metal. The types of work
metal normally tested using the different regular
Rockwell hardness scales are given in Table 2.
This information also can be helpful when one
of the superficial Rockwell scales may be re-
quired. For example, note that the C. A and D
scales—all with diamond indenters—are used
on hard materials such as steel and tungsten car-
bide. Any material in this hardness category would
be tested with a diamond indenter. The choice to

be made is whether the C, A, D, or the 45N,
30N, or 15N scale is applicable. Whatever the
choice, the number of possible scales has been
reduced to six. The next step is to find a scale.
either regular or superficial. that will guarantee
accuracy, sensitivity and repeatability of testing.
" Influence of Thickness of Work Metal. The metal im-
mediately surrounding the indentatior in a Rock-
well hardness test is cold worked. The depth of
material affected during testing is on the order of
ten times the depth of the indentation. Therefore,
unless the thickness of the ‘metal being tested is
at least ten timés the depth of the indentation, an
accurate Rockwell hardness test cannot be ex-
pected.

The depth of indentation for any Rockwell
hardness test can easily be computed. in practice,
however, computation is not necessary, because
tables of minimum thicknesses are available (for
example, see Table 3). The values for minimum
thickness do follow the 10-to-1 ratio in some

ranges. but they are actually based on enper-
mental data accumulated on various thicknesses
of low-carbon steels and of stee! strip thet has
been hardened und tempered.

To use the values in Tuble 3. assume that 3783
necessary to check the hardness of a stnip of sieci
0.014 in. thick, of an approximate hardness of
63 HRC. According to Tabie 3. materiai naving
a hardness of 63 HRC must be approximately
0.028 in. thick for an accurate test using the C
scale. Therefore. this steel strip shouid not be
tested on the C scale. At this point. check the
approximate converted hardness on the other
Rockwell scales equivalent to 63 HRC. These
values —taken from a conversion table— are: 83
HRA, 70 HR45N. 80 HR30ON and 91 HRI15N.
Referring again to Table 3 for hardened 0.014-
in.-thick material, there are only three Rockwell
scales to choose from—45N, 30N and 15N. The
45N scale is not suitabie because the material
should be at least 74 HR45N. On the 30N scale.
0.014-in.-thick material must be at least 80
HR30N. and the material at hand is 80 HR30N.
On the 15N scale. the material must be at least
76 HR15N, and this material is 91.5 HR15N.
Therefore. either the 30N or 15N scale may be
used. After all limiting factors have been elimi-
nated. and a choice exists between two or more
scales. the scale applyving the heavier load should
be used. The heavier ioad will produce a larger
indentation. covering a greater portion of the ma-
terial, and a Rockwell hardness number more
representative of the material as a whole will be
obtained. In addition. the heavier the load. the
greater the sensitivity of the scale. Checking any
conversion table and comparing the i3¥ scale to
the 30N scale will show that in the hard-steel range
a difference in hardness of one point on the 30N
scale represents a difference of only 0.5 point on
the 15N scale. Therefore, smaller differences in
hardness can be detected when using the 30N
scale. -

Table 3. Minimum work-metal hardness values for testing various thicknesses of metals with regular

and superficial Rockwell hardness testers(a)

Minimum hardness for
—————————superficial hardness testing

Minimum hardness for

lar hardness testing

Dia{m:nd Braie Bnll‘ ind‘emer. Dia!nond Brale Ball indenter.

- - n . d v g in. .
Metal 15N 30N 45N 1ST /5:)'!' 45T A D C F /‘SB G
thickness, (s 30 s (15 (30 45 (60 (100 (150 (60 (100 (150
in. kg) kg) kg) kg) kg) kg) kg) kg) kg) - kg) kg) kg)
0.005 .... ... 93 cee
0.006 .... 92 ..
0.010 .... 88 90 87 .
0.012 .... 83 82 77
0.014 .... 76 80 74 s
0015 .... ... 78 T
0.016 .... 68 74 72 86 ..
0.018 .... () 66 68 e © 84 ..
002 .... (® 57 63 (b) 58 62 82 7 100 ..
0022.... (b) 47 58 .. 78 75 69
0.024 .... (b ®) 51 76 7 67
0.025 .... ... ®) (b) 26 92 92 90
0.026 .... () (b) 37 71 68 65
0.028 .... (b) ®) 20 - 67 63 62
0.030 .... (b) (b) (b) ®) (b) (b) 60 58 57 67 68 69
0.032 .....(b) ® ®) S ®) 51 52
003 ... ™ (b) [} (b) 43 a5
0035 .... ... (b) (b) (®) (b) 44 46
0.036 .... () (b) ®) ®) 37
0.038 .... (b) (b) (b) (®) ®) 28
0.040 . (®) (b) (b) (b) (b) (b) (b) (b) 20 (b) 20 22

{a) These values are approximate only and are intended primarily as a guide; see text for exampie of usc. Materials thinner than shown

mey be tested on a Tukon microhardness tester. The thickness of the workpiece should be at ieast 1172 umes the diagona! of the ing
when using a Vickers indenter, and at least /2 times the long diagonal when using a Knoop ind NO mi b

of equai or greater thickness.

(b) No

deriation
for metal
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The above approzca would also apply in de-
rermining which coue <hoaid be used to measure

: Lk cwraxanuie gepth

mnd

rilugace o fotwsa ditin i addliion Ok
limitation of irdertaticn denth for a workpiece
of given thickness and hardness. taere is a lim-
iting factor on the minimum width of material.
If the indentation is placed too close to the edge
of a workpiece, the edze wiil deform outward
and the Rockwell hardness number will be de-
creased accordingly.

Experence has shown thar the distance from
the center of the indentation to the edge of the
workpiece must be at least 2¥/; times the diam-
eter of the indentation to ensure an accurate test.
Therefore, the width of a narrow test area must
be at least five indentation diameters when the
indentation is placed in the center.

Limitations of Rockwell Scales. The potential range
of each Rockwell scale can be determined read-
ily from the dial-gage divisions on the tester: the
black scale (for diamond indenter) on all reguiar
hardness-tester dial gages is numbered from O to
100, with 100 corresponding to the “set” posi-
tion; the red scale (for ball indenters) is num-
bered from O to 130. with 130 being the “set”
position. On the superficial hardness tester. the
dial gage has only one set of divisions. numbered
from 0 to 100.

Use of the diamond indenter when readings fall
below 20 is not recommended, since there is loss
of sensitivity when indenting this far down the
conical section of the indenter. Brale indenters
are not calibrated below values of 20, and if used
on soft materiais there is no assurance that there
will be the usual degree of agreement in results
when replacing the indenters. Another scale should
be used— for example, the B scale.

Support for Workpiece. A fundamental require-
ment of the Rockwell hardness test is that the
surface of the workpiece being tested be approx-
imately normal to the indenter and that the work-
piece must not move or slip in the slightest de-
gree as the major load is applied. The depth of
indentation is measured by the movement of the
plunger rod holding the indenter: therefore, any
slipping or moving of the workpiece will be fol-
lowed by the plunger rod and the motion trans-
ferred to the dial gage, causing an error to be
introduced into the hardness test. As one point
of hardness represents a depth of only 0.00008
in., a movement of only 0.001 in. could cause
an error of over 10 Rockwell numbers. The sup-
port must be of sufficient rigidity to prevent its
permanent deformation in use.

Figure 7 shows five types of anvils that. col-
lectively, can accommodate a fairly broad range
of workpiece shapes.

VICKERS HARDNESS TESTING

The Vickers hardness test foilows the Brinell
principle, in that an indenter of definite shape is
pressed into the material to be tested. the load
removed, the diagonals of the resulting inden-
tation measured, and the hardness number cal-
culated by dividing the load by the surface area
of indentation.

The indenter is made of diamond, and is in the
form of a square-base pvramid having an angle
of 136° between faces (Fig. 8). This indenter thus
has angle across corners. or so-called edge angle.
of 148° 6’ 42.5". The facets are highly polished
and free from surface imperfections, and the point

(@) Anwil (testing
table) for large
workpieces

{b) Plane-surface anvil

{c) Pedestatl
spot anvit

(d) v-siot
cnvil

(e) Cylindron
anvil

Fig. 7. Several coi‘nmoniy used types of anvils that are designed to support var-
ious shapes of workpieces during hardness testing in a Rockwell tester

Detail of indenter
(inverted)

Fig. 8. Schematic representation
of the square-base pyramidal dia-
mond indenter used in a Vickers
hardness tester, and of the resulit-
ing indentation in the workpiece

is sharp. The loads applied vary from 1 to 120
kg; the standard loads are S, 10, 20, 30, 50, 100
and 120 kg. For most hardness testing, 50 kg is
maximum.

With the Vickers indenter, the depth of inden-
tation is about one-seventh of the diagonal length
of the indentation. For certain types of investi-
2ation, there are advantages to such a shape. The
Vickers hardness number (HV) is the ratio of the
load applied to the indenter to the surface area
of the indentation. By formula:

HV = 2Psin (8/2)/d?

where P is the applied load, in kilograms, d is
the mean diagonal of the indentation. in milli-
metres; and 6 is the angle between opposite taces
of the diamond indenter (136°).

Equipment for determining the Vickers hardness
number should be dssigned to apply the load
without impact, and friction should be reduced
to a minimum. The actual ioad on the indenter
should be corract to iess than 1% and the load
should be applied slowly, because the Vickers is
a static test. Some standards require that the full
load be maintained tor 10 to 15 s.

To obtain the greatest accuracy in hardness
testing, the applied load should be as large as
possible, consistent with the dimensions of the
workpiece. Loads of more than 50 kg are likely
to fracture the diamond, especially when used on
hard materials.

The accuracy of the micrometer microscope
should be checked against a stage micrometer,
which consists of ruled lines. usually 0.1 mm
apart, that have been checked against cerified
length standards. The average length of the two
diagonals is used in determining the hardness
value.

The corners of the indentation provide indi-
cators of the length of the diagonals. The area
must be calculated from the average of readings
of both diagonals. The indentations are usuaily
measured under vertical illumination with a mag-
nification of about 125 diameters.

The included angle of the diamond indenter
should be 136° with a tolerance of less than
+0.50°, which is readily obtainable with modern
diamond-grinding equipment. This would mean
an error of less than 1% in the hardness number.
The indenters must be carefully controlled during
manufacture so that in use the indentations pro-
duced will be symmetrical. Tables are available
for converting the values of the diagonals of in-
dentation in millimetres to the Vickers hardness
number.

Several types of hardness testers have proved
acceptable for making the Vickers test in ac-
cordance with the above requirements. One type
is illustrated in Fig. 9. This hardness tester. which
has a mainframe section that carries the stage and
a starting handle having a 20-to-1 ratio, applies
the load through a thrust rod to a tube, which is
free to reciprocate vertically, and which carries
the Vickers indenter at its lower end. Attached
to the mainframe is a smaller frame that conrains
the control mechanism. The plunger reciprocates
vertically under the influence of a rotating cam,
its purpose being to apply and release the test
load. The cam is mounted on a drum. and when
the starting handle has been depressed. the cam
is rotated by a weight attached by a tlexible wire,
the speed of rotation being controlied by a pision
and an oil-tfiiled dashpot. The rate of displace-
ment of the cil is regulated by an adjustatle con-
trol valve. The plunger carries a rubber pad at
its upper end. which engages with a cone mounted
in the beam. thereby ensuring a very slow and
diminishing rate of application for the last por-
don of the loading cycle. Because the cam both
lowers and raises the plunger, errors due to in-
ertia and premature load removal are eliminated.

The microscope is usually mounted on a hinged
bracket and may be movead to position over the
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indeniztion a{ler the workpiece has been lowered
sufficiently to clear the microscope. A knife-edge
type of micrometer ocular is provided. and the
indentations are read to knife-edges. The read-
ings are taken rrom a digital counter mounted on
the microscope. Tables for converung digital
readings to Vickers hardness numbers are sup-
plied. The micrometer ocular may be rotated
through 90° so that each diagonal may be mea-
sured.

In use. the workpiece is placed on the stage.
which is raised by a handwheel on the side of the
hardness tester until the workpiece neariy touches
the diamond indenter. The load is applied by
tripping the starting handle. The time taken in
the application and duration of the load may be
adjusted by the oil control valve in the dashpot
within a range of 10 to 30 s minimum.

If the workpiece has not been elevated suffi-
ciently for the testing load to be applied satis-
factorily, a warning is given by an automatically
actuated buzzer. A foot pedal will ready the
hardness tester for the next test after a test cycle
is completed. The stage may be fitted with a V-
block for supperting cylindrical work.

If routine hardness testing is to be carried out.
a sliding table may be attached to the stage and
the microscope may be mounted on an auxiliary
bracket on the right-hand sice of the tester so that
hardness testing may be continuous without the
need for winding the stage up or down.

SCLEROSCOPE HARDNESS TESTING

The Scleroscope hardness test is essentially a
dynamic indentation hardness test, wherein a
diamond-tipped hammer is dropped from a fixed
height onto the surface of the material being tested.
The height of rebound of the hammer is a mea-
sure of the hardness of the metal. The Sclero-
scope scale consists of units that are determined
by dividing the ‘average rebound of the hammer

Stoge

Fig. 8. Principal components of one
type of Vickers hardness tester

from a quenehed (10 maximum hardress) and un-
tempered water-hardening tool steel into 100 units.
The scale is continued above 100 to permit test-
ing of materials having hardnesses greater than
that of fLily hardensc tool steel.

Testers. Two tvpes of Scleroscope hardness
testers are shown in Fig. 10. The Model C
Scleroscope consists of a vertically disposed bar-
rel containing a precision-bore glass tbe. A base-
mounted version of a Model C Scleroscope is
shown in Fig. 10(a). The scale is graduated rrom
0 to 140. It is set behind and is visibie through
the glass tube. Hardness is read from the vertical
scale. usually with the aid of the reading glass
attached to the tester. A pneumatic actuating head.,
affixed to the top of the barrel, is manually op-
erated by a rubber bulb and tube. The hammer
drops and rebounds with the glass tube.

The Model D Scleroscope hardness tester (Fig.
10b) is a dial-reading tester. The tester consists
of a vertically disposed barrel that contains a clutch
to arrest the hammer at maximum height of re-
bound. This is made possible because of the short
rebound height. The hammer is longer and heavi-
er than the hammer in the Model C Scleroscope
and develops the same striking energy although
dropping a shorter distance.

Both models of the Scleroscope hardness tester
may be mounted on various types of bases. The
C-frame base, which rests on three points and is
for bench use in hardness testing small work-
pieces, has a capacity about 3 in. high by 2¥/;
in. deep. A swing arm and post is also for bench
use, but has height and reach capacities of 9 and
14 in., respectively. Another type of base is used
for mounting the Scleroscope hardness tester on
rolls and other cylindrical objects having 2 min-
imum diameter of 2!/; in., or on flat, horizontal
surfaces having a minimum dimension of 3 by 5
in. The Model C Scleroscope hardness tester is
commonly used unmounted. However, when the
hardness tester is unmounted, the workpiece
should have a minimum weight of 5 1b. The Model
D Scleroscope hardness tester should not be used
unmounted.
~ Workpiece Surface-Finish Requirements. As with other
metallurgical hardness testers, certain surface-
finish requirements on the workpiece must be met
for Scleroscope hardness testing to make an ac-
curate hardness determination. An excessively
coarse surface finish will vield erratic readings.
Hence, when necessary, the surface of the work-
piece should be filed, machined, ground or pol-
ished to permit accurate, consistent readings to
be obtained.

Limitations on Workpiece and Case Thickness. Case-
hardened steels having cases as thin as 0.010 in.
can be accurately hardness tested provided the
core hardness is no less than 30 Scleroscope.
Softer cores require a minimum case thickness
of 0.015 in. for accurate results.

Thin strip or sheet may be tested. with some
limitations, but only when the Scleroscope harc-
ness tester is mounted in the clamping stand. Ide-
ally, the sheet should be flat and without undu-
lation. If the sheet material is bowed, the concave
side should be placed up to preclude any possi-
bility of erroneous readings due to spring effect.
The minimum thicknesses of sheet in various cat-
egories that may be hardness tested are as fol-
lows:

Hardened steel .................. 0.005 in.
Cold finished steel strip ........... 0.010
Annealed brass strip .............. 0.015
Half-hard brass strip .............. 0.010

y
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Height-
adjustment
knob

Barrel

f
L<:orm'ol knob

Workpiece
(b) Model D (dial reading) Scleroscope hordness tesier

Fig. 10. Principal components of
two types of base-mounted
Scleroscope hardness testers

Test Procedure. To perform a hardness test with
either the Model C or the Model D Sclerascope
hardness tester, the tester should be held or set
in a vertical position, with the bottom of the bar-
rel in firm contact with the workpiece. The ham-
mer is raised to the elevated position and then
allowed to fall and strike the surface of the work-
piece. The height of rebound is then measured.
which indicates the hardness. When using the
Model C Scleroscope hardness tester, the ham-
mer is raised to the elevated position by squeez-
ing the pneumatic bulb. The hammer is released
by again squeezing the bulb. When using the
Model D Scleroscope hardness tester, the ham-
mer is raised to the elevated position by turning
the knurled control knob clockwise until a defi-
nite stop is reached. The hammer is allowed to
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strike the workpiece by releasing the control Knob.
The reading is recorded on the Jdial.

Spacing of Indentations. [ndentations shouid be at
least .30 mim 10.029 in.) apart und only one at
the same spot. Flat workpieces with paraile! sur-
faces may be hardness tested within i in. 16 mm)
of the edge whnen properly clumped.

Taking the Readings. Experience is necessary to
interpret the hardness readings accurately on a
Model C Scleroscope hardness tester. Thin ma-
terials or those weighing less than 5 1b must be
securely clamped to absorb the inertia of the
hammer. The sound of the impact is an indica-
tion of the effectiveness of the clamping: a duil
thud indicates that the workpiece has been clamped
solid, whereas a hollow ringing sound indicates
that the workpiece is not tightly clamped or is
warped.and not properly supported. Five hard-
ness determinations should be made and their av-
erage taken as representative of the hardness of
a particular workpiece.

Advantages of the Scleroscope hardness test are
surnmarized as follows:

1. Tests can be made very rapidly —over 1000
tests per hour are possible.

2. Operation is simple, and does not require
highly skilled technicians.

3. The Model C Scleroscope tester is portable
and may be used unmounted for hardness
testing workpieces of unlimited size —rolls,
large dies and machine-tool ways.

4. The Scleroscope hardness test is a nonmar-
ring test; no crater is left, and only in the most
unusual instances would the tiny hammer mark
be objectionable on a finished workpiece.

5. A single scale accommodates the entire hard-
ness range from the softest to the hardest met-
als.

Limitations of the Scleroscope hardness test are
summarized as follows:

1. The hardness tester must be in a vertical po-
sition or the free fall of the hammer will be
impeded and result in erratic readings.

2. Scleroscope hardness tests are more sensitive
to variations in surface conditions than some
other hardness tests.

3. Because readings taken with the Model C
Scleroscope hardness tester are those ob-
served from the maximum rebound of the
hammer on the first bounce, even the most
experienced operators may disagree among
themselves by one or two points in the read-
ing.

MICROHARDNESS TESTING

The term “microhardness™ usually refers to in-
dentation hardness tests made with loads not ex-
ceeding 1 kg (1000 g). Such hardness tests have
been made with a load as light as 1 g, although
the majority of microhardness tests are made with
loads of 100 to 500 g. In general, the term is
related to the size of the indentation rather than
to the load applied.

Fiaids of Application. Microhardness testing is ca-
pable of providing information regarding the
hardness characteristics of materiais that cannot
be obtained with hardness tests such as the Bri-
nell, Rockwell or Scleroscope.

Because of the required degree of precision for
both equipment and operation, microhardness
testing is usually, although not necessarily, per-
formed in a laboratory. Such a laboratory, how-
ever, is often a process-control laboratory and may
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Fig. 11. Schematic representation
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be located close to production operations. Mi-
crohardness testing is recognized as a valuable
method for controlling numerous production op-
erations in addition to its use in research appli-
catons. Specific fields of application of micro-
hardness testing include:

1. Measuring hardness of precision workpieces
that are too small to be measured by the more
common hardness-testing methods

. Measuring hardness of product forms such as
foil or wire that are too thin or too small in
diameter to be measured by the more con-
venient methods

3. Monitoring of carburizing or nitriding oper-

atdons, which is usually accomplished by
hardness surveys taken on cross sections of
test pieces that accompanied the workpieces
through production operations

™~

4 Measuring hardness of individual microcon-

stituents

5. Measuring hardness close to edges, thus de-
tecting undesirable surface conditions such as
grinding burn and decarburization

6. Measuring hardness of surface layers such as
plating or bonded layers.

Indenters. Microhardness testing is peformed with
cither the Knoop or the Vickers indenter. The
Knoop indenter is the more widely used in the
United States; the Vickers indenter is the more
widely used in Europe.

Knoop indentation testing is performed with a
diamond ground to pyramidal form that pro-
duces a diamond-shape indentation having an ap-
proximate ratio between long and short diagonals
of 7 to 1 (Fig. 11). The pyramidal shape em-
ployed has an included longitudinal angle of 172°
30’ and an included transverse angle of 130°. The
depth of indentation is about one thirtieth of its
length. Because of the shape of the indenter, in-
dentations of accurately measurable lengths are
obtained with light loads.

The Knoop hardness number (HK) is the ratio
of the load applied to the indenter to the unre-
covered projected area of indentation. By for-
mula:

HK = P/A = P/CP

where P is the applied load. in kilograms: A is
the unrecovered projected area of indentation, in
square millimetres; | is the measured length of
the long diagonal, in millimetres; and C is
0.07028, a constant of the indenter relating pro-
jected area of the indentation to the square of the
length of the long diagonal.

For details of the Vickers indenter. b2 reaucr
is reterred to Fig. 8.

Fizure 12 proesents a comearizon uf the .nden-
aations made by the Knoep und Vickers vnts
2rs. Each has some advantazes over the crier.
For example, the Vickers indenter penetrates about
twice as far into the workpiece as does the Knoop
indenter, and the diagonal of the Vickers inden-
tation is about one-third of the total length of the
Knoop indentation. Thersfore. the Vickers in-
denter is less sensitive to minute differences in
surface conditions than is the Knoop indenter.
However, the Vickers indentation. because of the
sfiorter giagonal, is more sensillve 10 errors in
measurement than is the Knoop indentation.

. ™ ¢
<>
. 2000 ¢ ;
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100049 0003 :
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Knoop indentations Vickers indentations

Fig. 12. Comparison of indenta-
tions made by Knoop and Vickers
indenters in the same work metai
and at the same loads

Microhardness Testers. Several types of micro-
hardness testers are available. The most accurate
operate through the direct application of load by
dead weight, or by weights and lever.

The Tukon tester is widely used for micro-
hardness testing. Several different designs of this
microhardness tester are available: they vary
mainly in load range. but all can accommodate
both Knoop and Vickers indenters.

The Tukon microhardness tester shown in Fig.
13 has a load range of | to 1060 g. Loads are
applied by dead weight. The microscope is fur-
nished with three objective lenses having mag-
nifications of about 130, 500 and 600 diameters.

Sources of tester error include inaccuracy in
loading, vibration, rate of load application. du-
ration of contact period, and impact. To limit the
shock that can occur when the operator removes
the load (this generally has an adverse etffect on
indentations made with loads below 500 g), an
automatic test cycle is built into the Tukon mi-
crohardness tester. With this automatic test cycle.
the load is applied at a constant rate. maintained
in the work for 18 s, and smoothly removed. Thus,
the operator does not need to touch the tester while
the load is being applied and removed. The de-
sign of microhardness testers wiil vary from one
type to another, but it is essential to remove the
applied load without touching the tester if clear-
cut indentations are to be obtained.

A movable stage to support the workpiece is
an essential component of a microhardness tester.
In many applications the indentation must be in
a selected area. usually limited to a few thou-
sandths of a square millimetre. In testing with
the type of Tukon microhardness tester shown in
Fig. 13, first the required area is located by look-
ing through the microscope and moving the me-
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chanicai siage unui ine desired iocution 1> cen-
terad withon the optival field of view. The stage
Lother i N e rienter. and the wu-
Omalc | Lelt de tsontdated by tnpping
tro hangic  wter che Svoic s completed. sig-
naled by a telltale light. the stage is again in-
dexed back under the ohiective for indentation
measurement.

Optical equipmeni used in microhardness testers
for measuring the indentstion must focus on both
ends of the indentation at the same ume. as well
as be rigid and free trom vibration. Lighting is
aiso important. Compiete specifications of mea-
surement, including the mode of iliumination. are
necessary in microhardness-testing techniques.
Polarized light, for instance. results in larger
measurements than does unpolarized light. Ap-
parently, this is caused by the reversal of the dif-
fraction partern: that is, the indentation appears
brighter than the background. When test data are
recorded, it is recommended that both the mag-
nification and the type of illumination used be
reported.

Mgasuring the Indentation. In measuring the in-
dentation, the proper iiiuminaiion 10 obiain Op-
timum resolution is essential, and the appropnate
objective lens should be selected. In operation,
the ends of the indentation diagonals should be
brought into sharp focus. With the Knoop in-
denter, one leg of the long diagonal should not
be more than 20% longer than the other. If this
is not apparent or if the ends of the diagonal are
not in focus, the surface of the workpiece should
be checked to make sure it is normal to the axis
of the indenter. With the Vickers indenter, both
diagonals should be measured and the average
used for calculating the Vickers hardness number

(HV).
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Fig. 13. Principal components of a
Tukon microhardness tester
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Indentation in a particle of chromium-vanadium car-
bide (white constituent) showed a vaiue of 1830 HK.
whnereas the indentation in the matrix (carker constit-
uent) was 801 HK. Both indentations were made with
a 50-g ioad. (Specimen was polished. and etched in
Viieua's reagent; shown at 1000x.)

Fig. 14. Comparison of Knoop in-

dentations in two microconstitu-

ents of gquenched-and-tempered D2

tool steei

Hardness, 480 HK

Fig. 15. Cross section of a tap
tooth showing hardness vari-
ations caused by overheating dur-
ing grinding '

Preparing and Holding the Specimen. Regardless of
whether the metal being tested for microhardness
is an actual workpiece or a representative spec-
imen. surface finish is of prime importance.

To permit accurate measurement of the length
of the Knoop indentation or diagonals of the
Vickers indentation, the indentation must be
clearly defined. In general, as the test load de-
creases, the surface-finish requirements become
more stringent. When the load is 100 g or less,
a metallographic finish is recommended.

Specific Applications of Microhardness Testing

Microhardness testing is used extensively in
research and for controlling the quality of man-
ufactured products. as well as for solving shop
problems. -

Testing of sma!l workpieces is an important use of
microhardness testing. Many manufactured
products, notably in the instrument and electron-
ics industries, are too small to be tested for hard-
ness by the more conventional methods. Many
such workpieces can be tested without impairing
their usefulness, generally by means of various
types of holding and clamping fixtures.

Microhardness testing is also applied to prod-
uct forms that cannot be tested by other means.
Thin foils and small-diameter wires are typical
examples.

Monitoring of Surface-Aardening Operations. Micro-
hardnass testing s the hest methad in present use
farsoeurately Jdeteraning case depth and certain
case vconditions of carburized or nitrided work-
pizces. wsing the hardness-survey procedure. In
most instances this is accomplished by use of test
coupons that have accompaniad the actual work-
pieces through the heat treating operation. The
coupons are then sectioned and usually mounted
for testing. To ensure accurate readings close te
the edge of the cross section. the 100-g load is
most often used, although a 500-g load 1s some-
times preferred. If the 100-g load is used. a me-
tallographic finish is essential.

Readings are taken at pre-established intervals
(commonly, 0.004 or 0.005 in.). usually begin-
ning at least 0.001 in. from the edge of the work-
piece.

Measuring Hardness of Microconstituents. A great deal
can be learned about metals and their potential
properties (for example, their resistance to wear)
by knowing the actual hardnesses of their various
microconstituents. Notable examples are the
highly alloyed tool steels. Figure 14 shows a mi-
crograph of polished and etched D2 tool steel.
Knoop indentations taken on the matrix (darker
constituent) and on the particles of compiex alloy
carbide (white) show an obvious variation in size.
In this instance the tests were made with a ioad
of 50 g. The indentation on the matrix was 801
HK, whereas the carbide showed a value of 1930
HK. Actual Rockwell hardness on the C scale
was 64 HRC (822 HK by conversion). There-
fore, the Rockwell C scale did not register the
true conditions.

Shop problems are often solved with.the help of
microhardness testing. Some of the most notable
examples involve cutting edges of tools.

Cutting tools made from high speed steels, even
though they have been correctly heat treated. are
frequently damaged in grinding. Taps are among
the most vuinerable, because the crests of teeth
are thin and thus are likely to become overheated
during grinding. ’

In one instance, taps were failing prematurely
from dulling of the tap teeth. Hardness measure-
ments taken at various locations (where it was
possible to measure) on the taps showed consis-
tent values of 65 HRC, which was entirely ac-
ceptable. However, when one of the taps was
sectioned and a tooth area was examined with a
microhardness tester. results were quite differ-
ent. Measurements taken at various locations with
a Knoop indenter and a 100-g load showed read-
ings of about 850 HK (by conversion. about 63
HRC) in the center of the tooth and to within
0.003 to 0.005 in. cf the edge (see Fig. 15). At
the very edge of the tooth crest, however. reac-
ings were as low as 480 HK (see Fig. 15), which
converts to approximately 46 HRC. Variation in
size of the indentations can be clearly seen in
Fig. 15. Obviously, the softened condition was
a result of abusive grinding practice and rendered
the tap useless.
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THE TENSION TEST is the test most com-
monly used to evaiuate the mechanical properties
of materials (Ref 1}. Its chief use is the deter-
mination of properties related to the elastic de-
sign of machines and structures. [n addition, the
tension test gives information on a material’s
plasticity and fracture. The chief advantages of
the tension test are that the stress state is well
established, that the test has been carefully stan-
dardized (Ref 2) and that the test is relatively easy
and inexpensive to carry out. This article will not
detail this test technique, because it is well cov-
ered by standard methods (Ref 2): instead, the
interpretation and limitations of the test results
will be discussed.

ENGINEERING STRESS-STRAIN CURVE

In the conventional engineering tension test.
stress is defined by the applied load divided by
the original cross-sectional area of the specimen.
Engineering strain, e. is the change in length di-
vided by the initial length:

L-L, AL
L L

In the elastic region of the stress-strain curve (Fig.
1), stress is linearly related to strain, o = Ee,
where E is the elastic modulus. As long as the
specimen is loaded within the elastic region. the
strain is totally recoverable and the specimen will
return to its originai length when the load is re-
laxed to zero. However, when the load exceeds
a value comresponding to the yield stress, the
specimen undergoes gross plastic deformation and
is permanently deformed when the load returns
to zero. The stress to produce continued plastic
" deformation increases with increasing strain— the

e=

(EqD)

critss-secttonal arca ! it cage length. Ini-
uaily the strain hardening more than compen-
<atcs for this Jdecrease ia area. and the cngineer-
iy stress continues o rise with increasing strain.
Eventually a peint is reached where the decrease
in area is greater than the increase in deformation
load arising from strain hardening. This condi-
tion wiil be reached first at some point in the
specimen that is slightly weaker than the rest. All
further plastic deformation is concentrated in this
region. and the specimen begins to neck or thin
down locally. Because the cross-sectional area is
nov; decreasing fir more rapidly than the defor-
mation load is being increased by strain hard-
ening, the engineering stress continues to de-
crease until fracturs occurs.

The maximum in the engineering stress-strain
curve corresponds to the uitimate tensile strength,
a,. The strain at maximum load. up to. which
point the cross-sectional area decreases uni-
formly along the gage length as the specimen
ciongates, is the uniform elongation, e,. For
stretching-type forming operations. such as stretch
forming of aircraft components or forming of au-
tomobile fenders, local necking determines the
formability limit, and in such applications uni-
form elongation can be an important measure of
ductility. In many metals, the engineering stress-
strain curve is relatively flat in the vicinity of
necking, and it may not be possible to establish
the maximum load without ambiguity. In these
cases, the method suggested by Nelson and Win-
lock (Ref 3) is useful.

DUCTILITY

The conventional measures of ductility that are
obtained from the tension test are the engineering

Tatle 1. Comparison of several measures of
ductility for two aluminum alloys (Ref 4)

Alloy ey e €y

Engineering stress

metal strain hardens. To a good engineering ap- 245-0 (2024-0) ...... 1.22 0.18 0.16
proximation, the volume remains constant during ~ 235-T (2024-T) ...... 0.64 0.18 0.15
plastic deformation, AL = A.L,, and, as the ;gg‘g (7787755'0’ ~~~~~~ (‘)Zi g:? g(l);
specimen elongates, it decreases uniformiy in -T(075T) .- : : :
et Strain to fracture
fomn— niform strain ———-—i
Necking
begins
Fracture
Fracture
stress
Yieid stress

Engineering strain

- Fig. 1. Englneering stress-strain curve
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ofracture, ¢, (usually expressed as u per-

ge clongzation). und the reduction of area ut

traciure, RA (also usually expressed us a per-

centage:
L-Llo
L,

_ Ay — Af

Ay

&,

(Eq2)

RA (Eq3)

Because an appreciable fraction of the defor-
mation will be concentrated in the necked region
of the specimen. the value of e: will depend on
the gage length L, over which the measurement
was taken. The smaller the zage lenrgth. the greater
the contribution from the neck and the higher the
value of e.

To ecliminate this difficulty and to provide a
measure of ductility that correlates with forming
operations in which the gage length is very short.
it is possible to determine the zero-gage-length
elongation, ¢,. From the constancy-of-volume
relationship tor plastic deformation, AL = AgL,:

L, A I-RA
Loh A
Ly A
1 RA
= -1= {Eg4)
1-RA 1-RA

Thus, the zero-gage-length elongation may be
determined directly from the reduction of area at
fracture or from the change in length of grid marks
near the actual fracture. The data presented in
Table 1 show how basing a comparison of the
formability of aluminum alloys on the eiongation
in a 2-in. (50.8-mm) gage length would lead to
erroneous conclusions for torming operations
where local ductility determines the forming limit
(Ref 4).

TRUE-STRESS/TRUE-STRAIN CURVE

The necking phenomenon which occurs in the
tension test clouds the usefulness of the engi-
neering stress-strain curve beyond the maximum
load. The falloff in stress which occurs beyond
P is artificial and occurs only because the stress
continues to be calculated on the basis of the
original cross-sectional area, A,, when in fact the
area at the necked region is now much smaller
than A,. If the true stress, based on the actual
cross-sectional area of the specimen, is used. the
stress-strain curve increases continuously up to
fracture. Then, if strain is expressed as true strain.
we have a plot called the true-stress/true-strain
curve (Fig. 2).

Note that this curve continues to rise peyond
necking all the way to tracture. However, once
necking occurs, the constraints producesd by the
nondeforming region outside the neck produce a
state of triaxial stress in the neck. Thus. the av-
erage stress required to cause flow trom maxi-
mum load to fracture is hizher than would be re-
quired if only a uniaxiai stress were present.
Bridgman (Ref 5) has made a mathematical anal-
ysis of the stresses in the neck that permits cor-
rection of the true-stress/true-strain curve for the
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existence of triaxial stresses. More recent studies
have utilized finite-element analysis (Ref 6).

The region from yielding to necking is one of
uniform plastic deformation in which the speci-
men gage length increases and the diameter de-
creases uniformly along the gage length. In this
region the true-stress/true-strain curves for many
ductile metals can be expressed by a power-law
relation:

o = K¢

(Eq5)

where K is the strength coefficient, defined by
the value of true stress at € = 1.0, and n is the
strain-hardening exponent. Equation 5 is valid if
2 plot of o versus € is a straight line on log-log
coordinates. The strain-hardening exponent is the
slope of this line. Thus

d(ln€)

The strain-hardening exponent may have values
from n = 0 (a perfectly plastic solid) ton = 1
(an elastic solid). Values of n for most metals
are between 0.05 and 0.50.

An increase in strain rate increases the stress
to produce plastic deformation (the flow stress).
The effect is modest for coid working. but is quite
significant for hot working. The dependence of
flow stress on strain rate. at constant strain and
temperature, is given by

o =C(®"|x (Eq7)

where m is the strain-rate sensitivity. The ex-
ponent m can be evaiuated from the slope of a
plot of log o versus iog €, or it can be obtained
from rate-change tests in which the change in flow
stress caused by a step change in € is measured:

(d log cr) <A log o)
m= =
dlog € Alog €/ ox

o2

(Eq6)

I
_logo:—loga, _ o8 g,

- (Eq8
log €; — log €, log & Ea®)
€

ARALYSIS OF TENSILE INSTABILITY

The development of a necked region in a spec-
imen loaded in uniaxial tension represents a plas-

tic instability. Because this disturbs the simple
analvsis of the tension test and limits the engi-
neering usefulness of the test. it has become the

. subject of considerable study (Ref 7 to 9). A

practical application of the ideas presented below
is given in the work of Ghosh (Ref 10). who de-
veloped a numerical analysis for predicting the
shape of the engineering strain-stress curve be-
yond maximum load as a function of strain hard-
ening, strain-rate hardening, and plastic anisot-
ropy properties of the metal.

Consider a tensile specimen loaded to a value
P. At any point a distance L along the specimen,
the cross-sectional area is A and P = oA. Since
P does not vary along the length of the specimen,
and o = f(e, €),

dP {(dc) de
dL de/,dL

(do) dé} dA
+l—] —t+0—
dé/.dL

(Eq 9)

o
dL

Because the volume of the specimen remains
constant, the true strain can be written as

de=g-l—-=—d—A (Eq10)
L A

and ” '

de__1da ol

dL AdL

Alsg, from Eq 10, we can express the strain-rate
€ by

de 1dA A

dée=—= —— ———= ——

12
dt Adt A Eal2)

" so that

dé 1dA AdA

—=—— = 13
A*dL Ea13)

dL AdL

The material parameters which are important to
the necking process are the dimensionless work-
hardening coefficient:

ldo

ocde

(Eq14)

and the strain-rate sensitivity:

dincy € (do
m=(»‘dlné,).=;(;l:f.

When Eq 12 and 13 are substituted at £4 Y,
and the definitions for y and m are adeca throuzn

Eq 14 and 15, the result is

(Eq 1%

) d A moA

— (0 - mo — yg) = ——— —— (Eq 16)
dL dL A
A final rearrangement gives
1dA d .
AdL_ L™ moy-1

= = (qu'])
1dA d m
—— = (lnA)
AdL dL

This equation describes the rate of change of area
with length, and gives the criterion for the onset
of necking.

Any real tension specimen will have vanations
in cross-sectional area along its length. These can
arise from an intentional taper. from machining
errors or from heterogeneities of structure which
lead to weaker cross sections. Deformation be-
comes unstable when the smallest cross section
of the specimen shrinks faster than the rest. This
occurs when dA/dA > 0. Deformation will be
uniform and stable when dA/dA < 0. Since
A/A is negative in tension, stable deformation
in tension occurs when dA/dA = 0. Therefore.
from Eq 17. the condition for stable, uniform
tensile deformation is

y+m=1 (Eq18)
Necking is involved with the interplay between
the applied stress and the flow resistance of the
material. As the specimen elongates under a given
load the area decreases and the stress increases.
If necking is not to occur, the material’s strength
must increase through strain hardening (y) and
strain-rate hardening (m).

For room-temperature deformation. m — 0 and
the instability criterion reduces to v = 1. Thus,

" stable tensile deformation occurs for

do
-_—Z=20
de

(Eq19)

If the true-stress/true-strain curve is given by @

- = Ke°, then

do
— = pKe*™! = ¢ = Ke*
de

and necking occurs when

€=n (Eq20)
Because n in tension rarely exceeds 0.5. we can
see that the available uniform strain in the ten-
sion test is limited.

ELONGATION MEASUREMENTS IN TENSION
TESTING

The measured elongation depends on the gage
length or the dimensions of the cross section of
the spectmen. This is because the total extension
consists of two components. the uniform exten-
sion up to the point of necking and the localized
extension after necking (Fig. 3). The extent of
uniform extension will depend on the metallurgi-
cal condition of the material (through n) and the
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Flg. 3. Local elongation measured at positions away from fracture in tension
specimens for two aluminum alloys (Ref 11)

effect of specimen size and shape on the devel-
opment of a neck.
However,

Li-Lh=a+el, (Eq2D)

where a is the local necking extension and e L,
is the uniform extension. We then have

Lf"Lo a
= = 22
& e (Eq22)

which clearly indicates that the total elongation
is a function of the gage length. Numerous at-
tempts to rationalize the strain distribution in the
tension test (Ref 12) have been made, dating back
to 1850. Following Barba’s law (Ref 13), which
states that geometrically similar specimens de-
velop geometrically similar necks, it is usually
assumed that the local extension at the neck is
proportional to the linear dimension of the cross-
sectional area, a = B\/K-o, so that the elongation
equation becomes

B\/Tx'o+ ‘
L €

This equation for elongation, which is usually at-
tributed to Unwin (Ref 14), clearly shows the ra-
tionale for the use of fixed ratios of gage length
to diameter or gage length to square root of cross-
-sectional area in specifying tensile-specimen di-
mensions. It also reinforces the importance of
stating the gage length over which the measure-
ment was made when reporting elongation val-
ues. In the United States. the standard tensile
specimen is 0.505 in. (12.83 mm) in diameter
and 2 in. (50.8 mm) in gage length. so 1/D =
4. However, the testing standards in other coun-
tries specify different gage lengths for the mea-
surement of elongation (Table 2).

To compare the ductilities of different metals
by elongation measurements. the gage length
should be adjusted as a function of the cross-sec-
tional area of the test specimen. However, when
flat specimens are cut from sheet or plate pri-
marily to determine whether quality of individual
lots meets specifications, it is usual to use fixed
gage lengths, because of the lower cost of pre-
paring and testing a large number of such spec-
imens.

& = (Eq23)

Table 2. Dimensional relationships for
specimens used in different countries for
measurement of elongation

United
Type of Kingdom United
spec- Dimensional Before Cur- States  Ger-
imen relationship 1962 rent  (ASTM) many
Sheet Lo/VA; .... 40 565 .45 113
Round
bar Lo/Dy ...... 3.54 5.0 40 10.0

The effect of specimen geometry on total elon-
gation is of particular concemn in testing of sheet-
metal specimens. Various proposals concemning
the effect of ratio of width to thickness can be
-found in the literature (Ref 15). However, the
correlation is more meaningful in terms of spec-
imen cross-sectional area. A study of the effect
of specimen geometry on elongation of sheet
specimens (Ref 16) showed that, although Un-
win's equation was obeyed (within considerable

scater), a simpler equation due to Tempiin (Ref
17) was possibly in better agreement with the re-
sufts:

e, = CAY (Eg24)

Analysis of the resuits showed that the exponent
b in Templin's equation depends on botn uniform
strain and localized fracture strain. Thus it will
vary with processing and heat-to-heat differences
in the metal, and it cannot be considered to be a
real constant of the metal. A general trend was
shown to exist between the exponent b in Tem-
plin’s equation and the logarithm of the ratio of
the zero-gage-length (fracture-strain) elongations
to the infinite-gage-length (uniform-strain) elon-
gations.

Although (even after 100 vears of study) opin-
ions differ ia detail concerning the ettect of spec-
imen geometry on elongation, there is general
agreement concerning the validity and impor-
tance of one factor— the ratio VVA/L. Even here
it appears to be better validated for round bars
than for rectangular specimens. However. if suf-
ficient data on the intluence ot specimen size on
elongation are not.available, the elongation of a
specimen cf arbitrary size can be estimated by
using the concept that a constant elongation is
obtained if vm is maintained constant. as
suggested by Eq 23. Then..at a constant value of
elongation, VA,/L, = VA,/L,, where A and L
are the areas and gage lengths of two ditferent
specimens, 1 and 2, of the same metal. To pre-
dict the elongation in length L, on a specimen
with area A, from measurements on a specimen
with area A, it is only necessary to adjust the
gage length of specimen | to conformto L, =
L, VA\/A,. As an example, suppose. that sheet
s in. (3.2 mm) thick is available and 1t is de-
sired to predict the elongation in 2 in. (50.8 mm)
in identical material 0.080 in. (2.03 mm) thick.
Using sheet specimens !/ in. (12.7 mm) wide,
we would predict that a test specimen with L =
2V0.125/0.080 = 2.5 in. (63.5 mm) from the
l/s-in. (3.2-mm) sheet would give the same elon-
gation as a 2-in. (50.8 mm) gage length in sheet
0.080 in. (2.0 mm) thick. The usefulness of this
procedure is shown in Fig. 4, where solid lines

Area, mm X 10¢

1.55 185 155 1880
oo T T
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= - oav
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: o
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~ C
£ o
e L
2 -
= -
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Fig. 4. Caiculated variation of elongation in 2 in. (50.8 mm) with specimen cross-

sectional area (Ref 16)
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are oxpenmvemial and poinis indicate picdicrad
elongations 1or specimens o1 different areas.
The shove discussion indicates that the mea-
wrzs of ¢ fryinat are eraiubic with the ren-
$ion test loave a proar deai 1 o2 desired in pro-
viding Guanudative vaiues. ine main difficulty
arises from the necking of the specimen. The oc-
currence of uniform and localized deformation
makes the percentage elongation at fracture of
little value as a quantitative measure of ductility.
athough it is usually reguired in metallurgical
specifications. Reduction of area 1s a better mea-
sure of ductility. but its quantitative use is made
difficult by the poorly defined triaxial stress state
that is introduced by the formation of a neck.

PLANE-STRAIN TENSION TEST

A special type of tension-test specimen has been
designed (Ref 18) to give maximum plastic con-
straint so as to emphasize the differences in frac-
ture behavior of nominally ductile materials (Fig.
5). The deep grooves in the specimen restrict the
deformation to the grooved region. The ratio B/
L is large enough so that approximately plane-
strain conditions are achieved in the test section
(Ref 19). Thus, strain occurs in the thickness and
length directions but not in the width direction.
The true strain is given by

€= Inhy/h (Eq25)

where h, is the initial thickness of the reduced
section and h is the thickness at any time after
deformation has begun. However, the ratio L/h
is large enough so that there is no notch effect,
and thus a specimen designed to the specification
in Fig. 5 is an unnotched plane-strain specimen.
Thus, the true stress can be determined directly
from the load divided by the area (h X B).

The ability of the plane-strain tension test to
distinguish between material ductilities is shown
in Table 3.

The plane-strain tension specimen described in
Fig. § has the disadvantage that it may not be
practical to machine such a specimen in a thin
sheet. Also, since all deformation is confined to
the notch region, it may be difficult 1o make ax-
ial-strain measurements in those limited con-
fines. A special clip-on fixture allows a regular
sheet specimen to be converted to a plane-strain
specimen (Ref 20).

This plane-strain tension specimen is 38 mm
wide and 200 mm long. The specimen contains
two circular edge notches with a 19-mm radius.
A special fixture containing four knife edges is
clamped to the surface of the specimen. The knife
edges run paraliel to the tensile axis of the spec-
imen and fall just inside the reduced cross sec-
tior. These knife edges prevent any deformation
in the width direction. As a result. necking and
failure occur perpendicular to the tensile axis.

SUMMARY

The tension test is a “benchmark test” or “ref-
erence test™ that provides much basic informa-
tion about the mechanical state of a material. This
test provides information on the flow of a ma-
terial and its ductility.

The flow resistance is evaluated on the basis
of yield stress. The vield stress is variously de-
termined by the first deviation from linear elastic

behavior, or more precisely by the stress corre- .

sponding to the intersection with the stress-strain
curve at an offset strain of 0.002 (the 0.2% offset

hdl

L

-

B=1in:L=1Yin;h=0080in;r=1/16 in.
Fig. 5. Plane-strain tension speci-
men

yield strength). If the stress-strain curve can be
expressed by Eq 5, then the vield stress corre-
sponding to a particular cold reduction, ex-
pressed as reduction of area, RA, is given by the
following equation (Ref 21):

cy=Kln( ) (Eq26)

1-RA
This shows that a high strain-hardening exponent
n leads to higher flow stress. In addition, with
high n values the deformation is spread out and
local points of weakness, which can lead to thin-
ning or fracture. are minimized. At elevated tem-
peratures, strain-rate sensitivity becomes impor-
tant. and strain hardening becomes less important.

Elongation and reduction of area in the tension
test cannot be calculated from each other because
the occurrence of necking prevents the constant-
volume relationship (AoL, = A,L,) from being
invoked over a distance containing the necked re-
gion. While elongation and reduction of area
usually vary in the same way— for example, as
a function of test temperature or alloy content—
this is not always the case. Generally speaking.
elongation and reduction of area measure differ-
ent types of material behavior. Eiongation mea-
surements in the tension test are chiefly influ-
enced by uniform elongation (except when the
gage length is very short) and thus depend on the
strain-hardening capacity of the material. Reduc-
tion of area is more a measure of the deformation
required to produce fracture. It is the most struc-
ture-sensitive ductility parameter.
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—Compressicn Testing—

THE CONCEPTS of uniaxial tensile and com-
pressive loading are quite similar. In both cases.,
a strain is produced parallel to the applied load
that has the same sign as the applied load. and
two transverse strains are produced that are op-
posite in sign to the applied load. Below the pro-
portional limit, the strain in the load direction.
in both cases, can be calculated using a singie
value of Young's modulus. Similarly. the trans-
verse strain can be calculated using a second ma-
terial constant, Poisson’s ratio (v):

€ransverse = VEaxin

Compression testing'is an extremely valuable
testing procedure which is often overlooked be-

- cause it is not properly understood. One of the

main advantages of the compression test is that
tests can be performed with a minimum of ma-
terial, and thus mechanical properties can be ob-
tained from specimens that are too small for ten-
sion testing. Compression tests are alsc very
helpful for predicting the buis formenin of me-
tertals (behavior in forging, extrusion. roiiing,
etc.).

In compression testing, the material does not
neck as in tension, but undergoes barreling: fail-
ure occurs by different mechanisms and therefore
there is no UTS (ultimate tensile strength). In
general, ductile materials do not fail in compres-
sion but tend to flow in response to the imposed
loads. Brittle cylindrical specimens loaded_in
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Compression test of gray cast iron, grade 40, illus-

trating brittle fracture. The compression strength of this

specimen is 110.517 ksi (762 MPa), which is aporox-

ibrﬂngte!y three times its tensile strengtn of 40 ksi (276
a).

Fig. 6. Brittle compression

compression fail in shear on a plane inclined to
the load, and therefore actually break into two or
more pieces (Fig. 6). In this case. an uitimate
(compressive) stress can be defined.

In comparison with tension testing, several
difficulties are encountered in conducting
compression tests and interpretation of the ex-
perimental data. For example, maintaining com-
plete axiality of the applied load is important. In
tension testing, self-aligning grips make this rel-
atively simple to accomplish. In compression
testing, if the specimen is tall in relation to its
diameter, this can present a major difficuity.
Nonaxiality of the load induces a bending load
in the specimen, in addition to the axial load.
that potentially will cause buckling. Alignment
of the loading platens to impose strict uniaxial
loading is easier if the specimen contact area is
large, but this in turn introduces other difficul-
ties.

Frictional forces exist at the specimen/platen
interface that tend to restrict the increase in di-
ameter of the specimen as it decreases in height.
These forces are directly reiated to the coefficient
of friction, w, and thus care must be given to
minimizing . P is the compressive load. Due to
these frictional forces, loading on the specimen
is not uniaxial. The effect of these frictional forces
is two fold: (@) an anaiysis indicates that the
magnitude of the applied stress is increased over
what it would be if the specimen were loaded
uniaxially (i.e., the situation it p equals 0), and
(b) diametral expansion is hindered near the plat-
ens, but not in material well removed from the
platen, so that the specimen becomes barrei shaped
(Fig. 7). Because of the increased magnitude of

Barreling

Increasing d,/h,

.- Compression Load -

(a) Height reduction, %

Extrapolated
values

f Data points

Slress —3p—

increasing
height reduction, %

(b) do/Ny ~m—

(a) Curves illustrating the relationship of compression
load to height reduction for various do/h, ratios. (b)
Replot of curves for extrapoiation to dy/hy = 0. dy is
initial diameter; h, is initial height.

Fig. 8. Load-deflection curves

the applied stress, deformation at midheight is
plastic, whereas it is still elastic near the speci-
men/platen interface. The ratio of the elastically
strained material to the plastically strained ma-
terial increases as the specimen height decreases,
so that barreling increases during the course of a
test. The unfortunate consequence of barreling is
that specimens selected for easy axial alignment
are the same specimens that show extensive bar-
reling and for which the internal stresses in the

Ri112E™

\Elastlcaﬂy loaded region

AAA LA

Flg. 7. Eiastically loaded region and barreling in a compression specimen for two

different height-to-width ratios

maietiui have o large oiaxial component. There-
fore. seme compromise must be made in select-
A soccimen donensions. A neignt-to-diwneter
Wabout 3 to 1 olten is sereciod tomininmize
bucshity that oveurs Jue o bending louds zen-
erated by nenaxial alignment of the load.

2 of the Increasing contzct aren and the
ily strained material near the plaien,
ivad-deflection curve bends upward as the spec-
imen decreases in heignt (Fig. 3). A dramatic in-
crease in load occurs if the elastically strained
regions of Fig. 7 overlap.

Due to the presence of frictional forces, the
pressure distribution across the specimen is not
uniform, as shown in Fig. 9. The pressure dis-
tribution is given by:

[

p = o expl(2u/h) (1 — x)]

where p is pressure, 0, is yield stress. w is coef-
ficient of friction, r is cylinder radius. X is dis-
tance from center of cylinder to data point on x-
axis, and h is cylinder height.

P

P

Fig. 9. Line-loaded compression
disk

Figure 9 also shows how the pressure distri-
bution changes as the height decreases and as the
coefficient of friction changes. The load needed
to deform the cylinder can be estimated by mul-
tiplying the average pressure on the specimen by
the contact area. Figure 9 indicates that the load
required to deform materials increases dramati-
cally as the diameter-to-height ratio becomes
greater and also increases with a rise in the coef-
ficient of friction. Without overload protection
on the load cell, precautions must be taken so
that the large loads required to cause plastic flow
do not damage the load cell by exceeding its ca-
pacity, especially at the large plastic strains char-
acteristic of forming processes.

Coefficients of friction are kept as low as pos-
sible to minimize barreling and the development
of large loads by providing lubrication at the
platen/specimen interface. Two possibilities are
the use of lubricating oil and oil grooves in the
specimen or platen, or thin Teflon (trademark of
DuPont) sheet between the platen and specimen.

An alternative procedure to minimize friction
effects and the attendant barreling phenomenon
is sequential loading of the specimen—that is. to
load until plastic deformation just starts. unload,
determine the change in dimensions and relubri-
cate, then reload again until plastic flow initiates.
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This locus of poinis is then connected to provide
a constructed stress-strain curve (Fig. S).

A tedious but accurste way o deternine a true
UniaXial COMDICSSION SIress-S{rain Curve is 10 use
a series of specimens having varying i/D ratios.
The stress at a given height reduction is then de-
tenmined for each 17D tatic, pioticd us 4 function
of i/D ratio. and extrarolaied to an 1/D ratio of
0. This might be done at oniv one value of offset
(i.e., commesponding to .27 stram; tc provide
& true flow siress, or a compiete curve could
be construcied. This procedure is illustrated in
Fig. § and described in detaii in Cook and Clarke
(Ref 1).

ASTM STANDARDIZED TESTS

ASTM Method E9 gives the standard proce-
dures for room-temperature compression testing:
for elevated-temperature testing. ASTM E209
provides the standard recommended practice. For
the high-temperature tests, ASTM E209 speci-
fies that a lubricant, such as molybdenum disul-
fide or graphite, should be used.

LINE-LOADED COMPRESSION TESTING

For the line-loaded test. a flat disk is loaded,
as in Fig. 9. If the disk is of brittle material so
that fracture occurs before plastic flow initiates,
the thickness of the disk does not affect the cal-
culated stress to cause fracture. The tensile stress
at fracture for this case is calculated by:

2P

s=—

Dt

where s is maximum tensile stress, P is applied
load, D is specimen diameter, and t is specimen
thickness. This test is known as the “Brazilian
test” and is routinely applied to determine the
tensile strength of rocks. More detailed infor-
mation can be found in Jaeger and Cook (Ref 2).

PLANE-STRAIN COMPRESSION TESTING

The common forming operations —rolling,
swaging and forging — are forming operations in
which there is little or no change in dimension
in one direction. For example. in rolling, a de-
crease in thickness is converted into an increase
in length with little increase in width. Such a state
of strain is then two dimensional: it is planar strain.
Plane-strain deformatinn i+ reiomed W when e
development of a local neck is discussed. and in
that case the plane-strain deformation occurred
due to an internai state of strain in tne body. Two
loading situations that develop piane-strain de-
formation are illustrated here; one in which the
plane-strain deformation is developed due to ex-
ternal constraint on the flowing material, and a
second, in which the constraint is developed in-
ternally in the material.

In Fig 10(a), metal can flow in the x and z
directions due to the applied stress in the z di-

rection, but cannot flow in the y direction be--

cause of the die wall. In Fig. 10(b). the load P
causes flow in the z and v directions. but flow
occurs in the x direction if the x dimension or
the width-to-thickness ratio of the sheet is large.
This is because the material not under the die has
no load imposed on it and, therefore, has no ten-
dency to spread in either the x or y direction.
Therefore, this unloaded material restrains flow
of the material in the x direction (but not the v

z
e<o | Flow in thickness direction

¢>0

__.._.+7

No flow in transverse direction

(a) Flow in longitudinal direction

direction) under the die. There is net flow in the
y direction, because the unloaded material is
simply pushed out by the expanding material un-
der the die. Plane-strain conditions are realized
when the width-to-thickness ratio is about 10 to
1. Because of frictional forces under the die. the
b/t ratio should be held to between 2 to 1 and 4
to 1. If large decreases in thickness are obtained
in the test, sequential loading with a change in
die dimension is necessary to maintain this ratio.
In any event, it is again possible to construct a
stress-strain curve.

Because the strains are large, true stresses and
strains frequently are calculated rather than the
nominal stresses and strains. The stress and strain
developed in the plane-strain compression test are
then given by:

(a) Plane-strain compression of a block in a die. (b)
Indenting dies tor plane-strain comoression testing.
Source: Mechanica! Treatment of Metais, by R. N
Parkins, American Elsevier, New York, 1968, p 22.

Fig. 10. Plane-strain compression

Although not derived here. the mean stresses
and the strain in the load direction in plane-strain
deformation are related to the stress and strain
developed in a uniaxial compression test of a cyi-
inder by:

Uphnenﬂm = l~150uninnleomm

and

ephnem = l-lse\nmnlw

Therefore, stresses and strains measured in the
plane-strain compression test must be divided by
the factor 1.15 if an equivalent curve for uniax-
ially loaded material is to be constructed or if the
data are to be compared with data obtained in a
uniaxial test.

load P UPSET TESTING
Oy = = = -_—
area  (w)(b) Bulk forming processes, such as forging, ex-
and trusion and rolling, are also evaluated for form-
ability by upset testing. In the simplest form of
ot this test, a short cylinder is flattened (upset) into
€r = ln;; a pancake shape. The bulging at the edges pro-
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Fig. 11. Fracture-locus lines
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Jduces tensae stresses i cause froctures. Work-
abiliry is evaluated by do tt.mnnmw the largest de-
tormaier iy on e ed without producing
ed v crack Sie v
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A precision upset test has been developed to
determine the three-dimensional analog ot the
forming-limit diagram. If grid lines are eclec-
troetched on the surfaces of small cylinders. then
the compressive axial strain (¢,) and the tensile

Loitovever ik use of

THE MOST IMPORTANT fracture tests can
be grouped into two categories: impact tests and
fracture-toughness tests. However, the variety of
service circumstances — different types of ma-
terials, differing crack morphologies, differing
environments and loading rates, effects of size —
have spawned a large number of fracture tests,
. some highly specialized. The most common im-

pact tests are the Charpy test and the Izod test.
" Both are-used primarily for low- and medium-
strength materials (typically steels). These ma-
terials may break at stresses either above or be-
low yield, depending on the circumstances (tem-
perature, size of crack, etc.). Fracture-toughness
tests are intended primarily for medium- and high-
strength materials that may break at below-yield
stresses, if a crack or other sharp flaw—often
quite small —is present. Fracture-toughness tests
are based on the theoretical developments of
fracture mechanics and give results that can be
directly used in calculations relating the size of
cracks to applied loads and stresses. In fracture-
toughness tests, unlike in impact tests, loads are
normally applied relatively slowly — at about the
same rate as in an ordinary tension test—and
temperature need not be of concem. Although
fracture-toughness tests can be conducted in a
tension-test machine, the specimen looks quite
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(a) Simple beam V-notch Charpy specimen. (b) Sim-
ple beam keyhole-notch Charpy soecimen. (c) Can-
tilever beam notched 1zod specimen. Source: Notched
Bar Impact Testing of Metallic Materials, E23-81,
ASTM, Philadelphia. 1981.

Fig. 1. Notched-bar impact-test
specimens

) Qarnes .

hoop strain (&) al Wiica iraciure oocurs can b
determined. By varying the l2ngth-iv-diameter
ratios /DY of the eyt Z-n snd the jubricatien
at the cylinder ends. o widc range wf xircsx‘ tates
can be developed. By or-orving o ratn in the
upset cylinder at which surtace trauure Just oc-
curs for each of the stress states. a tracture-locus
line can be estabiished (Fig. 11). For anv com-
binaticn of strains below the fracture-locus line.
fracture has not yet cccurred and the condition is
safe. When the strain path crosses the fracture
line, surface fracture has occurred. This helpful

procedure in predicting the bulk formability of

metals is discussed oy Kaan (Rei 3) and by Hos-
ford and Caddell (Ref $).
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Fig. 2. Setup and specimen for
Charpy impact testing

different. Generally. it is a plate containing a crack
grown from a machined notch. rather than the
smooth round bar used in tension testing.

Impact Testing

DMPACT TESTS feature a hign but generally
indeterminate rare of loading, typically generated
by a swinging pendulum or falling weight. The
results are not directly related to the stresses and
deformations normally calculated during the
course of engineering analysis and design. al-
though the results may relate to the temperatures
experienced in service. In general, impact-test
results have significance based on empirical cor-
relations with service experience, or as a means
of comparing materials. The Charpy test is most
commonly used to evaluate the effects of metal-
lurgical processes on dynamic mechanical prop-
erties. Another test, the [zed impact test. em-
ploys a cantilevered specimen hit by a swinging
pendulum.

CHARPY TESTS

Specimens used for Charpy tests come in sev-
eral different configurations. Two examples are
the V-notch test specimen, containing a shallow
45° machined notch as a stress concentrator. and
the Charpy keyhole specimen, with a stress raiser

Unbalanoed C2/S.

or ?

that looks something like a keyhole (Fig. la and
b). The V-notch test is the more common of the
two tests.

Charpy tests have the virtue of being simple
and inexpensive. Furthermore. the specimen is
small —also one of the limitations of the test—
and Charpy testing machines are widely avail-
able. The principal application is for delineating
the transition-temperature region in low- and
medium-strength steels; in the common test
sequence, a series of nominally identical speci-
mens is broken at different temperatures. (Oc-
casionally this test is used for materials other
than low- and medium-strength steel.) Material
specifications often include required levels of
Charpy test performance, but the results of the
test have limited fundamental significance. Re-
sults only have meaning in terms of correlations
with ductile or brittle behavior under service con-
ditions based on actual experience. However, be-
cause Charpy tests have been employed for so
many years, a good deal of this experience is
available in the form of general rules that can be
exploited by designers.

Figure 2 illustrates the Charpy bar supported
at its ends and struck on the surtace opposite the
notch so that the loading is three-point bending.
The source of the blow is a heavy, swinging pen-
dulum, as can be seen in Fig. 3. with a range of
25 to 240 ft- Ib (35 to 325 J) of energy at impact.
The weight and height of the pendulum striking
head may be modified to produce vanous foot-
pounds (joules) of 2nergy. Testing-machine and
specimen details, along with test procedures. are
standardized, .as described in ASTM E23.

Machining of specimens should be controlled
to provide specimen uniformity. The orientation
of the bars. with respect to the rolling direction,
often has considerable effect on impact behavior.

In its simplest form, a Charpy test is con-
ducted by inserting a specimen into the machine.
cocking the pendulum and releasing it to fracture
the test bar. Typically, a series of tests is per-
formed at different temperatures. Charpy ma-
chines should be periodically checked against
standardized specimens to determine their accu-
racy.

A dial on the machine indicates the energy ab-
sorbed in fracturing the specimen (Fig. 3). The
test is scaled so that specimens made ot virtually
any material will be broken by the impact. A small
proportion of the initial potential energy of the
pendulum is absorbed in overcoming air resis-
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" Fig. 3. Standard impact-testing
machine

tance; this amount, usually /2 to 1 ft-1b (0.7 to
1.5 I), can be determined by operating the ma-
chine without a specimen in place. Note that the
commonly used machine is entirely manual in
operation, with no instrumentation beyond the
dial. The dial simply gages the height of the pen-
dulum after it has swung through the specimen.
The pendulum carries a great deal of energy even
after fracturing a specimen and must be treated
with respect; safety measures should always be
taken. Injury may result if a guard shield is not
in place during the pendulum swing. The shield
is intended to prevent bodily access during test
motion.

In addition to data on energy absorbed, two
other quantities are commonly determined for each
impact-test specimen. First. the percentage of fi-
brous fracture area visible on the cross section of
the broken specimen is compared with the per-
centage cf cleavage area. Second, the lateral
contraction of the broken bar at the root of the
notch is measured.

Figure 4 shows a series of fracture surfaces from
Charpy V-notch tests at different temperatures.
The fracture surface is entirely fibrous in ap-
pearance a above the transition-temperature re-
gion, indicating ductile behavior; it is ennrelv
c‘eavage below. In the transition region. sw
= in wemperature increase the percentdge
of cleavage fracture. As Fig. 4 shows, the tex-
ture difference between fibrous and cleavage re-
gions makes identification straightforward for
specimens (such as annealed low-carbon steel)
which fail by cleavage at low temperatures. The
percentages can be estimated visually or. if more
precision is needed, the fracture surfaces can be
photographed and further analyzed. Note that in
the transition region, cleavage takes place in the
center of the specimen. with fibrous fracture near
the outer surfaces of the bar. This is a result of
the differing states of stress in the interior and
near the surface. The inner material is con-

strained ggainsi paaste dex’omxalion and more
3 to fracrure By Sloavage

Cheroar cosrr o, measured as indicated
. 504y abhho o dinoo. indication of frac
beravior— in tais Cusc. oI Wi aMount of plasis
derormation accomypin ing the fracture. The
conwaction is usuzll st 10 measure with
micrometer caliper. The thickness of the unbro-
ken specimen at the notch root should be mea-
sured before the test.

The energy absorbed and the fracture-surface
appearance are the most commonly specified re-
sults of the Charpy test. For example. steels for
certain appiications may be required to have a
certain minimum level of energy absorption—

aF

10% 0%

Source: Army Materials and Mechanics Research

Center. Watertown Arsenal.
Fig. 4. Series of fractographs ot
Charpy V-notch specimens of 4340
steel tested at ditferent tempera-
tures, showing the change in ap-
pearance and estimated percent-
ages of fibrous fracture

o i3 ft-ibuidor “:\ J) are comnion values —
at the lowest expected service temperatre Al

L aOnie MINEmJm porcentage of fibrous
2 te.g.. 3070 may be required. Again, note
it such reguirements have no intrinsic signiti-
cance and can only be defined based on corre-
lations with service experience.

The energy absorbed in impact. percentage of
fibrous fracture. and notch-root contraction can
be plotted against temperature to determine the
ductile-to-brittle transition temperature. How-
ever. the particular definition of the ductiie-to-
brittle transition temperature must be clearly
specified in the data report.

The standard Charpy impact test vields direct
readings only of the energy absorbed. “Instra-
mented” tests make use of testing machines with
auxiliary sensors to acquire other data. typically
load data. A specially made striking tup instru-
mented with strain gages can give a load-time
history that allows initiation of the crack from
the machined notch to be distinguished from
propagation of that crack through the specimen.
This is a relatively specialized test that is utilized
for specific limited appiications. The advantages
of the basic Charpy test—smal! specimen size
and low cost—are retained. while allowing frac-
ture-mechanics parameters such as toughness to
be estimated under specific circumstances.

THE 120D TEST

The Izod test is a cantilever-beam test as com-
pared to the simple-beam Charpy test. As shown
in Fig. 6, the Izod specimen is held in a fixture
with the V-notch facing the striking anvil of the
pendulum. The center of the V-notch is in the
same plane as, and paraliel to, the supporting
fixture. The actual fracture test is performed in
the same manner as the Charpy test. and datz on
energy consumed are reported in foot-pounds
(joules). The Izod test does not lend itself to vari-
able-temperature testing because of the apprecia-
ble time required to place and clamp the speci-
men, which results in rapid temperature change
due to specimen and fixture contact. Izod tests
are generally specified for materials tested at room
temperature and where the engineering part is
designed to operate under cantilever loading.

DYNAMIC TEAR TESTS

Dynamic tear tests and drop-weight tear tests
come in several varieties, two of which have been
standardized by ASTM. All are similar to the
Charpy test in the use of the Kinetic energy of a
swinging pendulum (or occasionally a falling
weight) to break an artificially notched test spec-
imen. In essence, they are larger versions of the
Charpy test, with test specimens that are both
thicker and wider to represart thr TTuciure be-
havior of thick-section structural matenals. Whiie
the Charpy test is used almost exclusively to 1n-
vestigate the transition-temperature behavicr of
low- and medium-strength steeis. dynamic tear
(DT tests can be used as well for high-strength
steels and for aluminum and ttanium alioys. When
such materials are broken in a Charpy machine,
the energy absorbed is typically so low, com-
pared to the testing machine’s capacity. that little
meaningful information can be obtained. The
larger DT specimen allows different alloys and
heat treatments to be more reliably compared.

Typical DT specimens are shown in Fig. 7.
The larger specimen is used only where full-
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Tests determined by (a) fracture energy, (b) fracture appearancs and (c) fracture ductility. The drawings of the
Charpy V-notch specimens at lower right in the graphs indicate: (a) orientaticn of the specimen notch with
plate thickness, t. and direction of rolling; (b) location of the total fibrous area and cieavage area on the fracture
surface; and (c) location of the contraction measurement in this series of tests. Percentage of fibrous fracture
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Fla. 5. Characteristics of the transition-temperature range of Charpy V-notch and
Charpy keyhole tests of low-carbon steel plate
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Flg. 8. Setup and specimen for Izod
Impact testing

thickness tests representative of actual structures
must be undertaken.

As in a Charpy test, the basic information ob-
tained from a DT test is the energy absorbed in
breaking the specimen, although fracture-surface
appearance and the extent of plastic deformation
near the fracture can also be useful.

The two varieties of ASTM standard dynamic
tear or drop-weight tests have the designations
E436 (Drop-Weight Tear Tests for Femitic Steels)
and E604 (Dynamic Tear Energy of Metallic
Materials). As the names imply. the purposes are
quite different, even though the generai features
are similar.

The E436 drop-weight tear test uses a speci-
men, normally of the actual thickness of the steel
plate being investigated, with an easily pro-
duced. pressed notch (see ASTM E436 for de-
tails). The test is used only for steels, and indi-
cates the transition temperature between ductile
and brittle behavior. To this end, specimens are
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In the specimens, a crack with a snarp tic is preduced
by making a brittle eiectron beam weld or Dy oressing
with a knite edge. With sither method of previaing the
crack tip, and with erther size of specimen. maximum-
constraint conditions are attained. Dimensicns are in
inches.
Fig. 7. Two sizes of the standard
specimen for the Naval Research
Laboratory standardized dynamic
tear test

tested at increasing (or decreasing) temperatures
until the crack propagates as a tully developed
fibrous fracture away from the notch (it makes
na difference if the crack initiates by a cleavage
mechanism). This is determined by visual ex-
amination of the fractured specimen: no quanti-
tative data need be gathered. Thus. the test is
simple and inexpensive. It is used primarily for
quality control purposes on structural steels —
notably, for pipeline applications.

The ASTM E604 test differs, as the name
“Dynamic Tear Energy of Metallic Materials™
implies, in two fundamental ways:

1. The energy absorbed in fracruring the speci-
men is measured.
2. The test can be used on materials other than
- steels.

The standard dimensions of the specimen are
less than for either of the specimens shown in
Fig. 7; the notch is machined. and the specimen
is always %3 in. (15.9 mm) thick. Tests can be
conducted at a fixed temperature to compare sev-
eral materials, or over a range of temperatures o
investigate transition-temperature effects. Con-
siderable effort has gone into correlating DT test
‘results with plane-strain tracture-toughness vai-
ues, because the more sophisticated testing pro-
cedures required for the latter are more cosdy and
time consuming. In some cases, the DT test can
be used to estimate plane-strain toughness.

DROP WEIGHT TEST

As the name implies, in a drop weight test
(DWT) the specimen is broken by a falling weight
rather than by a pendulum (Fig. 3). However,
the essential difference between this test and those
descriced eariier is that it provides tne opera-
tonal definition of an important parameter termed
the nil-ductility temperature (NDT). The NDT is
the highest temperature at whicn a parucuiar sieel
is likely to fracture in brittle fashion by cleavage.
Above this temperature, the fracture will be ac-
companied by some macroscopic plastic flow as-
sociated with fibrous fracture and a microvoid-
coalescence process on the microscale. The DWT
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Fig. 8. Drop weight test equipment

procedure does not, however, require interpre-
tation of the fracture appearance. nor must any
quantitative data be gathered beyond the tem-
perature of the specimen. As the definition of the
term NDT implies, the test is used only for low-
and medium-strength steels that show a cleav-
age-fibrous transition as the temperature is in-
creased.

The DWT also has been standardized by ASTM
(E208). The specimen is a flat plate with a hard-
surfacing weld bead deposited on one side, as
shown in Fig. 9. The brittie weld is notched to
act as a crack-starter. The fixture for DWT tests
holds the specimen with the notched weld facing
downward so that the falling weight will load the
specimen in bending. The weld is thus on the
tensile surface, and the specimen is backed up so
that it can bend only a limited amount (approx-
imately 5°). Well below the NDT, a DWT will
produce complete fracture (Fig. 9). Well above
the NDT, the specimen will bend elastically and
plastically but will not break. The NDT. as de-
fined by this test, is the temperature at which a
crack starting at the notched hard-surfacing weld
propagates to one or both edges of the tensile
surface of the specimen. To conduct a DWT se-
ries, specimens are tested over a range of tem-

Fig. 8. Fracture appearance of drop
weight nil-ductility transition
specimens
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highest of these iemperatures at which the spec-
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Fracture-Toughness
Testing
By J. K. Underwooc, U.S. Army Ammament Research and De-

velopment Commang. and W. W. Gerpenich, University of Min-
nescta

CONCEPTS OF FRACTURE ®:ECHANICS

The concepts of fracture mechanics are basic
ideas for developing methods of predicting the
load-carrying capabilities of structures and com-
ponents containing cracks. The concepts deal with
basic quantities or parameters of fracture me-
chanics. These quantities can be discussed in re-
lation to a simple example: a center crack in a
plate remotely loaded by 2 unif~—- ‘znsile stress
(see Fig. 10). When the hal-:-.ck length. a. is
less than 10% of the total plaie width, the rela-
tionship among stress-intensity factor, K, ap-

RN

nr

FT T 1T
o
o is remotely applied uniform tensile stress; a is half-
crack length.

Fig. 10. Schematic illustration of a
center crack in a wide plate

plied stress, o, and half-crack length, a, is very
close to the relationship for a crack in an infi-
nitely wide plate, which is:

K=oVma (Eq 1)

The stress applied to the component, the length
of the crack, and the stress-intensity factor in the
loaded component with a crack are the basic
quantities of fracture mechanics. The example in
Fig. 10 also provides a simple expianation for
the units of stress-intensity factor—i.e.. the

product of stress and square root of length. But -
. more important is the concept that the stress-in-

tensity factor, K. is a single parameter which in-
cludes both the effect of the stress applied to a
specimen and the effect of a crack of a given size

I

Fig. 11. Schematic illustration of
the concept of energy release
around a center crack in a loaded
plate

in a specimen. Still using the example of Fig.
10, if the combination of o and a in Eq 1 were
to exceed a critical value of K. then the fracture
strength of the plate would be exceeded and the
crack would be expected to propagate by one of
the several mechanisms mentioned in this article.

Energy-Release Rate

The origins of modern-day fracture mechanics
may be traced to Griffith (Ref 1), who estab-
lished an energy-release-rate criterion for brittle
materials. Observations of the fracture strength
of glass rods had shown that the longer the rod,
the lower the strength. Thus the idea of a distri-
bution of flaw sizes evolved, and it was discov-
ered that the longer the rod, the larger the chance
of finding a large natural flaw. This physical in-
sight led to an instability criterion which in-
volved the elastic energy released in a solid at
the time a flaw grew catastrophically under an
applied stress. )

From the theory of elasticity comes the con-
cept that the strain energy contained in an elastic
body per unit volume is simply the arez under
the stress-strain curve, or:

d
YTk
where o is the applied stress and E is Young's
modulus. However, there is a reduction (that is.
a release) of energy in an elastic body containing
a flaw or a crack because of the inability of the
unloaded crack surfaces to support a load. We
shall assume that the volume of material whose
energy is released is the area of an elliptical re-
gion around the crack (as shown in Fig. 11) times
the plate thickness, B; the volume is w(2a) (2)B.
This is based on the area of an ellipse being =T, ..
where 1, and r, are the major and minor radii of
the eliipse. Then. the total energy released from
the body due to the crack is the energy per unit
volume times the volume, which is:

(Eq 2y

no-a’B
E

0':
U = n(2a)(a)B — = 3
(2a)(a) (Eq 3)
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In ideaily brtic solids. the reicased energy can
be offset oniy by the surtuce energy absorbed.
which is:

W = (2aBX2v.: = 4aBy, (Eq H

where 2aB is the area of the crack and 2v, is
twice the surface energy per unit area (because
there are two crack surfaces).

Griffith’s energy-balance criterion. in the sim-
plest sense, is that crack growth wili occur when
the amount of energy reicased due to an incre-
ment of crack advance is larger than the amount
of energy absorbed:

dUu dw

—— S cma—
da da
Performing the derivatives iadicated in Eq 5 and
rearranging give the Griffith criterion for crack

Zrowin

(Eq 5)

—_— —
o\ ma = V2Ey,

(Eq 6)

Fracture eory was built upon this criterion in
the early 1940’s by considering that the critical
" strain-energy-release rate, G., required for crack
growth was equal to twice an effective surface
energy, Yer

G. = 2ver (Eq T

This Y. is predominantly the plastic energy ab-
sorption around the crack tip, with only a small
part due to the surface energy of the crack sur-

faces. Then, with the development of complex .

variable and numerical techniques to define the
stress fields near cracks, this energy view was
supplemented by stress concepts—that is, the
stress-intensity factor, K, and a critical value of
K for crack growth, K.. Replacing v, with v in
Eq 6 and noting that the energy and stress con-
cepts are essentially identical (that is, K =
VEG) give:

K. = VEG, = oVma (Eq 8)

which is the crack-growth-criterion equivalent of
Eq 1. Thus, K. is the critical value of K which,
when it is exceeded by a combination of applied
stress and crack length, will lead to crack growth.
For thick-plate plane-strain conditions, this crit-
ical value became known as the plane-strain frac-
ture toughness, K., and any combination of ap-
plied stress and crack length that exceeds this value
cowd produce unstabie crack growth, as indi-
cated schematicaily in Fig. 12(a) (linear-elastic).
In work with tougher, lower-strength mate-
rials, it was later noted that stable slow crack
growth could occur even though accompanied by
considerable plastic deformation. Such phenom-
ena led to the nonlinear J-integral and R-curve
concepts which could be used to predict the onset
of stable slow crack growth and final instability
under elastic-plastic conditions. as noted in Fig.
12(b). Finally, the fracture-mechanics approach
was applied to characterize subcntical-crack-
growth phenomena where time-dependent slow
crack growth, da/dt, or cyclic crack growth, da/
dN, may be induced by soecial environments or
fatigue loading. For combinations or stress and
crack length above some environmental taresh-
old, K, or fatigue threshold. AK.,. subcritical
growth occurs, as indicated in Fig. 12(c).

Assumptions

Additional concepts of fracture mechanics nave
evolved which are related to the assumptions made
in using linear-elastic fracture mechanics. Three
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Fig. 12. Relationships between stress and crack iength, showing regions

of crack growth

assumptions basic to fracture-mechanics analysis
are as follows:

1. Cracks exist in the body to be analyzed. In-
deed, cracks, or flaws with cracklike behav-
ior, are frequently present in real structural
materials.

2. A crack can be represented by a flat. free sur-
face in a linear-elastic, homogeneous, iso-
tropic continuum.

3. A characteristic stress field surrounds any crack
in a loaded body. The magnitude of this field,
the K value, at the onset of crack extension
is a material property which is independent of
specimen size and geometry for many con-
ditions of loading and environment.

Stress-intensity Factor. The second assumption
given above makes possible a mathematical de-
scription of the stresses in the vicinity of the crack
tip. This assumption of a crack in a linear-elastic
solid at first appears contradictory to what is
known about fracture of metals. because some
plastic deformation is always found to accom-
pany fracture. However, when the region of plastc
deformation around the crack is small compared
with the size of the crack, which often is true
with large swuctures and with high-strength ma-
terials, this ‘s a good assumption. Using linear-
elastic *: -~y and referring to Fig. 13, the stress
at a2 point P near the crack tip can be expressed
as:

K,

g, =

where @, is the stress perpendicular to the crack
plane, r iz the distance from the crack tip to point
P, 9 %5 k2 angle between the crack plane and the
line from point P to the crack tip, and K, is the
applied opening-mode stress-intensity factor. In
Eq 9, as the distance from the crack tip. r, ap-
proaches zero. _the stress. o,, approaches infin-
itv. This 1/V'r singularity cannot actually oc-
cur, because plastic deformation relieves elastic
stresses very near the crack tip. Nevertheless, in
many cases the |/Vr singularity provides an ad-
equate over-all description ot the stresses near the
crack tip and therefore a good description of the
conditions for crack growth.

The important implications of Eq 9 are: (a) a
crack in a loaded component or specimen gen-
erates its own intensified stress field near the crack

! e(H_-, 'Y 30) (qu;
Cos — sin - sin — :
Vam 2 2503

and types

T'hicknes/\

Direction of appiied load

x is the direction perpendicular to the crack tip and in
the plane of the crack; y is the direction perpendicular
to the plane of the crack; z is the direction parallel to
the crack tip; P is a point near the crack tip: r is the
distance from the crack tip to point P; 8 is the angle
between the plane of the crack and a line from point
P to the crack tip; a is half-crack length.

Fig. 13. Schematic illustration of a

through-thickness crack

tip, a stress fieid that differs from another crack-
tip stress field only by the scaling factor repre-
sented by K; and (b) the factor K expresses how
much the stress intensifies at the crack tip. and
thereby allows the loading and geometry factors
that influence crack growth in a specimen to be
described on a uniform basis using a singie pa-
rameter. '

The stress-intensity factor. K, can have a sim-
ple relation to applied stress and crack length, as
in Eq 1. But, more often, the K relation is of
greater complexity because of complex loading,
various configurations of real structural compo-
nents, or variations in crack shapes. The K re-
lations for many different types ot loading and
specimen and crack geometries have been ob-
tained by various experimental and analytical
methods. Two handbooks that give a variety of
K relations are listed as Ref 2 and 3. These hand-
books give K relations for the three basic types
of crack-face displacement shown in Fig. 14.
Nearly all crack-related fracture processes of
practical significance for metals involve mode I.
opening-mode deformation, in which the dis-
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Fig. 14. Modes of crack deformation

placement of the crack faces is in a direction per-
pendicular to the crack plane. There are cases in
which shear deformation by modes II and III ac-
companies opening-mode deformation, but shear
deformation often has little significant effect on
the over-all, macroscopic fracture process.
Fracture Toughness. The third assumption given

above states that for many test conditions the
magnitude of the stress field. K. at the onset of
crack extension is a material consiant. Tests on
precracked specimens of a wide variety of ma-
terials have shown that the critical K value at the
onset of crack extension approaches a constant
value as specimen thickness increases. Figure 15
shows this effect in tests with AISI 4340 steel
specimens over a range of thickness (Ref 4). In
general, when the specimen thickness and the in-
plane dimensions near the crack are large enough
relative to the size of the plastic zone. then the
value of K at which growth begins is a constant
and generally minimum value called the plane-’
strain fracture-toughness factor, K;., of the ma-
terial. The parameter K,. is a true material prop-
erty in the same sense as is the yield swength of
a material. The value of K, determined for a given
material is unaffected by specimen dimensions or
type of loading, provided that the specimen di-
mensions are large enough relative to the plastic

zone to ensure plane-strain conditions around the
crack tip (strain is zero in the through-thickness
or z-direction).

Plane-strain fracture toughness. K,., is directly
related to the energy required for the onset of
crack propagation by the formula:

—_—
K | EG,.

“ V 1=
where E is the elastic modulus (in MPa or psi),
v is Poisson’s ratio (dimensionless), and Gy is
the critical plane-strain energy-release rate for
crack extension (in kJ/m® or in.-lb/in.?). In
simplified concept, G, is the critical amount of
strain energy that is released from the elastic stress
field of the specimen per unit area of new cracked
surface for the first small increment of crack ex-
tension. The concepts of K;. and G, are essen-
tially interchangeable; K, is generally preferred
because it is more easily associated with the stress
or load applied to a specimen. The value of K,

for a given material can be measured directly us-
ing ASTM Standard Test Method E399 (Ref 5).

(Eq10)

Plastic Zone

‘As mentioned above, under “Stress-Intensity
Factor,” when the stresses get sufficiently high
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The material was 4340 steel plate that had been hardened and tempered at 400 °C (750 °F) to a yield strength

of 1470 MPa (213 ksi).

Fig. 15. Etfect of specimen thickness on the critical K value for crack extension

In steel specimens (Ref 4)

near tne crack Up. plastic derormadcon Mmust oo-
cur. A description of the size of the piasiic rone
Is essentiai to the undent A
size aifects the fracture b
or component. The simpiest concept > 0 ey
ine the point at which o,. according to Eq G.
reaches the vield strength of the material. This
value of r represents the radius of the plastic zone.
This 1s schematicallv depicted in Fig. 16: in
eqguation form it is:

K/

2noTy,

rp=0-0' = (Eq 11)
where o, is the yield strength. Of course. ma-
terial at the tip of a crack does not respond sim-
ply to the o, stress but responds to the complex
triaxial state of stress. One yield criterion which
has successfully modeled complex states of stress

o
Y

oy is the stress perpendicular to the crack plane; oy,
is the yield strength: r is the distance from the crack
tip; 1, is the radius of the plastic zone.

Fig. 16. Schematic illustration of

plastic zone and stress distribu-

tion at a crack tip

in metals is the von Mises or distortional strain
energy criterion. Simply stated. yielding is reached
under a complex state of stress when the sum of
the squares of the principal stress differences is
equal to two times the uniaxial tenmsile yield
squared, or:

+ (0, = 03) + (0; — 6, (Eq 12)

From linear-elastic theory. all of the values of
principal stress may be determined. which for

a,=\/§_{;rcos:[l+smi} (Eq 13a)
v el ]
c,=\/2_"_;cos§l-x—sin§] (Eq 13b)
K, ( .
o, =2v Ve cos 5 (plane strain) (Eq 13¢)
o, = 0 (plane stress) (Eq 13d)

where v is Poisson’s ratio. Combining Eq 12 and
13 gives the elastic-plastic boundary by the in-
verse method. Although only a first approxima-
tion, this approach illustrates the differences be-
tween thin-section and thick-section behavior. For
plane stress, which would apply to relatively thin
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sections having o, = 0 (stress is zero in the
through-thickness direction),

K¢ 8 )
= Py cos’ 1 + 3sin’ E,

plane stress
2 .
-t (Eq 14
2na, ,
which is equivalent to Eq 11 for 8 = 0°. How-

- ever, for thick plates where plane-strain condi-
tions prevail, o, is as given in Eq 13, and now
_ Eq 12 and 13 give:

of =g i)
Ll = -y cos® 1+ 3sin 2

plane strain

2

- 4u(1 - v)} =~ (Eq 15)

r

For a Poisson’s ratio of v = 0.3, the average plane-
strain plastic-zone size is about !/; the plane-stress
value of Eq 14, considering all values of 8. The
important point is that vielding in thick plates is
more difficult, the plastic zones are smaller. and
hence the energy absorbed around the crack is
less.

FRACTURE TEST METHODS

Plane-Strain Fracture Toughness, K

ASTM Method E-399. The first fracture-mechanics
test method to become widely accepted in the
United States is ASTM Method E399. for mea-
suring plane-strain fracture toughness, K., of
metals (Ref 5). Because of this, ASTM E399 is
perhaps the most important method to consider
in the application of fracture mechanics to seiec-
tion of structural alloys. In addition, many other
test methods use some of the same test speci-
mens and test procedures as those in E399.

Method E399 first appeared in the 1969 ASTM
Standards, and the latest revision was in 1981.
As discussed previously, ASTM E399 specifies
the requirements and procedures for measuring
the critical value of the stress-intensity tactor, K.
The measurement corresponds to at most a 2%
extension of a pre-existing fatigue crack in a

specimen large enough that plane-strain condi-
tons predominate around the crack. Three types
of test specimens which can be used with this
method are shown in Fig. 17. They are, in the
order in which they were developed for use with
E399, the bend specimen, the compact specimen
and the arc specimen. These specimens may be
taken from plate and other product forms in any
of six orientations for various crack-growth di-
rections. These are shown, using the compact
specimen as an example, in Fig. 18, which was
taken from ASTM E399. For cylindrical prod-
ucts, a similar procedure is used, except that the
circumferential and radial (C and R) directions
are indicated instead of the long wransverse and
short transverse (T and S) directions.

The critical dimensions for each of the test
specimens are thickness, B, width. W, and over-
all crack length, a, which includes the machined
starter notch and the fatigue precrack. One of the
imponant requirements of this test method is that
the specimen thickness, B. and the crack length,
a, be at least equal to the quantity 2.5 (K./0,.)",
where g, is the yield strength of the material.
Thus, it is desirable to determine the yield saength
and to estimate the K. value for any material to
be tested by this method before the specimens
are prepared. For some materials, often those of

First letter desianates the direction peroendicular to
the crack clane: seccnd letter designates the direc-
tion paraiiel to the cirection of crack growth.
Fig. 18. Orientations of crack plane
and direction for fracture speci-
mens taken from rectangular
product forms such as plate (from
ASTM Method E339)

]

lower strength, the dimensions required by the
reiation 2.5 (K/0,,)’ are greater than can be ob-
tained from the available section sizes of mate-
rial. For such combinations of material and sec-
tion size. measurement of K,. is not possible. In
these cases, alternative methods of fracture-
toughness measurement are necessary, as dis-
cussed below, under “Non-Plane-Strain Tough-
ness Tests.” When measurement of K, is pos-
sible, the K, specimen dimensions should be
somewhat greater than the minimum require-
ments estimated from 2.5 (K./0.)°. For a few
materials, notably some aluminum alloys, recent

‘testing (Ref 6) has shown that dimensions about

twice as great as those normally required give
more consistent K. results.

Another important set of requirements for a
valid K, test involves the fatigue-precracking
process. The test results will be valid only if the
length of the fatigue crack and the straightness
and flatness of the crack are within the pre-
scribed limits. Furthermore, the maximum cyclic
load used in producing the fatigue crack must be
held below a designated limit to restrict the size
of the plastic zone ahead of the fatigue crack.

Once the test specimen has been precracked.
the procedure of the K, test itself is quite simiiar
to the load-versus-displacement procedure of a
standard tension test. The displacement used in
the K. test is the opening displacement of the
notch surfaces at the notch mouth and in the di-
rection perpendicular to the plane of the notch
and crack. This displacement is called the crack-
mouth-opening displacement (see Fig. 17). A
calibrated displacement gage and autographic load-
versus-displacement recording equipment are
needed to measure and record the test data. Spe-
cial fixtures with loading pins which are free to
rotate during the test are required. This ensures
that the same free-rotation loading condition used
for the stress and K anaivsis of the specimens is
also present during the test. A load-versus-dis-
placement plot for a high-sirength aluminum al-
loy, which is generally representative ot the plots
from many steel and aluminum ailoys. is shown
in Fig. 19 (Ref 7.

[nterpretation of the load-versus-displacement
plot and calculation of K,. are described in detail
tor the various specimen types in ASTM E399.
The procedures are described brietly here for the
compact specimen. The provisionai value of the
load at which onset of crack propagation occurs,
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high-strength  aluminum  alloys
(Ref 7)

Py, is obtained from the test record. The Pq value
is either the maximum load during the test or.
more commonly and as shown in Fig. 19. the
load corresponding to 2% crack growth as de-
termined by the intersection of a secant line and
the plot. The provisional value of the stress-in-
tensity factor, Ko, is determined by means of
equations such as the following, for compact
specimens in which K is in units of MPa-m'”?
(psi - in."?):

Ko = (Po/BW"?) - f(a/W)

where
fa/W) =

{2 + a/W][0.886 + 4.64a/W — 13.32(a/W)’
+ 14.72(a/W) — 5.6(a/W)']

(1 - a/wy*

(Eq16)

and where P is load. in MN (Ibf); B is specimen

thickness, in m (in.); W is specimen width. in m
(in.); and a is crack length, in m (in.). It is im-
portant to note that, for the compact specimen,
the crack length is measured from the centerline
of the loading-pin holes. Equation 16 is consid-
ered to be accurate within 0.5% over a wide range
of crack lengths, for 0.2 < a/W < 1. so it can
be used for a variety of fracture-mechanics tests
and analyses as well as in the range of interest
for K,. tests, 0.45 = a/W = (.55.

A K, value caicuiated from Eq 16 must meet
several criteria in order to be a valid measure-
ment of K,.. The first, mentioned earlier, is that
the specimen thickness and over-all crack length
must be equal to or greater than 2.5 (Ki./0)".
Also, the maximum load supported by the spec-
imen prior to complete fracture must not be more
than 10% greater than Pq. This further ensures
that P, corresponds to the load at which crack
extension takes place rather than the load at which
excessive plastic deformation occurs around the
crack. The fatigue-crack portion of the fracture
surface is examined and measured as designated
in the test method, in regard to straightness of
the crack front and other criteria.

Because of the complexity of the calculations
and the requirements for validity, some of the
laboratories in which these tests are run have de-

veloped computer programs which compute Ko
values and indicate their validity based on ap-
propriatc input data. The complexity of the K
test method cannot be demed. Nevertheless. this
method has been applied to a wide variety of me-
tallic materials in the past ten years. and very
similar methods have been adopied by many other
standards organizations around the world. In spite
of its complexity. ASTM Method E399 is the
preferred standard for measurement of piane-swain
fracture toughness. Ki.

Kew K, Tests. A number of test specimens and
methods have been proposed as new K,. proce-
dures. Three new procedures are described here —
two that are related primarily to new specimen
geometries and a third that is primarily a new
method with existing specimen geometries. These
procedures are now being generally used to some
extent and are in various stages of consideration
by ASTM as K, test methods.

A test specimen that is much like the compact
specimen, but that is round rather than rectan-
gular in shape. has been used in the United States
since 1975. Recently, a round compact specimen
and its associated K solution have been added 1o
ASTM Method E399 (Ref 8) and is referred to
as the disk specimen. The specimen geometry is
sketched in Fig. 20. The K solution is similar
both in form and in value (within =6%) to that
of the rectangular compact specimen in the K;
testing range. The advantage of the disk speci-
men is that it can be less costly to fabricate be-
cause turning operations are often faster than
milling. In addition, when round cores are cut
from structures or product forms for use in K,
tests, the disk specimen has a clear advantage.

Another test specimen which has been pro-
posed for use in K, measurements is the short
rod specimen (Ref 9). The specimen geometry is
shown in Fig. 21. The significant advantage in
the proposed use of this specimen is that. due to
the triangular shape of the area to be cracked, a
crack initiates and grows stably during a single

0.5wW

\\r

Fig. 20. A round compact K, test
specimen (the disk specimen)

Applied ioad

a is notch plus crack length; shaded area indicates ‘
crack growth.
Fig. 21. Proposed short rod frac-
ture-toughness specimen

application of a relatively low load. This could
make possible K. tests without the necessity of
a fatigue precrack. However, because cracks
which have been produced by a single applica-
tion of load may be sufficiently different from
cracks produced by fatigue loading, the resulting
K values may not be consistent with those ob-
tained on fatigue-precracked specimens. Further
evaluation is needed to determine whether the
short rod specimens qualify for plane-strain frac-
ture toughness testing or for screening tests.
For many years, various laboratories have per-
formed K,.-type tests at significantly higher load-
ing rates than those specified in E399. Reference
10 describes one example of high-loading-rate K,
tests on specimens of an alloy steel. A K, test
procedure based on E399 but at much higher
loading rates is being considered by ASTM. In-
terlaboratory tests have been completed using a
pressure-vessel steel tested in closed-loop ma-
chines at loading rates in the range of 10°
MPa - m'?/s; this is about a factor of 10° faster
than the essentially static loading rate of E399.
Compact specimens (Fig. 17b) and many guide-
lines presented in E399 are generally used in ob-

" taining fracture-toughness data by dynamic K,

tests. The primary application of dynamic K;. tests
is with the low-to-medium-strength steels, which
are known to show loading-rate effects on me-
chanical properties, particulariy vield strength.

. Problems with the development of the dynamic

K, test method are related to uncernainties in the
yield strength of materials at high loading rates

" and uncertainties in load measurement at high

loading rates.

Non-Plane-Strain Toughness Tests

R-Curve Determination. A consensus R-curve test
method is described in ASTM Recommended
Practice ES61 (Ref 11), first published in 1974
and last revised in 1981. Method E56! describes
the determination of the crack-growth resistance
of a material under relatively thin-sheet plane-
stress conditions which result in a significant
amount of plastic deformation at the crack tip.
The practice describes the use of center-cracked
tensile specimens of the same general type shown
in Fig. 10, and compact-type specimens similar
to those in Fig. 17(b) except generally much
thinner. The basic procedures of the R-curve
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sults and analysis (from ASTM.
Practice E561)

method can be well described by referring to a
sketch of typical measurements and caiculations
from the method using a center-cracked sheet
specimen as the example. This sketch, shown in
Fig. 22, has ccordinates of stress-intensity fac-
tor, K, and crack length. a. The solid curve in
Fig. 22, marked Kg, is a plot of K appiied to the
specimen versus the measured crack extension.
Aa, produced by the applied K; thus the Ky curve
represents the measured crack-extension resis-
tance of the material for the particular specimen
thickness of the test. The dashed curves are cal-
culations of crack-extension force which is avail-
able to cause extension of the crack at a given
load level. When the applied load is sufficiently
high (curve P.), the crack-extension force ex-
ceeds the crack-extension resistance of the ma-
terial and the crack will grow. Moreover, since
the slope of the crack-extension force curve is
larger than that of the Ky curve, the crack will
become unstable and grow to failure unless the
load is decreased. The K value at this point, K,
is the plane-stress fracture toughness, at which
unstable crack growth occurs for this particular
combination of material, thickness and other
specimen dimensions. The Kz curve is unique to
the material and specimen thickness. whereas K.
values may depend on other specimen dimen-
sions in addition to thickness.

The measured data required to plot the Kg
curve —that is, load and crack extension—can
often be obtained using the same equipment and
procedures as those used in K tests. The cal-
culations required to plot the crack-extension force
curves are based on the K solution for the spec-
imen, such as Eq 16; the only special require-
ment 1s that an adjustment be added to the actual
physical crack length, a,, to account for the ef-
fective extension of the crack due to a crack-tip
plastic zone. Thus, the effective crack size is:

Kz
3, = a’ + :—-
«TC0y

(Eq17)

where gy is the effective yield strength— that is.
the average of the vield and uitimate sirengths of
the material. Note that the estimate of plastic-
zone size from Eq 14 is used here.

Once a K, curve is obtained for a given ma-
terial and thickness, it can be used to predict the
load at which unstable crack extension will occur
in any other geometry, providing that the K so-
lution is known so that the crack-extension curve
can be calculated. The Kg-curve approach ac-
counts for crack-tip plastic deformation as dis-
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Ji Fracture Toughness. The development of elas-

tic-plastic tracture-tougnness tests based on the.

J-integral concept followed soon atter the anal-
yses and estimation of J by Rice. Paris and Mer-
xle (Ref 13) for specimen geometries commoniy
used in fracture-toughness testing. ASTM nas
sponsored two cooperative Ji. testing programs.
and, based on results from these programs. a
proposed J,. test method has been described in
the literature (Ref 14) and has been published as
an ASTM standard (Ref 15).

The J,. test method can be oudined and de-
scribed in relation to the sketch of typical results
in Fig. 23. Values of J are caiculated itom ioad
versus load-point-dispiacement data obtained from
bend or compact specimens using generaily the
same specimens. procedurss and squinment s in
E2Q9. & icey requirement is inal ine dispiacement
must be at the load point: this is aliowed but not
required in a K, test. With this requirement. the
area A under the load-versus-displacement curve
is a true measure of the combined elastic-and-
plastic-strain-energy input to the specimen. The
] value is calculated from: .

2A
B(W-a)

(Eq18)

which applies direetly for the bend specimen and
with some modification for the compact speci-
men. The dimensions B, W and a are as de-
scribed in Fig. 17. At least four specimens are

Biunting line, caiculated from: J = 2320,

e p——— ‘\o
- CUrve regression line

Elastic-plastic crack extansion lorce, J
o

Crack groweh, Aa

Fig. 23. Typical J,. test resuits and
analysis (Ref 14)

loaded to produce a range of crack extension, Aa,
of about 1 to 2 mm. The value of J calculated
from each specimen is plotted versus Ja, and a
linear-regression line is fitted to the data. This is
the Jp curve as represented by a regression line
(see Fig. 23). The blunting line. calculated from
] = 2Aaoy, is drawn to represent the amount of
apparent crack extension associated with the crack-
tip blunting which occurs before actual crack ex-
tension occurs. The value of Ji is determined at
the intersection of the Ji curve regrassion line
and the blunting line; so J,. is a measure of the
fracture toughness of the materiai at the start of
actual crack extension from the blunted crack tip.

An important advantage of the J,. test method
is that it can accommodate a significant amount
of crack-tip blunting and general plastic defor-
mation in the specimen. If the amount of plastic
deformation is small enough, J,. will be identical

w Gp.. and thus Ji, cun e comverted to an ap-
proximarely egquivalent :neasure of K, isee Eq
(03 For large amoants of plastic deformation, a
Len sge reguizement Hmits the size of the
DocHnen and, in Voome amount of olustic
deformation which can pe ailowed. The speci-
men size requirement ailows a significundy smailer
specimen. otten ten times smailer. to be tested
with the Ji, procedure than with the K. procs-
dure. So. although the J test is relativeiy time
consuming due to muitiple tesis. it can be used
over a wider range of material properties and
specimen sizes than the K, test. [n addition. sin-
gle-specimen J,. test procedures. such as incre-
mental unloading methods, can reduce both test-
ing time and the required number of specimens
in cbtaining J, test data. .
C0D Methods. A Bridsh test method. ~Methods
for Crack Opening Displacement (COD) Test-
ing” +Ret 163, is generally similar 10 the ASTM
K, method. In this method. a bend specimen is
usad as o Ty 07 4, ond 4 load versus crack-
mouti-onening-displacement (CMOD) plot is
obtained as in Fig. 19. Then, by use of resuits
from experiments and analyses, the displacement
at the crack tip, called the crack-tip-opening dis-
placement. or CTOD. is caiculated from CMOD.
Critical values of CTOD are defined including
values corresponding to eiastic. plane-strain con-
ditions and values corresponding to significant
amounts of plastic deformation. Methods which
determine CTOD have the advantage of concen-
trating on the area in which the actual crack-ex-
tension process occurs; however, CTOD meth-
ods have the disadvantage of being indirect
measurements of the parameter of interest— that
is, the opening of the crack faces at the crack
tip. Harrison er al (Ref 17) have described the
British COD method and its application to welded
structural components.

Correlation Fracture Tests

Several tests with notched or cracked speci-
mens have been developed for specific engi-
neering applications, in contrast to the tests de-
scribed above under “Plane-Strain Fracture
Toughness, K,.” and “Non-Plane-Strain Tough-
ness Tests,” which were developed to measure
directly the fracture-toughness properties of ma-
terials. These engineering-application tests have
been used extensiveiy for correlation and screen-
ing in reiation to fracture-tougnness tests.

The most long-standing and probably the most
widely used test which is used for correlation with
fracture toughness is ASTM Method E23,
“Notched Bar Impact Testing of Metallic Mate-
rials™ (Ref 18), commonly known as the Charpyv
impact test. The Charpy specimen is a three-point
bend-type specimen of one size, with B = W =
10 mm and with a length between support points
of 40 mm (see Fig. 24). A somewhat similar test
and test specimen are described in ASTM Merhod
E604. “Dvramic Tear Energy of Metallic Ma-
terials”™ (Ref 19). which uses 2 bend specimen
with B = 18 mm. W = 38 mm. and a length of
165 mm. Both «r these methods measure the 2n-
ergy required to break the notched bend speci-
men by impact loading with a ralling mass. The
Charpy impact test. as weil as the dynamuc rear
test, measure the total energy required to initiate
and then grow a crack to complete failure of the
specimen, whereas K. is a measure of K fer ini-
tial growth of a pre-existing crack. This differ-
ence. along with the differences in loading rate
and specimen size between Charpy impact and
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Fig. 24. Schematic illustration of Charpy impact specimen and test arrangement

K, tests, limits the correlations between Charpy
energy and K, to certain materials and to certain
ranges of Charpy energy and K, values. How-
ever, the use of Charpy impact tests to correlate
with K;. has resulted in significant time and cost
savings, particularly with medium-to-high strength
steels. Many structural components are pur-
chased and inspected to a Charpy energy speci-
fication which has been shown to correspond in
laboratory testing to a certain required level of
K,.. However, errors could result if the correla-
tion between Charpy energy and K. is extended
beyond the range of laboratory data for which it
was established.

Two tests which are used for correlation with
K., generally with high-strength aluminum al-
loys, are ASTM Method E338. “Sharp-Notch
Tension Testing of High-Strength Sheet Mate-
rials” (Ref 20), and ASTM Method E602. “Sharp-
Notch Tension Testing with Cylindrical Speci-
mens” (Ref 21). Method E338 describes tests on
center-notched and edge-notched sheet speci-
mens; Method E602 describes tests on circum-
ferendally notched cylindrical specimens. Both
methods require 2 maximum radius of 0.018 mm
(0.0007 in.) at the notch, and this effectively limits
these methods to aluminum and magnesium al-
loys, which are readily machinable. The sharp-
potch tensile-strength parameters are used exten-
sively in the aluminum industry to screen mate-
rials in respect to their ability to meet corre-
sponding K, requirements. The test results are
very sensitive to notch sharpness. and thus ma-
chining and inspection of the notch must be done
carefully to ensure proper correlation.

Two tests that employ the Charpy specimen
(Fig. 24) modified by a fatigue precrack ahead
of the notch are now being considered by ASTM.
They are the proposed “Method for Nominal
Crack Strength of Slow-Bend Precracked Charpy

“Specimens of High-Strength Metallic Materials”
and the proposed “Method for Impact Testing of
_ Precracked Charpy Specimens of Metallic Ma-
terials.” The slow-bend precracked Charpy method
uses the maximum load during the test to cal-
culate a nominal crack strength of the specimen
which may be correlated with K. The impact-
precracked Charpy method uses an instrumented
tup on the load hammer to obtain a load-versus-
time plot which, if it meets certain criteria. can
be used to calculate a maximum K vaiue whicn
is 2 measure of dvnamic fracture toughness. Both
of these proposed precracked Charpy test meth-
ods measure a2 maximum stress or K value as-
sociated with crack growth from a pre-existing
crack; this type of measurement is similar to that
of a K, test, so the resuits from these methods
should correlate better with K. than do the re-

sults of other methods. This advantage is offset
by the increased difficulty in precracking the
specimens and in performing and analyzing the
tests.

A review of the correlation fracture tests de-
scribed above, as well as others. is given in a
report of the National Materials Advisory Board
(Ref 22).

Sustained-Loading Crack-Growth Tests

The two general types of sustained-loading
crack-growth tests are (a) determination of Ky,
the lowest threshold value of K, at which stress-
corrosion cracking occurs, and (b) determination
of stress-corrosion crack-growth rate, da/dt. re-
sulting from the combination of sustained load-
ing and an aggressive environment. Similar ter-
minology and testing procedures are used for
threshold. K, and crack-growth rate. da/dt, in-
volving internal or external embrittling species
such as hydrogen or liquid metals. A standard
method for measuring K,,.. is now (1982) being
prepared by ASTM Commnittee E24 on Fracture.
The method is based on a large body of research,
such as in Ref 23, as well as on the experience
and results of an ASTM interlaboratory testing
program. Tests were run at 17 laboratories using
AISI 4340 steel specimens in 3.5% NaCl for imes
up to 7000 h. Additional interlaboratory tests on
7075-T7651 aluminum alloy are under way in a
cooperative program of ASTM Committees E24
and G1 on Corrosion of Metals.

In determining K., a group of fatigue-pre-
cracked specimens are held at different values of
K, (calculated from load and crack length) in the
environment of interest, and the lowest value of
K; at which cracking occurs is K. Another pro-
cedure for determining K. is the rising-load
procedure. in which the load on a single pre-
cracked specimen is very slowly increased until
crack growth occurs, and the associated value of

CMOD

o i Ko Rising-ioud K,,.. tests of an AlST 2249
sreel in an B.S atmosphere are described by Clark
el 24

“ieasuremnents of stigss-corrosion crack-growth
-aie. Ja gt are perfermed at constant lead with
crack-length measurements taken at various ume
increments depending on the value of dasdt. Di-
rect measurements of crack length on the spec-
imen surfaces are made if the environment and
test plan allow it. Indirect measurement of crack
length is often made by measuring specimen dis-
placement— usualiy the crack-mouth-opening
displacement (CMOD)—as shown in Fig. 17.
The crack length can then be determined bv us-
ing the known compliance relations between
CMOD and crack length.

Various specimen geometries are used for stress-
corrosion-cracking tests. Specimen orientation is
designated as it is for fracture-toughness speci-
mens (Fig. 18). The more commonly used spec-
imens are described here. The most frequently
used is the compact specimen: it is tension-loaded
through pins as in other fracture tests (Fig. 25a).
or it is self-loaded using a bolt (Fig. 25b). A dou-
ble-beam specimen (often called double cantile-
ver beam), with a configuration similar to that
of the compact specimen. is used particularly for
da/di iests (see Fig. 25¢). Because the crack is
liabie to grow out of the intended crack piane.
side grooves are usually added to the doubie-beam
specimen. Bend specimens aiso are used. either
in three-point bending or in cantilever loading,
as shown in Fig. 25(d).

Use of Fracture-Test Results

Measured values of plane-strain fracture
toughness. K., and non-plane-strain and corre-
lation measures of fracture toughness, are used
in general to calculate the critical crack size in a
loaded component which will lead to an abrupt
failure. A critical-size crack may be assumed to
have been present in the component as fabri-
cated, or may have grown to critical size during
service by subcritical crack growth due to fatigue
loading or stress-corrosion cracking. Regardless
of the cause of the crack, the measured value of
toughness is used to calculate the combination of
crack size and load which will cause failure.

Measured values of da/dN, K, and da/dt are
used to determine the conditions for subcritical
crack growth. These test results are used to cal-
culate the crack sizes and loading combinations
which will cause cracks to grow from small ini-
tial sizes to critical sizes.

Compilations of fracture-mechanics data for
specific materials have been included in various
handbooks such as the Damage Tolerant Design
Handbook (Ref 25) and in reports of testing pro-
grams such as “Fracture Mechanics Evaluation

_of B-1 Materials” (Ref 26). Data from such

sources may be used in a preliminary assessment

=
O
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(a) Compact specimen: tension lcaded: general use. (b) Modified compact specimen: bolit loaded; K. testing.
(c) Doubie-beam specimen: tension loaded; K and da/ct testing. (d) Bend specimen: cantilever loaded; K

and da/dt testing.

Fig. 25. Schematic illustration of test specimens and loading used in sustained-

load crack-growth testing
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of materiils any thelr fracture propernties, but when
dealing with critical structures. test data should
be obtained on specimens that are truly repre-
senrative of the material in the structures.
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the methods for analysis and presentation of these
data are given. The more modern techniques, in
which fatigue-crack growth is monitored as the
process proceeds and in which use is made of
fracture mechanics, are then presented. Fatigue
life is highly susceptible to stress concentrations
and to the condition of the surface.

ASTM STANDARDIZED SPECIMENS

ASTM E466 specifies specimens to be used in
axial fatigue tests. For bending tests (rotating
bending and peak bending), there are no ASTM
specifications. The specific dimensions of spec-
imens depend on the objective of the experimen-
tal program. on the machine to be used, and on
the available material. ASTM does not specifv
dimensions, but details preparation techniques and
reporting techniques. In reporting. a sketch of the
specimen, with dimensions. should be given. The
surface-roughness and out-of-tlatness dimen-
sions should be included. Specimens should not
be subjected tc any surface treatment. The sur-
face preparation is extremely critical to all ta-
tigue specimens. For axial loading, ASTM E466
states that. regardless of the machining, grinding
or polishing method used. the final metal re-
moval should be in a direction approximately
parallel to the longitudinal axis of the specimen.
Improper preparation methods can greatly bias
the results. For instance, Fluck (Ref 2) reports
that AISI 3130 steel tested under completely re-
versed bending at 95 000 psi has a fatigue life of
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24 000 cycles when lathe-formed (surface rough-
ness of 105 pin.) and a fatigue life of 234 000
cycles when ground and polished (surface rough-
ness of 2 pin.). Hence, preparation techniques
should be carefully developed: if a change in the
preparation technique is made, it has to be dem-
onstrated that it does not introduce any bias in
the results.
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TESTING MACHINES

Rotating-Bending Machines

Rotating-bending fatigue tests of the simple
beam type are performed in testing machines such
as that illustrated in Fig. 1, sometimes called the
R. R. Moore testing machine. Ih operation, an
electric motor rotates a cylindrical specimen,
usually at 1800 rpm or higher. while a simple
mechanical counter records the number of cycles.
Loads are appiied to the center of the specimen
by a svstem of bearings and dead weights. A limit
switch stops the test when the specimen breaks
and the weights descend.

The weights produce a moment that causes the
specimen to bend. A strain gage placed on the
specimen shows compressive stresses on the top
and tensile stresses when the gage is rotated to
the bottom. Stresses range from maximum ten-
sion to maximum compression during each rev-
olution of the testing machine. Figure 2 shows a
typical R. R. Moore machine.

Bending moments can be converted to stress
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S indicates specimen. P indicates load.
Fig. 1. Loading arrangement for a
rotating-beam fatigue-testing ma-
chine

by assuming that they are elastic and by em-
ploying the flexure formula:
MC

o=—

I

For circular specimens, I = wC*/4, where C is
the specimen radius. The maximum stress at the
outer fiber, o, is proportional to the bending mo-
ment, M. This moment is the product of the mo-
ment arm and the force. In Fig. 2. it can be seen
that the weight is equally distributed between the
two sides. Hence. M = L{P/2), where L is the
distance from the end of support to the center of
application of load.

The specimen is machined from the material
to be tested, as shown in Fig. 3, and is fastened

Drive

Test specimen

1 e = b
Cap screw /

Fig. 4. Cap screw used to fasten
the specimen into the bearing
housing for a rotating-beam fta-
tigue-testing machine
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S indicates specimen. P indicates load.
Fig. 5. Loading arrangement for a
cantilever-beam fatigue machine
for rotating-bending testing

into the bearing housing with special cap screws,
as shown in Fig. 4. The effective dead weight of
the R. R. Moore machine and weighing appa-
ratus (Fig. 2) is 10 1b (4.54 kg), which is de-
ducted from the total weight required and added

o r———

Fig. 2. Typical R. R. Moore machine for rotating-bending fatigue testing
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D = 0.200 to 0.400 in., selected on basis of uitimate strength of material. 8 2
R =235t 10in.

Fig. 3. Simple rotating-beam specimen for tatigue testing
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1o the weight pan (Fig. 1) to provide the desired
Siress:

S 13l - 101 = 3013 1b
(18.22 kg — 4.54 kg = 13.63 kg)

When the drive motor is actuated. a counter
records the number of revolutions. It the speci-
men breaks. the bearing housing descends and
actuates a switch rhat shuts oft the drive motor.
If the specimen does not break (carbon and low-
alloy steels may achieve a million or more cycles).
the stress is at or below the endurance limit. Next.
the machine is shut off and another specimen is
run at a higher stress level. A series of tests is
performed to provide sufficient data at varying
stress levels.

For cantilever-beam rotating-bending ma-
chines of the White-Souther type (Fig. 5). a dif-
ferent bending moment is used in stress calcu-
lation. A weight, P, is supported by fixture to a
ball-bearing housing at the free end of the spec-
imen. This produces a bending moment, M. that
equals P x L, which is the distance of the spec-
imen from the center of the applied load. 3 in.
(75 mm). The stress in the outer fiber is

PL

Ic

The weight added to the weight pan is the cal-
culated weight minus the weight of the weighing
apparatus.

The cantilever specimen is machined from the
material to be tested, as shown in Fig. 6, and is
fastened into the bearing housing at one end. The
weighing apparatus is assembled, proper weights
are applied, and the drive motor is actuated. A
series of tests is run and data are plotted to pro-
vide an S-N graph.

Piate-Bending Machines

In rotating-bending tests, the mean or average
stress is always zero. The effect of mean stress,
which is very important in fatigue, is evaluated
by cantilever bending machines that are used to

" test plate materials. In these machines, some-

times called Kraus plate-bending machines.
specimens are loaded with constant deflection by
means of an eccentric crank (Fig. 7). Stresses
can be calculated by assuming that they are elas-
tic. In many cases this is not a good assumption,
because, when tested. some soft materials may
involve small amounts of plastic stress.

Specimens are usually tapered to provide a
constant-stress test area. The approximate stress,
S, is given by:

where y is the specimen deflection. t is the thick-
ness of the specimen, E is the elastic modulus,
and | is the distance from load application to the
back of the specimen. Constant-deflection beam-
type machines are used to test both strip and plate.

YRodius =10d

iitl=-U'S Std.{Tcp
‘ ! - b b

—

1.1

6%

Fig. 6. Rotating cantilever-beam specimen for tatigue testing
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Fig. 7. Reciprocating-bending fatigue-testing machine, and typical specimen (at

lower left) for testing of sheet

A typical specimen is shown at lower left in
Fig. 7.

Resonant-Testing Machines

Machines for resonant testing are basically
spring-mass, vibrating systems. The frame de-
sign is based on a resonant, spring-mass system
that consists of two masses linked by the speci-
men and grip string and that oscillates as a di-
pole. The system is excited by an electromagnet
boused in the machine base. The masses and load
string are positioned in the vertical frame. which
is suspended and guided on leaf springs. The eight
springs are arranged in a special configuration to
make a unique and compact design without the
need for a heavy seismic block.

Mean load is applied by a motor located in the
base of the system. The motor drives the four
corner gearboxes through two shafts and applies
mean loads in both tension and compression. The
mean-load force is carried by the box-type struc-
ture of springs, and the level either is adjusted

by a hand-held controller or is maintained at a.

level preset by the controller. The magnet air gap
is maintained automatically by the action of the
gap servomotor driving a wedge beneath the
electromagnet. A linear variable displacement
transformer (LVDT) constantly monitors the air
gap, and control is maintained even when the
mean load is changed while the machine is run-
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ning. A manually operated drive located in the
upper mass permits major adjustment of speci-
men spacing.

The electromagnet excites the dual-mass sys-
tem at its natural frequency by means of puise
excitation. This feature enables a simple switch
to replace the conventional power amplifier, thus
providing high reliability at low cost and, in ad-
dition. eliminating the need to tune an oscillator
to the natural frequency of the system. Closed-
loop amplitude control is achieved by controlling
the pulse power to the magnet from the error be-
tween the actual and demanded load amplitudes,
thereby providing fast response to changing load
demands. A strain-gaged load cell provides ac-
curate load monitoring and digital indication of
peak dynamic load, mean load, and frequency.

STRESS-LIFE DATA

ASTM Specifications for Constant Amplitude
Axial Fatigue Tests of Metallic Materials, E466,
and Standard 468, Constant Amplitude Fatigue
Test Results for Metallic Materials, are recom-
mended sources for fatigue-testing resulits.

Data Presentation

In laboratory fatigue testing, the specimen is
loaded so that stress is cycled between either a
maximum and a minimum tensile stress or a

Strass
Tension

Stress
Tension
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| —
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1
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Compression

Time

(a) Altemating stress for which S = 0 and for which R (ratio of minimum stress to maximum stress) = —1.
{b) Pulsating tensile stress for which S = S,, the minimum stress is zero, and R = 0. (c) Fluctuating tensile
stress for which both the minimum and maximum stresses are tensile stresses, R = 1/3. (d) Fluctuating tensile-

to-compressive stress for which the maximum stress is a tensiie stress, R =

-1/3.

Fig. 8. Four types of fatigue-test stresses

maximum @nsiie srass and a msgmuam com-
pressive stress. The latter, considered a negative
tens e stross, is given an alzebraic minus sigs
. crore, iy caliad the nyanmum stress.
Pha i siress. S.. 1y the aizeoraic average
of e maximum and minimum stresses n vne
cycle:

S:n = (Srmx + Smm)/z

In the completely reversed test, the mean stress
is zero. The range of stress. AS. is the algebraic
difference between the maximum and minimum
stresses in one cycle:

AS = Sox — Sawa

The stress amplitude, S,, is one half the range of
stress:
S, = 48/2 = (Saux — Saw)/2

During a fatigue test, the stress cycle is usually
maintained constant so that applied stress con-
ditons can be wrtten as S, = S,, where S, is
the static or mean stress, and S, is the alternating
stress equal to half the swess range. The positive
sign is used to denote a tensiie stress: the nega-
tive sign denotes a compressive stress. Some of
the possible combinations of S, and S, are illus-
trated in Fig. 8. When S, = 0 (Fig. 8a), the max-
imum tensile stress is equal to the maximum
compressive stress. This is called an alternating
stress or a completely reversed stress. When S
= S, (Fig. 8b), the minimum stress of the cycle
is zero. This is called a pulsating or repeated ten-
sile (or compressive) stress. Any other combi-
nadon is known as a fluctuating stress. which may
be a fluctuating tensile stress (Fig. 8c), a fluc-
tuating compressive stress, or a stress that fluc-
tuates between a tensile and a compressive value
(Fig. 8d).

Stress ratio is the algebraic ratio of two spec-
ified stress values in a stress cycle. Two com-
monly used stress ratios are the ratio A of the
alternating stress amplitude to the mean stress (A
= S,/S.) and the ratio R of the minimum stress
to the maximum stress (R = S.,/Sm.). If the
stresses are fully reversed, the stress ratio. R, is
—1; if the stresses are partially reversed, Ris a
negative number less than 1; if the stress is cycled
between a maximum stress and no ioad, R is zero:
and if the smess is cycled between two tensile
stresses, R is a positive number iess than 1. A
stress ratio of 1 indicates no variation in stress,
and the test is a sustained-load creep test rather
than a fatigue test.

Results of fatigue testing are commonly re-
ported in the form of a stress-life curve, com-
monly called an S-N curve. Stress is usually
plotted vertically on a linear scale and life, N,
on the horizontal axis using a logarithmic scale.
A typical curve is shown in Fig. 9. Each data
point represents a single test. Typically a stress
level is selected and the specimen s cycied unul
it breaks into two pieces or a predetermined
number of cycles is reached. Usually, this num-
ber is berween 10° and 107, If 2 specimen does
pot fail during the test it is cailed a “runout™ and
the data points are denoted with an arrow.

Fatigue limit (or endurance limit) is the vaiue
of the stress beiow which a matenal can presum-
ably endure an infinite number of stress cycies —
that is, the stress at which the S-N diagram be-
comes and appears to remain horizontal. The ex-
istence of a fatigue limit only occurs for carbon
and low-alloy steels. It is the exception, rather
than the rule.
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. Fig. 10. Fatigue data under axial
loading and in rotating bending for
4130 steel

Fatigue strength, which should not be con-
fused with fatigue limit, is the stress to which the

material can be subjected for a specified number .

of cycles. Fatigue strength is used for materials,
such as most nonferrous metals, that do not ex-
hibit well-defined fatigue limits.

In rotating-beam tests, only the outer fiber is
under maximum stress, while in axial tests the
entire cross section is under maximum stress. The
increased volume of highly stressed material
makes failure more likely in axial tests. As a re-
sult, data from rotating-bending tests should not
- be employed for estimating the fatigue lives of

structures and components, but only for a rough
- comparison between two materials. Caution is

advised when using the data for design of struc-

tures and components. Figure 10 shows S-N

curves for both cases; the difference in fatigue

life is significant.

Statistical Aspects

In fatigue testing — perhaps more than in other
types of mechanical testing— there are always
some variations in the material properties. It is
not uncommon for two “identical” specimens to
have fatigue lives differing by a factor of twe.
Distributions in fatigue life, as well as fatigue
strength, are important, as shown in Fig. 11.
Typical S-N curves represent the mean of all test
results. Curves often are drawn to display the
scatter band of data obtained with multiple tests.

Transient Behavior of Metais

Metals are metastable under application of
cyclic loads, and their stress-strain response can
be drastically altered when they are subjected to
repeated plastic strains. Depending on its initial
state (quenched and tempered. normalized. or
annealed and softened) and its test condition, a
metal may (a) cyclically harden, (b) cyclically
soften, (c) remain cyclically stable or (d) exhibit

Aversge stress, o,

log 2N

1
2N, is reversals to failure. o, is the steady-state stress amplitude.
Fig. 11. Scatter band showing S-N curves for fatigue data
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Fig. 12. Cyclic softening of a steel under controlled-stress cycling
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Fig. 13. Cyclic softening of a steel under controlied-strain cycling

mixed behavior (soften or harden, depending on
strain amplitude).

The following discussion develops and pre-
sents equations similar to those describing the
monotonic stress-strain  behavior. In addition.
properties more appropriate to fatigue anal-
yses — fatigue properties -— are defined.’

Determination of constant-amplitude fatigue
lives of specimens is customarily performed un-
der conditions of controlled stress (as in the ro-
tating-bending or cantilever-bending type of test)
or controlled strain. Figure 12 shows the rami-
fications of controlling stress, providing justifi-
cation for the use of controlled strain while ob-
serving the stress response. As shown, the ap-
plied stress amplitude is less than the initial or
monotonic yield strength of the steel (as noted
by the “linear-elastic” strain response during the
first 40 cvcles). Because plastic deformation oc-
curs at a microscopic level, however, the macro-
level response of the steel is the accrual of ever-
increasing amounts of plastic strain. As stress cy-
cling proceeds beyond 40 cycles, a “runaway"”

process occurs as the steel undergoes cyclic soft-
ening.

When the above response is compared to the
response of a steel of similar hardness (shown in
Fig. 13) under conditions of controlled strain. no
instability, as happened under controlled stress.
is observed, although the stress limits decrease
with increased cycles. These test conditions rep-
resent extremes of completely unconstrained or
stress-cyciing conditions and compietely con-
strained or strain-cycling conditions. In actual
engineering structures. stress-strain gradients do
exist. and there is usually a certain degree of
structural constraint of the material at critical lo-
cations. Becazuse this condition is reminiscent o
strain control, it is more advantagsous 1©
acterize matenal response under strain-controiled
than stress-controlled conditions.

For these reasons. consider the cases illus-
trated in Fig. 14 and 15, in which total strain is
controlied and the stress response is observed.
As shown in Fig. 14, if the stress required to
enforce the strain increases on subsequent re-
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Fig. 15. Cyclic softening under
controlled-strain-amplitude cy-
cling

versals, the metal experiences cyclic hardening.
The hardness, yield strength and ultimate strength
increase. Such behavior is characteristic of an-
nealed pure metals (for example, copper), many
aluminum alloys, and as-quenched steels.

As illustrated in Fig. 15, the strain amplitude
is controlled, but the stress required to enforce
the ‘strain decreases with subsequent reversals.
This phenomenon is called cyclic softening and
is characteristic of cold worked pure metals and
many steels at small strain amplitudes. During
cyclic softening, the flow properties (for exam-
ple, hardness, yield strength and ultimate strength)
decrease.

By plotting the stress amplitude versus re-
versals from controlled-strain test resuits, cvclic
strain hardening and softening can be observed.
as illustrated in Fig. 16. Thus, through cyclic
hardening and softening, some intermediate
strength level is attained that represents a steady-
state condition (in which the stress required to
enforce the controlled strain does not vary sig-
nificantly). Some metals are cyclically stable. in
which case their monotonic stress-strain behavior
adequately describes their cyclic response. The
steady-state condition is usually achieved in about
20 to 40% of the total fatigue life in either hard-
ening or softening materials.

COLD WORKED MATERIALS USUALLY
EXHIBIT SOFTENING.

HARDENING 1S OBSERVED IN MANY
ANNEALED MATERIALS.

STEADY STATE CONDITION IN
20% - 40% OF LIFE TO FAILURE

STRESS AMPLITUDE, “a

REVERSALS, N

Fig. 16. Steady-state stress re-
sponse for strain-controlled cy-
cling

Cyclic Siress-3train Behavior
The cveiic behavicr of :netals is best described
1% o 2 -errn ~resis loep. as shown
rics seversed. strain-cen-
trelied conditions witn ferv nRun strain. the olai
width of the loop 1s A#. or the total strain range:

Ae = 2¢,

where €, is strain amplitude. The total height of
the loop is Ao. or the total stress range:

Ao = 20,
where @, is stress amplitude.

Because the difference between the total- and
clastic-strain amplitudes is the plastic-strain am-
plitude, the second equation below follows from
the first:

where E is the modulus of elasticity, e, is the
elastic-strain amplitude and ¢, is the plastic-strain
amplitude.

Changes in stress response of a metal occur
rapidly during the first several percent of the to-
tal reversals to failure. The metal., under con-
trolled-strain amplitude, eventually attains a

- steady-state stress response. To construct a cyclic

stress-strain curve, the tips of the stabilized hys-
teresis loops fromr comparison specimen tests at
several controlled-strain amplitudes can be con-
nected.

’AEe

Fig. 17. Steady-state stress-strain
hysteresis loop

In the particular example shown in Fig. 18,
three companion specimens were tested to failure
at three different controiled-strain amplitudes. The
steady-state stress response. measured at approx-
imately 50% of the life to failure, is thereby ob-
tained. These stress values are then plotied at the
appropriate strain levels to obtain the cyclic stress-
strain curve. The cyclic stress-sirain curve can be
compared directly with the monotonic or tensile
stress-sain curve to quanutatively assess cycii-
cally induced changes in mechanical behavior
(Fig. 19).

Note that in Fig. 19(a), when a materal cycli-
cally softens, the cyclic yield strength is consid-
erably lower than the monotonic yield strength.
Using monotonic properties in a cyclic applica-
tion can result in prediction of fully elastic strains,
when in fact considerable plastic strains are pres-
ent. In T1 steels or an equivalent HSLA steel,

c3

a9 ,f

7 | !
‘ . i

,

f
[

<"
"

€] €2 e‘j
CYCLIC STRESS-STRAIN CURVE

Fig. 18. Construction of cyclic
stress-strain curve by joining lips
ot stabilized hysteresis loops
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Fig. 20. True stress versus plastic
strain for cyclic response (log-log
coordinates)

for example. the cyclic yield strength is only about
50% of the monotonic yield strength.

Whereas the steady-state process consumes 20
to 40% of total life in constant-amplitude testing,
a single large overload in actual service can pro-
duce an immediate changs from the monotonic
curve to the cyciic. Assembly or even driving or
the completed machine “out the door™ can cause
an instantaneous loss of 50% of the monotonic
yield strength.

Using the same approach as with the mono-
tonic stress-strain curve. a plot of true stress ver-
sus true strain from constant-strain-ampiitude test
data of companion specimens on log-log paper
results in a straight line (Fig. 20). Again, a power-
law function between true stress and plastic strain
may be represented as:

o, =K'(e,)"
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The cyclic stress-strain response of a material
is characterizzd hr the following relationship:
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The value of n varies between 0.10 and 0.20.
with an average value very close to 0.15. In gen-
eral. metals with high monotonic strain-harden-
ing exponents (n > 0.15) cyclically harden: those
with low monotonic strain-hardening exponents
(n < 0.15) cyclically soften.

STRAIN-LIFE RELATIONSHIPS

The S-log N plot can be linearized with full
log coordinates. If true stress amplitudes are used
instead of engineering stress. the entire stress-life
curve may be linearized, as illustrated in Fig. 21.
Thus, stress amplitude can be related to life by:

o, = 6{(2N,)°

where Ag is 0, in zero-mean-constant-amplitude
test, which is true stress; 2N, is reversals to fail-
ure (one cycle is two reversals): oy is the fatigue-
strength coefficient; b is the fatigue-strength ex-
ponent (Basquin's exponent); and S, is the fa-
tigue-strength limit applicable to certain steels
under very specific loading situations. o, and b
are fatigue properties of the metal, with oy ap-
proximately equal to o; for many metals and b
varying between approximately —0.05 and —0.12.

Around 1955, Coffin and Manson, who were
working independently on the thermal-fatigue
problem, established that plastic strain-life data
could also be linearized with log-log coordinates
(Fig. 22). As with the true stress—life results,
the plastic strain—life data can be related by the
power-law function:

A
-2—" = &J2N)

where Ag,/2 is plastic-strain amplitude. 2N; is
the reversals to failure, €; is the fatigue-ductility
coefficient, and ¢ is the fatigue-ductility expo-
pent. &/ and c are also fatigue properties, with g/
approximately equal for many metals and ¢ vary-
ing between approximately —0.5 and —0.7 for
many metals.

It was mentioned previously that total strain
has two components: elastic and plastic, or:

e=¢g t+E

This can zlso be expressed as the strain ampli-
tudes from a constant-amplitude, zero-mean-strain
controlled test:

A Ac, . isz

2 2 2

o, = 0{(2N)°

Ae, o,

2 E

Division by E, the modulus of elasticity, obtains:

A€'=°;(2N)‘
2 E

AN

\‘—STEELS (ENDURANCE LIMIT:

T T ALUMINUMS

eed

STRESS mdiiTHNES

| : ; I

ot o w0

N CYCLES TO FAILURE, N,
a: LOG SCALE '

Pl

SU AT V4 CYCLE

STRESS AMPLITUDE, S
LOG SCALE

| | | ]
v 1w T
) CYCLES TO FAILURE, N

L0G SCALE

(a) Stress versus log cycles to failure. (b) Log stress
versus log cycles to failure.

Fig. 21. Stress-life curves
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Fig. 22. Log plastic strain versus
log reversals to failure

or, with elastic and plastic combined:

i (2N))® + €{(2N,F
== £
5 T (2N

(Elastic)  (Plastic)

This equation is the foundation for the strain-based
approach to fatigue and is called the strain-life
relationship.

The two straight lines, one for the elastic strain
and one for the plastic strain, also can be piotied,
as in Fig. 23. Several conclusions may be drawn
from the total strain-life curve in Fig. 23. At
short lives, less than 2N, (the transition fatigue
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Fig. 23. Log strain versus log re-
" versals to failure

ate wnere de,/2 = Adg,/2). plasuc stvain pre-
dominates and ductility controls perfarmarnce. At
Cager hives. greater than 2N the elasue stran
v moere dominant than the plastic. and sirengin
coRiruis performance. An “iceal matenal” is one
with both high ductility and high strength. Un-
fortunately. strength and ductility are usually a
trade-off; the optimum compromise must be tai-
lored to the expected load or strain environment
being considered in a real history for a fatigue
analysis. By equating the elastic and piastic com-
ponents of total strain. the transition fatigue life
can be calculated as:

V=c)
e/E ©
sz = —,‘
s

FATIGUE-CRACK-GROWTH-RATE TEST
METHODS

By J. H. Underwood, U.S. Army Armament Research and De-
velo;;mem Command, and W. W. Gerberich. University of Min-
nesota

The general nature of fatigue-crack growth and
its description using fracture mechanics can be
briefly summarized by the exampie data shown
in Fig. 24. This figure, based on the work of
Paris er al (Ref 3), shows a logarithmic plot of
the crack growth per cycle, da/dN. versus the
stress-intensity-factor range, AK, corresponding
to the load cycle applied to a specimen. The da/
dN-versus-AK plot shown is from five speci-
mens of ASTM AS533 BI steel tested at 24 °C
(75 °F). A plot of similar shape is expected with
most structural alloys; the absolute values of da/
dN and AK are dependent on the material. Re-
sults of fatigue-crack-growth-rate tests for nearly
all metallic structural materials have shown that
the da/dN-versus-AK curves have the following
characteristics: (a) a region at low values of da/
dN and AK in which fatigue cracks grow ex-
tremely slowly or not at all below a lower limit
of AK called the threshold of AK. AK,; (b) an
intermediate region of power-law behavior de-
scribed by the Paris equation (Ref 4):

& C(AK)"
dN

where C and n are material constants: and (¢) an
upper region of rapid, unstable crack growth with
an upper limit of AK which corresponds either
to K, or to gross plastic deformation of the spec-
imen.

Testing procedures for measuring fatigue-crack-
growth rates are described in ASTM Method
E647. This method applies to medium-to-hizh
crack-growth rates— that is. above 107° m/cycie
(3.9 X 1077 in./cycle). Procedures for growin
rates below 107® m/cycle are under considera-
tion by ASTM. For applications involving fa-
tigue lives of up to about 10° load cycles, the
procedures of E647 can be used. Fatigue lives
greater than about 10° cycles correspond to growth
rates below 107 m/cycle. and these require spe-
cial testing procedures, which are related to the
threshold of fatigue-crack growth illustrated in
Fig. 24.

ASTM Method E647 describes the use of cen-
ter-cracked specimens and compact specimens.
The specimen thickness-to-width ratio. B/W. is
smaller than the 0.5 value for K tests; the max-
imum B/W values for center-cracked and com-

. pact specimens are 0.125 and 0.25. respectively.
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Fig. 24. Fatigue-crack-growth behavior of A533 steel (Ref 3)

With the thinner specimens, it is feasible to use
crack-length measurements on the sides of the
specimens as representations of through-thick-
ness crack-growth behavior. The specimens are
loaded in the same general manner as for K, test-
ing. For tension-tension fatigue loading, the K,
loading fixtures often can be used. For this type

loading, both the maximum and minimum loads
are tensile, and the load ratio, R = Pry/Puas, 1S
intherange 0 < R < 1. Aratioof R = 0.1 is
commonly used. Tension-compression loading can
-be performed with the compact specimen, but it
is a more complex type of loading and requires
more care. .

Testing normally is performed in laboratory air
at room temperature; however, any gaseous or
liquid environment and temperature of interest
may be used in order to determine the effect of
ccrrosion or other chemical reaction on cyclic
loading. Cyclic loading may involve various wave
forms for constant-amplitude loading, spectrum

loading or random loading.

For constant-amplitude loading, a set of crack-
length-versus-elapsed-cycle data (a versus N) is
collected, with the specimen loading. P, and
P, generally held constant. The minimum crack-
length increment. Aa, between data points is re-
quired by ASTM E647 to be larger than a certain
value. This prevents the measurement of erro-
neous growth rates from a group of data points
which are too closely spaced relative to the pre-
cision of data measurement and reiative to the
scatter of the data. The growth rates may be cal-
culated by either of two methods. The secant
method is simply the slope of the straight line
connecting two adjacent data points. This method,
although simpler, results in more scatter in mea-
sured crack-growth rate. The polynomial method
fits a second-order polynomial expression (par-
abola) to typically 5 to 7 adjacent points, and the
slope of this expression is the growth rate. The
polynomial method, particularly when used with

a large number of adjacent points. eliminates some
of the scatter in growth rate whick is inher
fatigue testing. The measurad viuues of miown
rate typically are plotted us in Fig. 24, where A
is calculated from AP = P, — P,. (10U tension-
tension loading) using a K expression such as Eq
16 in the preceding article.

The measured growth-rate data are represented
by an equation of the form of the Paris equation:

atin

& C(AK)®
dN

where the material constants C and n apply only
within a certain range of da/dN and AK values.
Other relationships based on the Paris equation.
such as the commonly used Forman equation (Ref
5), are used to represent the variation of da/dN
with other key variables, including load ratio. R.
and the critical K vaiue. K., at which fast frac-
ture of the specimen occurs. The Forman equa-
tion is: -

da  CAKY
dN  (1-RK. - AK

where C and n are material constants of the same
types as those in the Paris equation, but of dif-
ferent values. An advantage ot the Forman equa-
tion is that it describes the type of accelerated
da/dN behavior which is often observed at high
values of AK and which is not described by the
Paris equation. For example, for zzro-to-tension
loading (in which R = P, /Pn.. = 0), as AK
approaches K. in the Forman equation, da/dN
increases rapidly, and this is often observed in
tests. In addition, the Forman equation describes
the often-observed decrease in da/dN associated
with an increase in R from zero toward one. So
when it is necessary to describe the effect of AK
approaching K. or the effect of R on da/dN, the
Forman equation can be used to represent the da/
dN behavior. When only AK, the primary van-
able affecting da/dN, is involved, the less com-
plex Paris equation may be used.
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Crosn ang Creep-
—Rupiure Testing———

THE FLOW or piastic deformation of a metal
keld for long periods of time at stresses below
the normal shor-time vield strength is known as
creep. Although we normaliv think of creep as
occurring only at eievated temperatures. room
temperature can be high enough for creep to oc-
cur in some metals. In lead. for example. creep
at room temperature is common. In many cases.
lead pipes must be supported to prevent sagging
under their own weight.

The development of steam turbines and jet en-
gines has greatly increased interest in creep be-
cause, in these, the metal parts must withstand
high loads at high temperatures for long times.
The high centrifugal loads tend to cause certain
parts to elongate or distort. Tolerances must be
kept close to be efficient: vet if the metal parts
deform too much, this spacing will be eliminated
and failure will occur. In most cases the parts
cannot be made sufficiently heavy to prevent all
creep because the weight penalty would reduce
efficiency too much. Many such parts are there-
fore designed for a certain expected life span.
For this, accurate data are needed to determine
how much the metal part can be expected to de-
form under the conditions of stress and temper-
ature to be encountered in service. Tests which
measure the deformation of a metal as a function
of time at constant load and temperature are known
as creep tests.

CREEP PHENOMENA

A typical creep curve is shown in Fig. 1. The
vertical (Y) axis is creep strain and the horizontal
(X) axis is time plotted on logarithmic coordi-
nate. The curve consists of three parts: primary,
secondary and tertiary creep, or first-, second-
and third-stage creep. The strain shown is plastic
or permanent strain. When a creep specimen is

- loaded, there will be some elastic extension of
the specimer, but this is not shown in this curve.
In the primary stage, the initial creep rate shows
a continuous decrease with time. In second-stage
creep, the creep rate is considered essentialiy

! Thire
First | Stage
Stage Second Stage Creep : Creep
Creep |

Strain

Time

Fig. 1. Idealized creep curve
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Fig. 2. Creep curve with minimum
creep rate and point of inversion

constant. In the third stage, the strain rate in-
reases rapidly to fracture. This increase in the
third stage is due, in part, to the reduction in cross-
sectional area and thus the increasing true stress.
Measurements made of specimen cross section
during third-stage creep indicate that the increase
in strain rate is not due onlv to necking or re-
duction in cross-sectional area, however.
Although in the idealized creep curve shown
in Fig. 1, the creep rate is shown as constant in
the second stage, this does not occur in practice.
If the test is long enough to show all stages of
creep, the curve will show a continually dimin-
ishing rate of creep to a point where the curve
inverts and the creep rate starts to increase again
(see Fig. 2). The change in rate may be very slight
over time; in some cases, the curve may ap-
proach a straight line.

RUPTURE TESTS

The rupture test is valuable in determining
tendencies of materials that may have to break
under an overload. It finds much use in selection
of materials for applications where dimensioned
tolerances are not critical but rupture could not
be tolerated. The rupture test is similar to a creep
test except that no strain measurements are made
during the test. The specimen is stressed under
a constant load at constant temperature as in the
creep test, and the time for fracture to occur is
measured. Measurements are also made of the
elongation and reduction in area of the broken
specimen. Stresses are higher than those used for
creep tests. An example of a typical application
of the rupture test would be for testing boiler pipes.
This test is also called the stress-rupture test, or
time-to-rupture test.

RELAXATION TESTS

The relaxation test is somewhat similar to the
creep test, but the load continually decreases in-
stead of remaining constant. This test is primar-
ily of value in evaluating bolt materials. When a
bolt is drawn up tight, a tensile load is present
in the bolt and the bolt is elongated slightly. This
causes a clamping load on whatever the bolt is
mounted on. If the bolt creeps (extends or re-

be reduced. It the
bolt elongates sufh:xem‘\ tc remove ali tension.
1 no longe" fulfilie its function. In a reiaxanon
test, the load is reduced at intervals in order to
maintain a constant elongation (strain). A relax-
tion curve thus takes the generai shape shown
in Fig. 3. Note that the y axis irn this curve is
stress or load rather than strain (elongation) as in
the creep curve.
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TYPICAL PROCEDURE FOR MAKING A
CREEP TEST

Selection and Preparation of Specimen. The same
precautions used in selecting and preparing a
specimen for a short-time tension test apply to
specimens for creep testing. The specimen should
be selected to be truly representative of that which
it is supposed to represent. Machining and grind-
ing should follow procedures to produce a sur-
face as nearly stress-iree as possibie. There should
be no undercutting at the fillets. and the gage
length should be uniform in cross section or very
slightly smaller at the center of the gage length.

The specimen is carefully identified in as much
detail as is appropriate—type of metal. heat
number, vendor, etc.—and this information is
recorded with the specimen’s measurements.
Sometimes gage marks, for measuring total ex-
tension, are made on the specimen. Such marks
or scribe lines must be used with care. because
the depressions or scribe lines can cause pre-
mature failure on some materials. Any operation
such as stamping the ends of the specimen must
be used with care to avoid any damage to the
specimen.

Loading. In mounting the specimen in the adapt-
ers and ioad train, care is needed to avoid strain-
ing of the specimen in handling. This can occur
when threading the specimen into the adapters
and when handling the load train with the spec-
imen in place, especially if the specimen is very
small or brittle. The load train (specimen adapt-
ers or grips, pull rods, etc.) with the specimen
in place should be carefully examined for any
misalignment which will cause bending of the
specimen under load. The upper load wain should
be suspended from the lever arm and the com-
pensating weight adjusted so that the lever arm
balances. The strain-measuring clamps and ex-
tensometer, or the platinum strips, are attached

Strers

Time
Fig. 3. Relaxation curve
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W e spectnen. and o lowd tsain is inserted
‘nto the furnace with *he specimen centered. The
SPEIHART st DDl remperaturs be-
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Loading or the weight par. should be done
smoothly and without excessive srock. If the
specimen is f0 be step ivaded, the weight is placed
on the weignt pan n measured increments and
the strain corresponding o0 each step of ioading
is recorded. The lcading curve thus obtained is
used in determining the elastic modulus. If step
loading is not used. a method of applying the
load smoothly must be used. This can be done
by having a support such as a scissors jack under
the load pan during loading. When all weights

are in place, the supporting jack is smocthly low- !

ered from under the weight pan.

Data Collection. Reading of strain should be made
-frequently enough to define the curve well. This
will necessitate much more frequent readings
during the early part of the test than later. The
elastic portion of the stress-strain curve can be
obtained by measurement of the instantaneous
contraction when the load is removed at the end
of the test if the specimen has not broken.

Temperaturs Control. In bringing the specimen to
temperature, it is important that the specimen not
be overtemperatured. A common practice is 10
bring the specimen up to about 50 °F (about 30 °C)
below the desired temperature in about 1 to 4 h
and then spend considerably longer in bringing
the specimen to the desired temperature and ad-
justing for good stabilization. It should be under-
stood that a period of time above the desired tem-
perature is not cancelled in effect by an equal
period at a temperature the same amount below
the desired temperature. Any rise in temperature
above the desired temperature of more than a small
amount (such as defined by ASTM Recom-
mended Practice for Conducting Creep and Time
for Rupturs Tension Tests of Materials) should
be rejected. The limits specified in this recom-
mendation are *3 °F (=1.7 °C) up to 1800 °F
(980 °C) and =5 °F (£2.8 °C) above 1800 °F.
At temperatures very much above 2000 °F
(1095 °C), the limits are broadened somewhat.
Variation of temperature along the specimen from
the nominal test temperature should vary no more
than these limits at these temperatures. These
limits refer to indicated variations in temperature
according to the temperature recorder.

Every effort should be made to ensure that the
indicated temperature is as close to true temper-
ature as possible. There is the possibility of both
thermocouple error and instrument error. Ther-
mocouples, especially base-metal thermocou-
ples, drift in calibration with use or because of
contamination. Other possible errors can result
from incorrect lead wires or incorrect connection
of lead wires, direct radiation on the thermocou-
ple bead or other causes. Representative ther-
mocouples should be calibrated from each lot of
wires used for base-metal thermocoupies and.
except at low temperatures. base-metal thermo-
couples should not be re-used without siipping
back to remove the wire exposed to high tem-
peratures and rewelding. Noble-metal coupies are
generally more stable. However, they are also
subject to error due to contamination and need
to be annealed periodically. This can be done by
connecting a variable transtormer to the two wires
and sending enough current through the wire to
make it incandescent.

Wien the themmocouple is attached w0 ihe
specimen. the juncticn must be kept in intimate
the speormen. Tre bead at the junc-
orossiple. and there must
[ oaisting of the choomocounle eisewhere
which could cause shorting. Any other metal
contact across the two wires will cause shorting
and erronecus readings. Many authornties rec-
cmmend shieiding the thermocoupie junction from
radiant heating. '

Temperamre-measuring, controiling and re-
cording instruments must be calibrated periodi-
cally against some standard. This is usually done
by connecting a precision potentiometer to the
thermocouple terminals on the instrument and
feeding in millivoitages corresponding to the out-
put of the thermocouple’ at each of several tem-
ceratures. Tabies of millivoit output for various
types of thermocouples are readily available from
manufacturers of precision potentiometers. Most
creep and rupture machines are equipped with a
switch which automatically shuts off the timer
when the specimen breaks. In creep tests. the load
is usually selected low enough so that ruprure does
not occur. The microswitch which shuts off the
dmer also shuts off or lowers the temperature of
the rumace on many other creep-rupture units.
In some furnaces the life of the heating element
is severely reduced if the furnace is shut otf atter
each test. so for some furnaces the temperature
is lowered to some lower control temperature such
as 1000 or 1200 °F (540 or 650 °C).

Interrupted Tests. Sometimes. because of a power
failure or other problem, it becomes necessary to
interrupt a test—that is, the specimen is cooled,
then reheated. For many materials, this appears
to have little effect on either creep properties or
time-to-rupture if the times of cooling and heat-
ing are not very great. It cannot be stated, how-
ever, that such treatment will not affect any ma-
terials. Any interruption of a test should be
reported.

PRESENTATION OF DATA

Creep. The usual method for presenting creep
data is in the form of a curve showing percent
creep strain as the vertical axis and time as the
horizontal axis. The time is usually plotted on a
log scale to show the early part of the curve in
good detail and yet prevent the curve tfrom being
excessively long. Sometdmes a whole family of

SUM &5 0y piotted vn the same Courdinates to show
the cffzct of different temperatures or difterent
LIr2esis 0N cne muierial.

frer methads tor ploiting dad include time
oot 1 2iven percent oof crecp versus foad at
a constint temperature or time to reach a given
percent of Creep versus temperature at consiant
load.

The ioading curve, showing the strain versus
load as the specimen is loaded. is piottsd sepa-
rately and is used in computing the elastic mod-
ulus of the material at temperature.

Rupturs. Rupture data are presented in several
types of grapis. One nas stress as the verucal
axis versus log of time-to-rupture {at constant
temperature) on the horizontal axis. Usually,
stress-rupure data are presented by means of a
parameter piot—i.e., stress is plotted against a
parameter value which relates it to both time and
temperature. Several different pararaeters have
been used. A widely used one, the Larson-Miller
parameter, follows the formula P = (T +~ 460)
(leg t + ¢). This means that the parameter vajue
P 2quals the Rankine temperature (460 + the
temperature in degrees Fanrenheit) times the log
{base 10) of the time in hours plus a constant.
The constant (c) has various values depending on
the material but usually runs from about 17 to 23
for most materials tested. The value of ¢ is de-
termined by plotting log of time versus | /[T(°F)
+ 460] using rupture data from several tests at
constant stress but different temperatures on the
same material. This produces a series of straight
lines converging as on a single point. At this point
log t = c, and this constant is theoretically the
best constant to use for the data involved. Figure
4 shows a parameter plot of stress-rupture data.

Shear Testing

IN GENERAL, the amount of existing shear-
strength data is seriously less than the published
data available for other mechanical properties.
Stores of data that deal with mechanical prop-
erties such as tensile and yield strength, hardness
and ductility for virtually all metals and metal
ailoys, and in a wide variety of conditions, are
readily obtainable.

At least two reasons can be identified to ex-
piain the scarcity of shear-swength data. First, the
demand is low, because the number of compo-
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Fig. 5. Shear test fixture of the
compression loading type used for
single or double shear test (Tinius
Olsen Testing Machine Company)

nents that are loaded in shear under service con-
ditions is far less than that of components loaded
in tension, compression. bending or torsion.
Probably the primary reason for the lack of pub-
lished data on shear strength is the difficulty in
obtaining accurate test data. Shear testing inher-
ently involves a number of variables: thus. the
tests are less reproducible than testing for prop-
erties such as tensile or yield strength. Therefore.
most shear testing has been performed by means
of nonstandard equipment and procedures oper-
ating on arbitrary bases, thus producing results
that are empirical.

The greatest needs for shear-test data are in the
designing of structures that are riveted. pinned
or bolted together and where service stresses are

“actually in shear. Notable examples of such
structures are found in the aerospace industry. The
required standardization is given by ASTM Stan-
dard BS65.

SINGLE- AND DOUBLE-SHEAR TESTING

In the many tests that have been devised for
evaluating shear strength, both single- and dou-
ble-shear testing have been used. The double-shear
technique is far more accurate, however, making
~ -those results more reproducible than results for
the single-shear technique.

Compression-type loading for a shear fixture
1s shown in Fig. 3. with a specimen being tested
ir. double shear. This tvpe of fixture ma) aiso be
used for single-shear tesis.

Procedure. The test specimen is assembled in the
fixtures. as shown in Fig. 6. and loaded in ten-
sion until compiete failure occurs. Crosshead
speed during the test should not exceed 0.750 in./
mmin (19.1 mm/min). and loading rate should not
exceed 100 ksi/min (690 MPs/mini. The max-
imum load in double shear is determined by the
direct reading on the testing machine.

CALCULATION OF SHEAR STRENGTH

The calculation of strength in double shear is
a simple matter of dividing the machine load by
tiae area of the cross section (wD?/4). It foliows,
tinen, that single-shear strength is one-half of this
walue, Or:

P/2
szngle-shear strength = ———
wD?*/4
svhere P is load in pounds (kilograms), and D is
Giameter in inches (millimetres).

As previously stated. shear testing is more vul-
merable to the effects of variables than certain other
mecnanical tests. such as tests for tensiie or vield
strengih. The reader should note from examining
Fig. 6 that, even when the fixtures and test spec-
#mens meet specified tolerances, some variations
are bound to exist in the test-jig assembly that
will be reflected as variables in the results.

Fig. 7. Torsion testing of a brazed
T-joint specimen

F.rrac 3/8 .n Steet Botts

The presence or absence of Jubnicant on the
surfaces of the specimens and test fixtures can
be responsibie for substuntiul vanations in ine
sults. For example. a lubncuted specomen n
cause a reduction in shear strengin of as mucn
3%. To minimize this variable. it is recom-
mended that the test fixtures and specimens be
carefuliy cleaned prior to testing — preterably by
means of ultrasonic cleaning in a suitable soi-

vent.

1 -

Torsion Testing—m—

IN THE TORSION TEST. a specimen is sub-
jected to twisting or torsional loads to simulate
service stresses for such parts as axles, crank-
shafts. twist drills and spring wire. The test has
not been standardized. and is rarely specified.
However, the torsion test provides information
such as modulus of elasticity in shear (sometimes
called modulus of rigidity), the shearing yield
strength and the modulus of rupture (apparent ui-
timate shear strength). The torsion test may also
be performed as a high-temperature twist test on
materials such as tool steels to determine forge-
ability. The test does not provide meaningful re-
sults for very brittle materials such as cast irons.
because these materials would fail in diagonal
tension before the shear-strength limit was
reached.

GENERAL PROCEDURE

In torsion testing, the specimen is clamped in
clamping heads so that the specimen remains as
straight as possible during testing. The test spec-
imen is then twisted at a slow, uniform rate until

__ it breaks, or until a specified number of turns is

obtained. The number of turns is recorded. If the
number of turns falls within an acceptable range.
the test specimen is considered to have passed
the test. Results of the torsion test are largely
comparative, and have no standardized values.
Torsion testing is frequently employed to as-
sess the quality of brazed joints for sheet-metal
products. A T-joint of sufficient length is brazed
and then subjected to two full trns in torsion
(Fig. 7). Visual examination is made to deter-
mine if failure has occurred in the brazed joint.
One of the only standardized applications of
the torsion test applies to torsion testing of wire

An example of a torsion-testing machine is
presented in Fig. 8.

DATA

Torsion data are usually presented as torque-
twist curves, in which the applied torque is plot-
ted 2gainst the angle of twist. Torsion produces
a state of stress known as pure shear, and the
shear stress at vielding can be caicuiatea from
the torque at yielding and the specimen dimen-

AN
2 1@ 2Ll
Tongue End p— \\ et TRUZZL e CAGENE
zh2) © ‘ é - A S | : ST™ ESSS)
T ! i
P AMmTn e oee
| b Pttt — Eng
Br e nemnassas nm e
_ - v -
sl o T % L nd N
ATCoR ]
P e \F W
- Spesimen Shorp Eages
Dwnensions Given » Inches
(Mediimeters in Pﬂf.ﬂ'h’l") 3% {19)
#(100) 4000 ,
ve22r | zi6% |
I‘: - usuosn-—z-—/ﬁf—’—-ﬁ
. 1

©

1-1/2 {38)

©

4 (00!

See ASTM BSSS for a complete exzianation of size requirements.:
Fig. 6. Detalls of test jig used for testing specimens in double shear

sions. The maximum stress for a cylindrical
specimen (at the surface) can be calculated from
the following relation:

16T

S=—

~md’

where S is maximum shear stress in psi (MPa),
T is torque in lb-in. (N-m) and d is specimen
diameter in inches (cm). This formula holds only

P b)) bt
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Fig. 8. Close-up of a 10 000 in-ib
(1100 N-m) torsion-testing ma-
chine with special tooling for Phil-
lips screwdriver bits (Tinius Olsen
Testing Machine Company)

FORMABILITY is the technical term used to
describe the ease with which a metal can be shaped
through plastic deformation. Usuaily, it is syn-
onymous with the term “workability.” The eval-
uation of the formability of a metal involves both
measurement of resistance to deformation
(strength) and determination of the extent of plastic
deformation that is possible before tracture (duc-
tlity). The emphasis in most tormability tests,
however, is on the amount of deformation re-
quired to cause fracture.

Because of the diverse geometries of the tcols
and workpieces and the various ways that forces
of deformation are applied, different metalwork-
ing processes produce varying swess states. These
can be divided into two broad categories: (a) buik-
deformation processes, such as forging, extru-
sion and rolling, where the stress state is three-
dimensional; and (b) sheet-forming processes,
such as deep drawing and stretch forming. where
the stress state is two-dimensional and lies in the
plane of the sheet. The tests that simulate bulk-
formability testing are given in the article on
compression testing.

BEND TESTS

Bend tests are among the most frequently used
tests for evaluating the ductility of a metal or
welded joint by measuring its ability to resist
cracking during bending. Bending is the process
by which a straight length is transformed into a
curved length. The fibers of the metal on the outer
(convex) surface of the bend are stretched, thus
inducing tensile stresses. Simultaneously. the fi-
bers on the inner (concave) surface of the bend

Formability Testin

when the strain is proportional to stress. but s
commonly used for computing hicher stresses and
for detcrmining modulus oi rupiure tapparent ul-
timate shear strength).

The total torsionui deformation is mcasurad as
angular twist of ore =nd of the gage length in
czation to the other. In order o obtain (e an-
zuiar twist per inch of gage iength, the toial an-
guiar twist is divided by the gage length. The
angular twist per inch of gage length can then be
converted into shear strain, in inches per inch,
by multiplying by half the diameter of the spec-
imen.

E,, the modulus of elasticity in shear (some-
times called the modulus of rigidity). can be cal-
culated from the following formula:

E, = SL

by}
where S is maximum shear stress, in psi (MPa);
L is the gage length of the specimen, in inches
(cm); r is the distance from the axis of the spec-
imen to the outermost fiber (half the diameter),
in inches (cm); and 8 is the angle of twist, ex-
pressed in radians, in length L.

The yield strength is generally defined as the
maximum stress developed by a torque produc-
ing an offset of 0.2% from the original modulus
line, analogous to the method used for determin-
ing tensile yield strength.

are placed in compression. ASTM methods E190,
E290 and E855 provide descriptions of the var-
ious procedures.

Bend Radius. For a given bending operation, the
bend radius, R, cannot be made smaller than a
certain value, or the metal cracks on the outer
(tensile) surface. Usually, this minimum bend ra-
dius {R.) is expressed in terms of multiples of
the specimen thickness, t. Thus. a material with
a 3t minimum bend radius can be bent without
cracking through a radius equal to three times the
specimen thickness. It follows, then, that a ma-
terial with a minimum bend radius of 1t has greater
formability; whereas a minimum bend radius of
St indicates a less formable material.

Test Specimens. Bend-test specimens are usually
in the form of a rectangular beam. Wherever
possible, as with a plate or a sheet, the tull thick-
ness of the material should be used. Generally,
the specimen thickness should not exceed 40 mm
(1Y, in.). When using a machined specimen of
reduced thickness, the as-fabricated surtace should
be retained as a surface of the bend specimen.
This surface should be oriented in the bend fix-
ture as the tensile surface. For specimens cut from
plate material, the width should be twice the
thickness, but no less than 20 mm (¥, in.). For
thin specimens cut from sheet. the width should
exceed eight times the thickness. The ratio of
width to thickness affects the stress state pro-
duced in bending and, therefore. the ductility
measured in the test. For this reason, bend-test
results made on thin sheet should not be com-
pared with those obtained with thicker plate to
avoid erroneous conclusions about the formabil-
ity of the materials.

g

COMPARISON OF TORSIONAL AND
TEMSION DATA

From the torque-tvise diagram it is simpie (o
obiin 1 shear steess —shewr strain diagram. The
greut advantage of the torsion test over the ten-
on test is that large values of strain can be ob-
tained without compiications such as necking. One
problem of torsional tests is that the siress is not
constant throughout the cross section. This prob-
iem can be circumvented by using tubular spec-
imens. If the results of a tension test and a tor-
sion test are plotted for the same low-carbon steei,
the two curves will be markedly ditferent. How-
ever, if the two curves are normalized by con-
verting the normal stress and longitudinal strain
in the:uniaxial test and the shear stress and strain
in the torsion test into effective stress and strain.
the two curves come into close correspondence.
The effective stresses and strains are determined
by well-known equations (for instance, Eq 1.67
and 1.81 in Mechanical Merallurgy: Principles
and Applications, by M.. A. Meyers and K. K.
Chawla, Prentice-Hall, Englewood Clifts. NIJ.
1984.) These results show that the work hard-
ening of the material is a function of the amount
of plastic strain and does not depend on the state
of stress. Such is not the case tor all matenals.
however. Differences in texture due to different
constraints can be responsible for substantial dif-
ferences in the effective stress-strain curve.

The length of a bend-test specimen must be
of some minimum that varies with thickness.
Length, however, is not critical if the specimen
is long enough to accomplish the bending oper-
ation. The edges of the specimen may be rounded
to a radius not to exceed 1.6 mm (/55 in.) tc
minimize edge cracking. Flame-cut surfaces
should be machined to remove heat-affected metai.
Sheared edges should be machined or smoothed
on an abrasive belt to remove the sheared edge.
Although bend testing usually is pertormed with
specimens of rectangular cross section. round
specimens may also be used.

Bend specimens may be cut from sheet or plate
to evaluate the basic formability of the material
or test the formability of an as-fabricated surface.
Because most fabricated products have mechan-
ical properties that are directional (anisotropic).
directionality is an important consideration in
making the test. Figure | shows the orientation
of the bend-test specimen with the rolling direc-
tion for a longitudinal orientation and a trans-
verse orientation. The transverse orientation gen-
erally shows lower ductility, because the tensile
bending stresses are oriented perpendicular to the
fiber structure developed by the roliing defor-
mation. )

The quality of welds often is evaluated by bend
testing (ASTM E190). A specimen is cut from
the welded assembly with the weld in the center
of the specimen. The weld may be either trans-
verse or parallel to the length of the specimen.

Free Bend Tests

A free bend test is one in which the curvature
of the bend is left “free™ to take its natural shape.
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(a) A partial bend is made with the specimen in a
horizontal position. (b) The specimen is positioned

vertically, and the two knurled jaws are iorced to-
- gether until the specimen fractures or makes a 180°
U-bend.

Fig. 2. Free bend tests

As shown in Fig. 2, the specimen is given a pre-
liminary bend in a bending fixture (Fig. 2a) and
then is transferred to a free bend fixture (Fig. 2b)
where the bend is completed.

For moderately ductile materials, the formabil-
itv is evaluated by the bend angle (a) that can be
achieved before cracking occurs on the tensile
face (outside surface) of the bend. For a highly
" ductile materia! that can be bent flat on itself (a

= 180°), the ductility is evaluated on the thickest .

specimen for which this can be done without
_Cracking. ‘

Restricted (Controlied) Bend Tests

A restricted bend test is one in which the test
specimen is made to bend closely around a pre-
determined radius, R. Various examples of this
test are shown in Fig. 3. The test shown in Fig.
.3(a) usually is called a guided-bend test. The need
for a test fixture sometimes may be eliminated
by using a soft metal support to accommodate
the punch, as in Fig. 3(b). For thin sheet metal.
the bending force may be applied by a hand-op-
erated lever or, alternatively, the sheet may be

. hammered over the bending die with a plastic or
rawhide mallet (Fig. 3c). ASTM E290 describes

Ordineril - ~-id pattern is lightly scribed on

the tensile surface of the bend specimen before
the restricted bend test. This surface is observed
during the test, either with a mirror or by bend-
ing in small increments, to determine when the
cracks first appear. At this point, the angle of
bend is recorded, or the elongation of the tensile
surface is determined from the grid network. Al-
ternatively. the minimum bend radius that will
permit bending through a fixed bend angle is de-
termined as the measure of formability.

Bend Tests on Very Ductile Materials

Bend tests on very ductile materials are less
controlled than those discussed above, but they
are more severe tests. For a sheet, the basic test
is to determine whether the sheet can be bent flat
on itself through 180° without cracking. A fur-
ther test of ductility is to cross-fold the sheet once
again across the first fold (Fig. 4a). Bend tests
are made on tubes by first flattening the tube, as
shown in Fig. 4(b). This applies two separate
transverse bends of nearly 180°. Subsequently,
the flattened tube can be folded along its longi-
tudinal axis (Fig. 4¢).

SHEET-FORMABILITY TESTS

Several tests have been developed to evaluate
the formability of sheet metal. Most complex
sheet-forming operations can be resolved into a
combination of bending plus stretching and
drawing. In a pure stretch-forming operation. the
edges of the blank strip are clamped. and the shape
is produced by multidirectional stretching over
the contours of the deforming tool or punch. Sheet-
metal drawing, usually called deep drawing, uti-
lizes the radial drawing of the sheet-metal blank
into the die under the action of the punch. In deep
drawing. the outer portion of the blank shrinks
in diameter under circumferential compression.
To prevent the biank from buckling, the blank-
holder must exert sufficient pressure to prevent
wrinkling, but not enough pressure to restrict the
sheet from drawing into the die. Thus, in deep
drawing, no deformation occurs in the central re-
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Fig. 4. Fold tests on ductile sheet
or tube (see text)
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Fig. 5. Two operations that simu-
late stamping: (a) deep drawing;
(b) stretching

gion of the punch directly under the punch:
whereas in stretch forming, the maximum defor-
mation occurs in this region. Figure 5 shows the
essential differences between stretching and
drawing. :

The ability of the metal to undergo stretching
is enhanced by a high value of strain hardening.
Thus, a high value of the strain-hardening ex-

Specimen.

() Guided bend test wherein the test material is forced through a fixture of predetermined radius. (b) Modi-
fication of guided bend test using soft metal for the fixture. (¢) Method of clamping the specimen whiie bending

it over a predetermined radius. Source: same as Fig. 1.

Fig. 3. Restricted bend tests
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in the thickness of the sheet thun in the plane of
the sheet. As the piastic-strain ratio, r, becomes
greater, the limiting draw ratio, LDR. becomes
larger. The plastic-strain ratio is obtained by tak-
ing a tensile specimen and straining it to the point
of necking. The longitudinal, thickness and lat-
eral (width-direction) strains are determined and
are, respectively, €, €, and €,. The plastic-strain
ratio is defined as:

aitare.
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€, i

r=—
£

ASTM 517 describes the test used to determine
r. The limiting draw ratio (LDR) is tne largest
ratio of blank diameter to punch diameter for
which the blank can be drawn into a cup of di-
ameter D, without tearing.

Many laboratory tests have been developed to
measure and control the formability characteris-
tics of sheet metals. Some, such as the hydraulic
bulge test, are fundamental tests, while others at-
tempt to simulate actual sheet-forming opera-
tions. Finally, the forming of actual parts on which
a grid of circles has been imprinted in combi-
nation with the forming-limit curves (or Keeler-
Goodwin curves) can be used to measure the
formability of a given sheet metal.

In the hydraulic bulge test, metal is tested un-
der uniaxial tension in the tension test and under
local compression in the hardness test. In a typ-
ical press-forming operation, the metal is de-
formed under biaxial tension or biaxial tension-
compression, in which the metal is strained si-
multaneously in two directions in the plane of the
sheet. The hydraulic bulge test can be used to
measure the properties of sheet metal when
strained under biaxial conditions.

In the bulge test, a circular sheet is clamped
at the edge and deformed by hydraulic pressure
into a dome. For an isotropic sheet, essentially
uniform biaxial stress and strain exist over an ap-
preciabie region at the center of the diaphragm.
Failure eventually occurs in this central region.

Another sheet-formability test is the stretch bend
test, which measures the ability of a sheet metal
to be bent around a sharp radius under tension.
It is a more severe test than the simple bend test
and, in addition, can be used to measure the sen-
sitivity of a metal to tearing from a stretched cut
edge (a major problem in components with hole
or stretch flanges).

In the stretch bend test, a sheared strip spec-
imen of the material to be tested is clamped firmly
between jaws and bent under tension, burr side
outward, over a radiused punch. Normally, an
autographic record of punch load and punch travel
is obtained during the test. The punch travel—
either at maximum load when cracks start to run
into the material from the sheared edges, or at
failure—is taken as the measurs of specimen
formability.

Ball Punch Deformation Test
(Olsen and Erichsen Tests)

The Olsen test simulates sheet-metal perfor-
mance under stretching conditions. It is a simple
test in which the sheet metal is clamped rigidly
in a blankholder, then stretched over a smalil
hemispherical punch 22.2 mm (/s in.) in diam-

. ; AT
" S 4,
@ ®) © @

(a) Olsen and Erichsen tests. (b) Deep draw cup test. (c) Fukui test. (d) Hole-expansion test. Courtesy of

Tinius Olsen Testing Machine Co.

Fig. 6. Results typical of ductility tests on sheet-metal blanks

eter. The stretchability of the sheet is then as-
sessed by measuring the height to which the sheet
can be stretched before fracture occurs. In a typ-
ical Olsen tester, both the punch travel and punch
load are recorded, and the fracture point is es-
tablished by noting the point at which the load
suddenly decreases. Figure 6 shows sheet spec-
imens that were subjected to four different form-
ability tests.

The Olsen test has been replaced by the ~ball
punch deformation test” standardized by ASTM
(ANSI/ASTM E643-78). In this test. many of
the test parameters that previously were left to
the discretion of the individual performing the test
are normalized. The standardized test applies to
specimens with thicknesses between 0.2 and 2.0
mm. The machine to which the tooling is at-
tached should have the capability of holding down
the specimen (pressure between the top and bot-
tom die) with a torce of at least 10 000 N (2200
1bf).

Because the punch surface and the sheet-metal
surface are in contact during this test, the friction
between the two surfaces has a large effect on
the test conditions. To maintain standard triction
conditions from one test to the next, the lubricant
is standardized. It is commercially available pe-
troleum jelly (vaseline) applied to the punch only.
ASTM E643 also states that other lubrication
systems (e.g., polyethylene sheet plus oil) may
be used as agreed between supplier and user.

The speed of the penetrator shall be between
0.2 and 1 in./min (0.08 and 0.4 mm/s). The end
of the test corresponds to the drop in load, which
is caused by necking of the sheet. If the machine
is not equipped with a load indicator, the end
point will be either visible necking or fracture of
the test specimen in the dome. The cup height is
measured at this point and is the penetrator (punch)
displacement.

The Erichsen test, which is common in Eu-
rope, where it was standardized, is similar to the
Otlsen test in principle —that is, the test simu-
lates sheet-metal performance under stretching
conditions. The punch diameter for the Erichsen
test is slightly smaller than the punch used for
the Olsen test (20 mm or 0.79 in.).

The Erichsen test may be performed with or
without lubrication. but the use of lubrication in-
troduces a new vanable. as described in the above
discussion of the Olsen test. A portable instru-
ment for performing the Erichsen test is available
and has been widely used for control of formabii-
ity or drawability in sheet-metal working. espe-
cially for quality control of incoming material.

Limiting Dome Height Test

In the Erichsen. Olsen and bulge tests, fracture
occurs at conditions that are close to equibiaxial

strain (when the strain is the same in the two'per-
pendicular directions). In the uniaxial tension test,
fracture occurs at a combination of 2nsile strain
plus a2 smaill amount of contraction strain in the
width direction. In practical press-torming op-
erations, most fractures occur at close to plane-
strain conditions. such as a tensile strain tn one
direction with zero strain in the other direction —
which is somewhere between the conditions in
the Olsen, Erichsen and buige tests on the one
hand and conditions in the tension test on the
other.

The limiting dome height test has been devel-
oped to simulate more effectively the fracture
conditions found in most parts. In this test. a large-
diameter hemispherical punch, usually 100 mm
(4 in.) in diameter, is used, and strips ot sheet
steel of varying widths are clamped and then
stretched over the punchk. The strips are marked
with a grid of small circles, 2.5 mm (0.1 in.) in
diameter, and the width strain at fracture is mea-
sured from the circle closest to the fracture. The
width strain increases as the width of the sheet
becomes greater.

The advantage of the limiting dome height test
is that it more ciosely simulates the fracture con-
ditions in a practical press-forming operation. It
is a complex and time-consuming test, however.
and the results are critically dependent on sheet
thickness. In this test, lubrication is not critical:
the standard practice is to perform the test dry
(without lubricant).

Swift Cup Test

This test simulates the drawing operation and
involves drawing of a small tlat- or hemispner-
ical-bottom, parallel-side cup. The sheet is held
under a blankholder, as shown in Fig. 7. but is
well lubricated with polyethylene and oil to en-
sure that the blank can be drawn in under the
blankholder. Typical Swift cup test forming tools
are available in 19-. 32- and 50-mm diameters
for use with specimens ranging in thickness trom
0.31t0 1.24, 0.32to 1.30 and 0.45 to 1.86 mm,
respectively. For drawing 40-mm-square cups
from 80-mm-diam round specimens from 0.2 to
2 mm thick, a 40-mm-square torming tool is rec-
ommended.

Punch diameter is 50 or 32 mm (2 or 1.3 in.).
Fig. 7. Swift cup test
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<% The results of tnis test correiate weli with the
performance of sheet meial in deep-drawn com-
ponents, but, because of shape and alignment.
reproducibility between Jaboratories is not good.
The main problem with this test. however, is that
it is ime-consuming, and a large number of blanks
of different sizes must be tested to obtain a re-
liable result.

Apart from measuring drawability. this test also
can be used as a quality-control check to measure
the tendency toward earing of the sheet metal. In
this case, 2 blank of fixed diameter is drawn, and
the height between the peaks and troughs in the

Fig. 10. Sheet specimen subjected to punch-stretch test to the point of necking
(indicated by clear line). Courtesy of S. S. Hecker, Los Alamos National Labo-

cup wall are measured. ratory.
The Englehardt or draw fracture test is a vari-
ation of the Swift cup test for measuring draw- P, - P, %0 . . 20
ability that overcomes the problems of complex- = — he 2700 mm
ity and time involved in that test. The draw P, i

fracture test involves drawing of a cup to the point

of maximum drawing load, then clamping the

flange and continuing the punch travel to frac-

ture. A load-penetration curve similar to that in

Fig. 8 is obtained and the Englehardt value, T.

is calculated from the maximum draw and frac-
+ ture loads, P, and Py
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A and B: drawing. C and D: clamping and fracture.
Fig. 8. Draw fracture test
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Fig. 9. Fukul conical cup test

This result depends on strip thickness and usually
is corrected. using an empirical relationship. to
a nominal thickness. Because of its simplicity of
operation and reproducibility, the draw fracture
test is the most suitable for testing of drawability
on a routine basis.

Fukui Conical Cup Test

The Fukui conical cup drawing test (Fig. 9)
was developed to assess the performance of a
material during forming operations involving both
drawing and stretching. The advantage of this test
is that no holddown is necessary if the correct
relationship between sheet thickness and blank
diameter is maintained.

A blank of the appropriate size is laid over a
30° conical entry die and forced into the cavity
by a flat-bottom or hemispherical punch. The
‘height of the cup at failure is used as a measure
of formability. The test requires various tooling
for different sheet thicknesses, and the result is
thickness-dependent. It has been demonstrated
that the Fukui cup depth is influenced mainly by
stretchability, but with some dependence on
drawability. Thus. this test does not correlate as
highly with uniform elongation and r-values as
do other tests that are predominantly stretch or
draw, which may explain why the conical cup
test has not been as widely accepted as other sim-
ulative tests.

Typical tooling commercially available for the
Fukui test includes a cutting ring. cutting ram and
ball indenter available for specimer thicknesses
from 0.5 to 1.6 mm. '

FORMING-LIMIT CURVES

The poor correlation often found between re-
suits of the common “cupping” test and actual
metal performance led investigators to look at
some more fundamental parameters. Localized
necking requires a critical combination of major
and minor strains (along two perpendicular di-
rections in the sheet plane). This concept led to
the development of diagrams known as the Kee-
ler-Goodwin or forming-limit curves (Ref 1 and
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(a) Representation of stra(i:)distribution: €,, meridional

strains; e,, circumferential strains; h, cup height. (b)
Geometry of deformed sheet.

Fig. 11. Schematic illustration of

sheet deformed by punch stretch-
ing
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2). The forming-limit curve (FLC) is an impor-
tant addition to the arsenal of testing techniques
in formability.

Hecker (Ref 3) developed a punch-stretch ap-
paratus and technique well suited for the deter-
mination of forming-limit curves. This apparatus
consists of a punch with hemispherical head 101.6
mm (4 in.) in diameter. The die plates are mounted
in a servohydraulic testing machine with the punch
mounted on the actuator. The hold-down pres-
sure on the die plates (rings) is provided by three
hydraulic jacks (the hold-down load is 133 kN).
The bead-and-groove arrangement in the rings
eliminates any possible drawing in. The speci-
mens are all gridded with 2.54-mm circles by a
photoprinting technique. The load versus dis-
placement is measured and recorded during the
test, and the maximum load is essentially coin-
cident with localized instability and the onset of
fracture. A gridded specimen after failure is shown
in Fig. 10. The circles become distorted into ei-
lipses. The clear circumferential mark is due to
necking. The strains €, and €, are called merid-
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ional and circuinferentiul strains, respectively, and
are measured at various points when the test is
interrupted. Figure 11 shows how these strains
vary «ith distance trem the axis of symmetry of
the punch, at the point where the punch has 2d-
vanced a totai distance of h = 27 mm. e, the
meridional strain, is highest at about 25 mm from
the center (¢, = 0.25). €, the circumferential
strain, shows a definite plateau. By using sheets
with different widths and varying lubricants be-
tween the sheet and the punch, different strain
patterns are obtained. These tests are conducted
to obtain different combinations of minor-major
strains leading to faiiure. Figure 12 shows how
the FLC curve is obtained. The minor strain {(cir-
cumferential) is plotted on the abscissa and the

major strain (meridional) is plotted on the ordi-.

nate axis. Four different specimen geometries are
shown. The V-shape curve (FLC) marks the
boundary of the safe-fail zone. The region above
the line corresponds to failure: the region below
is safe. In order to have both major and minor
strains positive, a full-size specimen is used. By
increasing lubrication, the major strain is in-
creased; a polyurethane spacer is used to de-
crease friction. The drawings at the lower left-
and right-hand corners of Fig. 12 show the de-
formation undergone by a circle of the grid. When
both strains are positive, therc is a net increase
in area. Consequently, the thickness of the sheet
has to decrease proportionately. On the left-hand
side of the plot, negative strains are made pos-
sible by reducing the lateral dimensions of the
blank. This allows free contraction in this di-
mension. The strains in an FLC are obtained by
carefully measuring the dimensions of the el-
lipses adjacent to the neck-failure region.

" These FLC’s provide helpful guidelines for
press-shop formability. Coupled with circle-grid
analysis, they can serve as a guide in modifying
the shapes of stampings. Circle-grid analysis
consists of photoprinting a circle pattern on a blank
and stamping it, determining the major and mi-
nor strains in its critical areas. This is then com-
pared with the FLC to verify the available safety
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Fig. 12. Construction of a forming-limit curve (or Keeler-Goodwin diagram). Cour-
tesy of S. S. Hecker, Los Alamos National Laboratory.

margin. The strain pattern can be monitored with
changes in lubrication, hold-down pressure, and
size and shape of drawbeads and the blank: this
can lead to changes in experimental procedure.
Circle-grid analysis also serves. in conjunction
with the FLC, to indicate whether a certain alloy
might be replaced by another one, possibly
cheaper or lighter. During production, the use of
occasional circle-grid stampings provides valu-
able help with respect to wear, faulty lubrication,

and changes in hold-down pressure.
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