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ABSTRACT

This research investigates whether measurements of bulk electronic and magnetic
properties can be used to reveal the microstructure and phase stability of alloys. The ability
to characterize alloy properties and phase stability through correlation with electronic
measurements may allow significant improvements in the non-destructive evaluation of
advanced alloy properties and the prediction of service life. There is a sound fundamental
basis to expect that the electronic state of an alloy can be correlated to metallurgical
properties. The metallurgical stability of intermetallic phases as well as some of the
mechanical properties in certain alloys have been successfully predicted by correlating to
electron concentration. In addition, bulk electronic and magnetic properties are also a
result of the electron state. Therefore, measurements of these properties should correlate
to the microstructure and phases present in metal alloys. Because the aluminum-copper
alloy phase and microstructure has been thoroughly studied and documented, it was
selected as a model system and an alloy of aluminum with 4 wt. pct. copper was used. The
magnetic susceptibility was selected as the measured property, based on its known
relationship to the electron concentration and the electronic nature of a metal. The
magnetic susceptibility measurement exhibited three regions that correspond to the
aluminum-copper alloy microstructure. The regions identified include: 1) metastable GP1
phase refinement, 2) formation of metastable GP2 and ©' phases, and 3) 6' phase refinement
and 6 phase formation. Based on these findings, it appears possible to non-destructively
determine the microstructure and phase stability of an alloy by making electronic and

magnetic measurements.
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CHAPTER 1

INTRODUCTION

1.1 Objectives Of Research

The objective of this research is to determine whether bulk electronic and magnetic
properties can be used to evaluate the microstructure and phase stability of an alloy. The
ability to characterize alloy properties and phase stability through correlation with
electronic measurements may allow significant improvements in the non-destructive
evaluation of advanced alloy properties and the prediction of service life. For example,
the aluminum industry would benefit from improved methods of phase determination to
assure desired microstructure and resultihg strength exists within the alloy [1].

The metallurgical stability of intermetallic phases as well as some of the mechanical
properties in certain alloys have been successfully predicted by correlating to electron
concentration. Hume-Rothery [2] has identified that intermetallic phases occur at specific
electron to atom ratios and has called these phases electron compounds. Brewer [3-5] has
established a relationship between electron concentration and the compositional range for
a specific crystal structure or phase. Cho [6] connected many mechanical properties,
including bulk modules, shear modulus, and Young's modules to the electron

concentration and thus the Fermi energy.
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There is a sound fundamental basis to expect that the electronic state of an alloy
can be correlated to metallurgical properties [7-10]. For example, in a simple free electron

gas theory, the isothermal bulk modules, B, can be expressed as:
B = %Ep R, (1)

where £, is the Fermi energy and », is the carrier density, which for conductivity by
electrons is equivalent to electron concentration. The Fermi Energy at 0 K, £,(0 K), is

also related to the electronic concentration by the following relationship.

13

E.(0K) = ("2m)(3 ©°n, )*° Q)

where 2w h = h, h 1s the Planck's‘constant, and m is the effective mass of the electron.
These relationships imply that a change in the Fermi energy or electron concentration
could effectively influence the mechanical properties of metals.

The concept of using calculated electron concentrations to predict, from known
alloy composition, the susceptibility of an alloy to form topological close packed
intermetallic phases has been developed and is named Phacomp. Phacomp involves a
calculation of an electron number which is compared with a criteria value. Whether the
electron number is greater or smaller than this criteria value allows prediction of phase
stability. The Phacomp calculation method and the more recent improved New Phacomp

method have been successfully used to evaluate the susceptibility of forming sigma phases
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in superalloys. These analytical techniques do suggest that the electronic state is
important to the phase state of the alloy.

If the mechanical properties are fundamentally a function of electron
concentration, and there has been success correlating calculated electronic states to
mechanical properties and alloy phases, could the electron concentration be measured with -
advanced bulk electronic or magnetic methods? Can these measurements provide insight
into the condition of the alloy, and its structural properties? In an attempt to
non-destructively determine the properties of m;lteﬁals, electronic and magnetic
measurements have been conducted on several alloy systems. The correlation between
magnetic susceptibility and the precipitation of solute in heat-treatable aluminum alloys has
been investigated [11]. Magnetic phase analysis has been used for alloys with no more
than two phases, which have known and widely differing susceptibilities. One application
is the measurement of the amounts of the body-centered cubic and face-centered cubic
phases in iron-rich binary alloys at high temperatures [12]. Hall coefficient and electrical
resistance measurements have been performed on alloys (Bismuth alloys, Fe-Co, Pd-Fe,
Pb-Ni, Pd-Co) to investigate the dependence on structural modifications, composition, and

temperature. [13-21]. Magnetic Barkhausen Noise signals have been used to characterize

the microstructures in aged 17-4-PH stainless steel, and tempered 2.25Cr-1Mo bainitic

steel [22, 23].
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1.2 Scope Of Research

To evaluate the use of electronic and/or magnetic measurements requires the
selection of an alloy system which has been thoroughly studied as to its phase stability.
The binary aluminum-copper system, with its well investigated phase transitions during
annealing, which include GP1, GP 2, 6', and © phases, makes a model system for this
investigation. The phase transitions go from pre-precipitation conditions with coherent
interfaces to non-coherent precipitates. Samples of Aluminum - 4 wt. pct. Copper with
varying microstructure were prepared through a series of designed thermal treatments, and
fully characterized. Two practiced electronic and magnetic measurements, magnetic
susceptibility and Hall coefficient, were examined to determine the physical nature of these
measurements, their dependence on electron concentration, and a relationship to phase
stability. Because of its known relationship to the electron concentration and the
electronic nature of a metal, the magnetic susceptibility was selected as the measured
property. Magnetic susceptibility measurements were made on the prepared samples, and
results were compared with microstructural information. The magnetic susceptibility was
found to correlate with various phase conditions. Based on the correlation, the magnetic
susceptibility can assist with nondestructively measuring alloy phase stability or the service

life of a precipitation strengthened alloy.
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1.3 Thesis Organization

Chapter 2 presents the literature review conducted for this thesis. The relevant
electronic physics describing the behavior of metals is developed so that the relationship
between electron concentration and material properties is understood. To discern both
magnetic susceptibility and Hall coefficient and the information each represents, a
summary on the magnetism and Hall effect is presented. The details of the Al-Cu alloy
system are also discussed.

‘

Chapter 3 presents the experimental procedures used in preparing samples,
measuring the magnetic susceptibility, and characterizing sample microstructure.
Chapter 4 examines the correlation between magnetic susceptibility and alloy properties.

Conclusions drawn from the investigation are presented in Chapter 5. The cited

references and appendices are included at the end of the Thesis.
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CHAPTER 2

LITERATURE REVIEW

2.1 Physics Of Metals

In the simplest view, atoms in metallic crystals are ionized and a metal is an
assemblage of positive ions in a periodic lattice, immersed in a cloud of electrons.
Metallic crystals are held together by the electrostatic attraction between the negative
electrons and the positively charged ions. The electronic potential in the interior of the
metal varies periodically as a result of the presence of the positive ions arranged on a
space lattice. The motion of a conduction electron in this periodic potential is described
by a system of waves. The use of wave mechanics to characterize the velocities that a
wavelike electron can have as it moves around in a metal with a periodic potential has
been classified as the band theory of solids. However, many of the important relationships
can be derived by ignoring the periodic potential, and considering what is called the free
electron theory.

The wavelength that describes the motion of the electron depends on the velocity
of the electron according to the relation:

A =2nh/mv (3)

where 2t h = h, h is the Planck's constant, m is the effective mass of the electron, and v is

its velocity.
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A much used quantity in electron theories is the wave number k, which is the
inverse wavelength multiplied by 2x. Thus,

k =2n/A=mvh 4

which shows that the wave number of a free electron is proportional to its momentum mv.

Since the kinetic energy of a free electron, £,, with wave number % is

E.= ﬂz‘i— (5)
it can be expressed as
E = h2mk (6)

in which form it is clear that the kinetic energy is proportional to &°. In the free electron
theory of solids, the relation between kinetic energy and wave number is parabolic, and the
curve is symmetrical about & = 0 because electrons moving in opposite directions with the

same velocity would have the same energy.

It is convenient to indicate both the magnitude and the direction of the momentum
of an electron in a crystal by plotting a vector in k space. As suggested by equation 3, the
k space is actually a reciprocal lattice space with symmetries determined by the symmetry

of the unit cell in real space.
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2.1.1 Fermi Surfaces

At 0 K, all electrons reside in the lowest possible energy states. By the Pauli
exclusion principle, only two electrons can occupy any state, one with spin "up" and one
with spin "down." As a consequence of this principle, at absolute zero the electrons fill all
the states up to a certain maximum energy level and none have energies above this state.
The level which divides the filled and vacant levels is known as the Fermi level at absolute
zero and is denoted by £,(0). At higher temperatures some electrons are excited to higher
energy levels. The energy level at which the pr;bability of occupation by an electron is V2

is defined as the Fermi level . [24].

In the free electron theory, the Fermi level, expressed as an energy [25], is given

E.= #2m)3 ©°n)" @)

It is clear from this equation that the maximum energy of the electrons is a function of n,,
the number of electrons per unit volume or electron concentration, and not of the size or
shape of the whole crystal. While this observation is made by considering the free electron
case, it suggests a relation that should hold similar for electrons in a periodic potential

In k space, the k vectors of electrons that have energies at the Fermi level
terminate upon a surface, the Fermi surface. At absolute zero this surface separates the

occupied from the "empty" quantum states. At higher temperatures, even though there is
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a slight spread of vacant and occupied states near £, the Fermi surface still essentially

provides all the electron states that can play any significant part in the properties of metals.

2.1.2 Brillouin Zones

The interaction of electrons with the periodic lattice of the solid will cause Bragg
reflection to occur for electron waves in crystals. The Bragg reflection leads to an energy
gap in the distribution of the conducting electron states.

Any electron will be.reflected from a set‘ of atomic planes in a crystal if Bragg's
law, nA = 2d sin 0, is satisfied. For an electron moving exactly along the x axis of a
crystal, reflection from (100) planes, of spacing a, will occur when nA = 2a, since 6 = 90°.
Since the wavelength of the electron is A = 2m/k, the reflecting condition can be written
2/m = 2ak cos(90 - 0), which in vector notation can be rewritten as k'x = £, = mmva.

In general for the three dimensional k space, any planes will reflect when &, the

component normal to them, is given by:
k,=nn/d (3)

where d is the spacing of the planes, and # is an integer that describes order of reflection.
The energy gaps occur when the k vector ends on one of the planes normal to k and at
distances nz/d,,, from the origin. The allowed ranges of the wave vector k are called

Brillouin zones.
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The wave equation describing the motion of electrons is known as the Schrodinger
equation. Many periodic functions can be used to model the potential field that the lattice
ions exert on the conducting electrons. For whatever potential function used to describe
the ionic atoms arrangement, the solutions of the Schrodinger equation have the following
characteristic. For certain ranges of energy, there exist traveling-wave-type solutions of
the Schrodinger equation. These energy ranges, called bands, are separated by an energy
gap in which no traveling wave can exist. That is, there may arise a substantial region of

. . . - * .
energy in which solutions of the wave equation do not exist.

2.1.3 Density of States

The interaction of the Fermi surface with the Brillouin zone boundaries is an
important phenomenon in understanding the properties solids exhibit. A critical parameter
in the interaction is the number of states available to an electron near a given energy,

which is termed the density of states.

If the Fermi surface lies well within the Brillouin zone, the relationship between the

energy F and the density of states N(E) in the band is parabolic and is given by:
p
N(E) — mS/Z(E_ Eo)l/?. / (2]/2n2h3) (9)

where £ is the energy at the state of interest, and £_ is the energy of the lowest states in

the band.
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Contact between the Fermi surface and the Brillouin zone will correspond to a
peak in the density of states as the Fermi surface first overlaps the boundary. The peak in
the density of states results because any deviation from sphericity for a given volume
increases the surface area. Following contact, the density of states rapidly decreases
because the total area of the Fermi surface decreases as the corners of the zone are filled.
For the energy states near the top of a band, the energy is measured down from the top of
the band (£ ) to give an expression for the Density of States as:

NE) = m(E,, - FE)"/(2"71h?) (10)
Since k space is a reciprocal lattice spacing, the shape of the Brillouin zone is determined
by the crystal planes most widely spaced. Crystal structures with the widest spaced planes
will have the smallest Brillouin zones. When the density of states decreases following
contact between the Fermi surface and the Brillouin zone, it may become favorable for a
crystal to transform to closer planes, smaller lattice spacing, which would enlarge the

zones, and make more states available to electrons.

2.1.4 Alloy Phase Stability

To obtain the best properties and performance, the major alloy systems depend
upon control of the solid-state phase equilibria. In certain cases, segregation can alter the
phase equilibria and degrade the alloy, even without the appearance of a second phase. In

other circumstances, the material may degrade because of an undesirable second phase.
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Paradoxically, in other alloy systems, adequate performance is dependent on the type,
concentration, morphology, and size distribution of second phase particles. The use of
second phase in the form of precipitates is fundamental to the successful use of
superalloys, aluminum alloys, chrolloys and stainless steels. The material composition,
thermo-mechanical processing sequences and the service life of the alloy part will
influence the nature of precipitation. The second phase formation and growth are a strong
function of both time and temperature. Numerous different precipitates are involved in
many of these alloys. Each precipitate appears‘at a given time and temperature, in a very
characteristic state of development, as seen by the carbide precipitation in 2.25Cr-1Mo
steel (Figure 2.'1). Each characteristic state of precipitation produces a specific condition
of alloy performance, with definite limits to the alloy's chemical, physical, and mechanical
behavior. For most of the commercial alloys, special practices for mechanical working
and heat treatment help produce the correct state of precipitation consistent with optimal
mechanical and corrosion performance [26].

Empirical studies have shown that in many alloy systems the electron concentration
is the important parameter that influences such factors as the extent of primary solid
solubility, the presence or absence of a particular crystallographic structure, the range and
stability of intermediate phases, the formation of long-period superlattices, trends in lattice
spacings, the number of vacant sites in defect structures, the magnetic susceptibility, and
many others [2]. The stability of electron phases, like the stability of the primary solid

solutions, appears to be the consequence of interactions between the Fermi surface and the
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Figure 2.1: Baker-Nutting Diagram which shows time-temperature dependence of carbide
stability for 2.25 Cr- 1 Mo steel a) quenched and tempered b) normalized and
tempered [27]. ‘
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Brillouin zones of these structures, with emphasis on the influence of such interactions
upon the density of states N(%,) at the Fermi surface. As the number of conduction
electrons is varied by the alloying constituents of a different valence from that of the solute
matrix, the relative positions of the Fermi surface and zone boundaries are altered. It is
not certain whether or not, on alloying, all the valence electrons of a solute atom enter into
the conduction band of the alloy, since some of them may fill in d-levels and produce more
localized and directional electronic interactions in the metal.

It is apparent that there is an intimate cdnnection between the electron
concentration at which a new phase appears and the electron concentration at which the
Fermi surface makes contact with the Brillouin zone boundary and a peak in the density of
states. The general explanation of the association is that it is expensive energetically to
add further electrons once the filled states contact the zone boundary. Additional
electrons can be accommodated only in states above the energy gap characterizing the
boundary or in the states near the corners of the first zone. The number of states near the
corners falls off markedly as a function of energy. In this circumstance it is often
energetically favorable for the crystal structure to change, the final structure being one
which contains a larger Fermi surface. In this way the sequence o (1.36 e/a), B (1.48 e/a),
v (1.54 e/a), € (1.69 e/a) is made plausible, where the numbers in parentheses refer to the
electron concentration per atom at which contact between the Fermi level and the

Brillouin zones occurs and the density of states is maximized.
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2.2 Electronic Measurements

In an attempt to nondestructively determine the properties of materials, electronic
and magnetic measurements have been conducted on several alloy systems. The
correlation between magnetic susceptibility and the precipitation of solute in heat-treatable
aluminum alloys has been investigated [11]. The Aluminum-Copper, Aluminum-Zinc, and
Aluminum-Magnesium alloy systems were studied. For both the Aluminum-Copper and
Aluminum-Magnesium alloy systems, varying solute compositions were measured in two
extreme tempers, completely annealed and as-quenched. Measurements on the
Aluminum-Zinc alloy were carried out at temperatures high enough to assure complete
solid solution. This investigation compared the measured magnetic susceptibilities to
calculated magnetic susceptibilities based on a mixture of components not alloyed, but
simply mixed together in their pure states without producing a new phase. The data
indicate that the difference between the magnetic susceptibility of a mixture of pure
components and an alloy of the same bulk composition is equivalent to the Pauli
paramagnetism of the aluminum metal associated with the alloy phases. The study
calculated the number of aluminum atoms affected by solute such that their Pauli
paramagnetism was not measured. The calculations supported the existence of
short-range order in dilute solid solutions. In the quenched solid solutions, the solute

atoms tend to avoid being nearest neighbors to an extent greater than that which would

result from a purely random arrangement, supporting the Hume-Rothery prediction of
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short-range order. Calculation for the fully aged samples showed excellent agreement
with predicted equilibrium phases. For example, in the alumimum-copper alloy, roughly
two aluminum atoms were associated with each copper atom which corresponds to the
predicted CuAl, phase.

Magnetic phase analysis has been used for the Iron-Carbon and Iron-Silicon
systems [12, 28]. These alloy systems have ferromagnetic phases with established
magnetic characteristics. A series of samples covering the composition range was
annealed. The spontaneous magnetizations were measured for the annealed samples at a
several temperatures. The overall sample magnetization is known to be the sum of the
magnetization for individual phases times the respective fractions of these phases in the
alloy. It is therefore possible to solve for the fraction each phase occupies in the total
sample. For the Iron-Carbon system, these investigations were able to determine what
composition of the alloy was precipitated as cementite (Fe,C) and what fraction contained
carbon in solid solution as ferrite. Analysis of the Iron-Silicon system was able to map the
phases present across the phase diagram at various temperatures. The study was able to
chart the change in weight fraction of o, o, and n phases during annealing.

Hall coefficient measurements have been performed on Palladium-Iron alloys [17].
The dependence on temperature and concentration were investigated for alloys ranging
from 0.5 to 99.5 at. pct. iron in the range of 2-300 K. The alloys provided a continuous
series of disordered solid solutions. Alloys with less than 77 at. pct. iron have an

face-centered cubic structure, and those with iron above 93 at. pct. have body-centered
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cubic structure. The changes in the crystal structure were found to alter the temperature
dependence and the sign of the Hall coefficient.

The Hall effect and electrical resistance throughout the entire Iron-Cobalt alloy
system has been investigated in a temperature range from liquid nitrogen to 800 K [14].
The composition dependence of Hall effect and resistivity was found to be analogous at all
temperatures. Both values reached peaks at compositions with 10 and 80 at. pct. cobalt.
The lowest values were found for alloys containing approximately the same amount of
both components. These minimum values were apparently due to the formation of
superstructure known to form in that compositional range.

Magnetic Barkhausen Noise (MBN) signals have been used to characterize the
microstructures in aged 17-4-PH stainless steel, and tempered 2.25Cr-1Mo bainitic steel
[22, 23]. This method of analysis tracks a signal generated by sweeping a ferromagnetic
material through a magnetic hysteresis loop. A plot is obtained in which the X-axis
denotes the scan between maximum magnetization field strength (80,000 A/m) and
minimum magnetization field strength (full reversal of the maximum field), and the Y-axis
denotes the variation in MBN rms voltage. The MBN signals are generated at the steep
portion of the hysteresis loop. The peak height of the plot is taken as a parameter to
assess the microstructure. In the aged 17-4-PH stainless steel material, the MBN plot was
able to track the coherency strains associated with the copper precipitates that provide
peak hardness, as well as the precipitation of austenite along the lath boundaries. In the

tempered 2.25Cr-1Mo bainitic steel, the linearity in the plot showed that MBN peak
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height can be used as a nondestructive parameter for assessing the tempering process.
The decrease in hardness with increase in tempering temperature was due to the removal
of the internal quenching strains and the precipitation of carbides which corresponded to
an increase in MBN peak heights.

This Literature Review presents two practiced electronic measurements, magnetic
susceptibility and Hall coefficient. The physical nature of these measurements is examined

and a relationship to phase stability is developed.

2.2.1 Magnetic Susceptibility

If a substance is placed in a magnetic field it becomes a source of a measurable
magnetic field. The magnetic field within the substance will be either greater or smaller
than the applied magnetic field. The different types of magnetic materials are usually

classified on the basis of their permeability or susceptibility. The permeability is defined as
w=B/H (11)
and the susceptibility is defined as
x =M/H (12)

where H is the magnetic field, B is the magnetic induction, and M is the

magnetization [29].
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The magnetic induction, B, is the vector sum given by
B = p(H + M) (13)

where L, is the permeability of free space = 47 x 107 in SI units.

Sometimes the relative permeability of a medium, i, is used. It is given by
TR VT (14)

The relative permeability is closely related to the susceptibility and the following equation

is always true:
m=x+1 (15)

Magnetization of the material, M, is generally more interesting to the material
scientist because it relates how a material responds to a magnetic field. Understanding the
mechanisms behind the response provides information on the physical mechanics of the
material. The various different types of magnetic materials are classified according to their
bulk magnetic susceptibility, x [30]. Table 2.1 lists the observed bulk susceptibility and
relative permeability of several metals.

The first group of materials for which y is small and negative are called
diamagnetic, and their magnetic response opposes the applied magnetic field. Within a

diamagnetic substance, a field opposite to the applied field is created, causing the internal

field to be smaller.
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TABLE 2.1

SUSCEPTIBILITIES AND PERMEABILITIES OF VARIOUS ELEMENTS

X H,
(1/cc)

Diamagnets Bi -1.21 x 10 0.99983
Be -1.85x 10° 0.99998

Ag -2.02 x 10 0.99997

Au -2.74 x 10 0.99996

Ge -0.56 x 10 0.99999

Cu -0.77 x 10 0.99999

Paramagnets B-Sn 0.19 x 10° 1.00000
K 0.47 x 10° 1.00001

Na 0.68 x 10°® 1.00001

Al 1.65x 10° 1.00002

W 6.18 x 10 1.00008

Pt 21.04 x 10° 1.00026

Mn 66.10 x 10 : 1.00083
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If the internal field is greater, the substance is creating a magnetic field parallel to
the applied magnetic field. When the magnetic field acts individually upon atoms, with no
mutual interaction between them, the effect will exist only when the external magnetic
field is present, and is termed paramagnetic.

The most widely recognized magnetic materials are termed ferromagnetic. Like
paramagnetic solids, the magnetic field is strengthened within the substance. In a
ferromagnetic substance, the magnetic moments of adjacent atoms orient themselves
mutually parallel with the aid of an external magnetic field, and a magnetic order is
established. As a result, ferromagnetic behavior is much stronger than paramagnetic, and
permanent magnetism of the substance can result.

The magnetic properties of metals are the result of the metallic electrons which
belong to the crystal as a whole, and the localized electrons on each particular ion. For a
metallic specimen like an Al- 4 wt. pct. Cu alloy, the measured bulk magnetic
susceptibility will be the sum of three separate contributions; orbital diamagnetism from

the ion, diamagnetism, and Pauli paramagnetism from the conducting electrons [31].

2.2.1.1 Orbital Diamagnetism

All electrons below the Fermi level give rise to an orbital diamagnetism. The
physical origin of diamagnetism can be seen from the classical picture of an atom as

electronic charges circulating around the nucleus in definite orbits. An electric charge in a
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closed loop motion is known to generate a magnetic moment given by
u, = id (16)

where 7 is the current and 4 is the area of the loop. For an electron in orbital motion

p o =eAd'r (17)

where e is the charge on the electron and 7 is the orbital period. For a circular orbital area
A=m" and 7=27r/v, where v is the instantaneous tangential velocity of the electron and r is
the radius of the orbit. The magnetic moment obtained as a result of the orbital motion of

an electron is then

_evr
=5 (18)

In the absence of a magnetic field the orbital moments of paired electrons within an
atom will cancel. An applied magnetic field H will accelerate or decelerate the orbital
motion of the electron and thereby contribute to a change in the orbital magnetic moment.
The action of a magnetic field causes changes in the velocity of electrons in the atom in
such a way that the induced moment opposes the field producing it. The susceptibility

resulting from the magnetic field effect on the orbital electrons is given by

No 0Z 2.2
X:_( Wf)(“ 6;” (19)

where N, 1s Avogadro's number, p is the density, W, is the relative atomic mass, Z is the

number of outer electrons with orbit of radius r, and m is the effective mass of an electron.
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As shown by this equation, it is the electrons with large orbital radius that contribute the

most to orbital diamagnetism.
2.2.1.2 Conducting Electron Diamagnetism

The magnetic susceptibilities of metals are affected by the fact that the outermost
electrons are at the Fermi level and are partially freed in the solid. Calculation of the
susceptibilities of the metals must therefore take account of the behavior of these electrons
in the Fermi distribution. The free electrons of a metal make both diamagnetic and
paramagnetic contributions to the susceptibilities, but since the paramagnetic behavior is
larger, the net contribution of the free electrons is paramagnetic.

The external magnetic field effects the motion of the valence electrons and
produces a diamagnetic behavior. The field produces a force on the moving electrons,
causing them to move in spiral paths between collisions, rather than in straight lines. The
effect is diamagnetic, and in the free electron theory, the magnitude is about 1/3 the
magnitude of the Pauli paramagnetism. The quantity cannot be calculated with any
accuracy in real metals, and cannot be experimentally separated from other contribution to
the magnetic susceptibility.

One of the most powerful techniques for studying the electronic structure of pure
metals is the de Haas van Alphen effect, which measures the oscillatory energy absorption
of a metal as the magnetic field is varied [32]. Since the energy of the metal is raised by
application of a magnetic field, conservation of energy requires the energy gain by the

metal to be absorbed from the magnetic field. The diamagnetism resulting from the
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conducting electrons counteracts the energy increase. As these conducting electrons are
at the Fermi kevel;information on the Fermi surface can be obtained. The period of
oscillatory variation in the magnetic susceptibility is inversely proportional to the
maximum area of the Fermi surface. The de Haas van Alphen effect does not depend on
the magnitude of x, only on the frequency and amplitude of the oscillations with magnetic

field.

2.2.1.3 Pauli Paramagnetism

The electron possesses a spin defined by the spin quantum number s which has the
values £%. If an electron is visualized as a rotating electric charge, it is equivalent to a
circular current flow so that an electron always possesses a magnetic moment. The

magnitude of this atomic magnetic moment, g_ . is found experimentally to be
e
o = 1l s (20)

In the absence of a magnetic field, a metal has a complete balance of electron spins, and
the spin has no effect upon the energy.

In a magnetic field, H, the occupation of spin states is altered. An electron parallel
to the field, s = +'%, has its energy lowered by pu_; 1L /. An electron with spin
anti-parallel, s = -2, increases in energy by the same amount. If the electron were isolated
it would simply align itself parallel with the field. In a Fermi gas however almost all the
electrons are in states where the opposite spin state is already occupied. The electrons

near the Fermi level occupy a closely spaced set of energy levels, and p_, H is generally
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larger than the spacing of the energy levels. Those electrons of antiparallel spin within
2p,,,1 M of the Fermi level can lower their total energy by reversing their spin and
occupying an unfilled energy level with spins parallel to the field. When the Fermi energy
of the parallel spin balances that of the anti-parallel spin, there is a net imbalance in the
spins. After the field is applied and the electrons transfer, more electrons exist with spin
parallel, and they create a net magnetization parallel to the field. The closer the spacing of
the energy levels at the Fermi level (higher density of states) the more electrons will
reverse their s, and the higher the paramagnetic susceptibility.

The macroscopic magnetization, M, is given as a product of the number of
electrons which change their spin direction and twice the spin magnetic moment. This
factor of 2 arises because each electron which transfers from one distribution to the other

contributes twice its magnetic moment to the total magnetic moment of the system. Thus
M = (number of transferred electrons) x 2\, 21)

The total number of electrons which change their direction is equal to the density of states
in one of the spin distributions times the change in energy,

Transferred electrons = N, (Ep)pspinlto (22)
where N, (£,) designates the density of states in the spin-up distribution at the Fermi level,
which is one-half the total density of states. The final expression for the total

paramagnetic magnetization is

M= N(EF)ngmP-oH (23)
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The magnetization is thus proportional to the external magnetic field, and so the
susceptibility is proportional to the density of states times the square of the spin magnetic
moment for the electrons.

Based on this expression, the paramagnetic susceptibility of the free electrons in a
metal is then temperature-independent. However, an increase in temperature can have
two effects on the paramagnetic susceptibility. First, electrons at the Fermi level are
thermally excited to higher energy states so that the application of a magnetic field allows
more electrons to reverse their spin since they can now occupy the levels vacated by the
thermally excited electrons. This effect tends to increase the paramagnetic susceptibility.
Secondly, the thermal energy tends to disorient those electron that have been aligned by
the magnetic field and tends to decrease the susceptibility. The two effects approximately
cancel in the noble and alkali metals so that the Pauli paramagnetism is approximately
temperature-independent. In most of the non-magnetic transition metals, one effect
dominates and the Pauli paramagnetism either increases or decreases slightly with
temperature.

For most metals including aluminum, the Pauli paramagnetism is larger than both
diamagnetic effects and the magnetic susceptibility is slightly positive. In metals, the
magnetism is based on the paramagnetism of the free electrons which are free to move
throughout space occupied by the metal. As explained previously, these electrons also
provide a bonding mechanism for the metal as a whole. Therefore, a correlation between

magnetism and bonding or phase stability should exist.
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Not all metals are paramagnetic. Although the density of states at the Fermi level
is normal, which makes paramagnetic behavior of its valence electron quite normal,
Copper is diamagnetic. Copper comes at the end of the first long transition period, and it
has a newly filled 3d shell. Since the radius of the d shell is large, the diamagnetic effect of
each of these 3d electrons is large. The 3d state contains 10 electrons, and so the total
diamagnetic behavior is large. These two factors - large orbit of 3d electrons and large
number of 3d electrons - make the diamagnetism of the closed shells of Copper larger

than the paramagnetism of the free 4s electron. Copper is thus weakly diamagnetic [29].

2.2.2 Hall Effect

When a conductor is placed in a magnetic field perpendicular to the direction of
current flow, a voltage is developed across the specimen in the direction perpendicular to
both the current and the magnetic field. The voltage is called the Hall voltage [33, 34]. It
1s developed because the moving charges making up the current are forced to one side by
the magnetic field. The charges accumulate on a face of the specimen until the electric
field associated with the accumulated charge is large enough to cancel the force exerted by
the magnetic field.

The Hall potential V,, is generally given as:
Vi = RolHIt (24)

where 1 is the thickness of the sample, / the current flowing in the +x-direction, / the

magnetic field in the +z-direction, J/, the potential measured in the +y-direction, and R, a
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constant of the metal called the Hall coefficient. R is negative when conduction is by
electrons moving in the -x-direction, and is positive when conduction is by "holes" moving
the +x-direction. Table 2.2 lists the room temperature Hall coefficient of some common
metals.

The interpretation of the Hall potential is divided into its two component parts, the
ordinary Hall effect present in all metals and the anomalous Hall effect present only in
ferromagnetic metals. When considering the ordinary Hall coefficient, the free electron

theory yields a rather simple temperature-independent result for R, [25, 35].

Ry=—1 (25)

1
- noeNO Ne

where N, is the number of atoms per cm’, 5, is the number of current-carrying electrons
per atom, and e is the charge on the electron. The Hall constant is negative for free
electrons and the carrier concentration N =n, N, is the electron concentration.
Measurements of R, for copper, silver, gold, lithium and sodium give values of n,
between 0.75 and 1.5 and for Al a value of n, = 3 [35]. Measurements of R, for copper,
silver, gold, lithium and sodium give values of n, between 0.75 and 1.5 and for Al a value
of n, =3 [35].

As the Hall measurements are primarily influenced by the electron concentration of
the metallic matrix, the Hall coefficient should characterize the state of the metal matrix.

As stated previously by equation 6, the electron concentration determines the Fermi level,
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TABLE 2.2

ROOM TEMPERATURE VALUES OF THE HALL COEFFICIENT

Metal R, Current Carriers per Atom
107" m?*/A sec (sign = carrier charge)
Li -17.0 0.8
Na -24.5 -1.0
K -42.0 -1.2
Cu -6.0 -1.3
Al -4.0 26
Be +24.4 +0.2
Zn +3.3 +2.9
Ag -8.4 -1.3
Au -7.2 -1.5
Mg -11.3 .14
Mn +8.4 +0.9
Sn -0.5 -40.0
\ +113 +0.8
Fe +2.5 +3.0
Ni -5.6 -1.2
Zr +13.7 +1.1
Cr +36.3 +0.2
Mo +18.0 +0.5
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which has been shown to influence the properties of the alloy. Comparing equation 6 with

equation 11 reveals:

0
so that the Hall coefficient should be a measurement of Fermi level and therefore will be

related to material properties.

2.2.3 Magnetic Phase Analysis

The nucleation and growth processes of precipitation involve the mass transport of
specific elements which are responding to a chemical potential gradient. Formation of
second phase will alter the composition of the matrix material [36] (at least at locations
adjacent to the precipitates), change the chemical potential of the various species in the
matrix, and cause changes in the electron concentration and Fermi energy level. These
changes in electron concentration and Fermi energy are due to the transport of electrons
as required to maintain the electron chemical potential equal between the matrix and
precipitating phase. A change in the density of states will result as the Fermi level moves
closer or further from the Brillouin zones. This change in the density of states should
affect the Pauli paramagnetism of the alloy and therefore the bulk magnetic susceptibility.
In addition, the change in electron concentration should alter the Hall coefficient of the
alloy. Thus, second phase formation results in changes in the electrical and magnetic
properties which could be monitored in part by magnetic susceptibility and Hall coefficient

measurements.
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2.3 Aluminum-Copper Alloy System

The first heat-treatable aluminum alloy was based on the Aluminum-Copper
system, and wrought aluminum alloys having copper as the main alloying element are
designated as 2XXX alloys using the four-digit numerical system developed by the
Aluminum Association [36]. Copper is one of the most important alloying elements for
aluminum because it provides solid-solution strengthening. Since the copper atom has a
diameter about 11 pct. less than the aluminum atom, the cubic lattice parameter between
copper and aluminum is less than that of the aluminum matrix. Therefore, the matrix is
strained tetragonally. These strained sites impede dislocation movement, and cause an
increase in hardening and a decrease in ductility.

In addition, suitable heat treatments of aluminum-copper alloys cause precipitate
formation that produce increased strength. The maximum solid solubility of copper in
aluminum is 5.65 wt. pct. at the eutectic temperature of 548 C. The solubility of copper in
aluminum decreases rapidly with decreasing temperature from 5.65 wt. pct. to less than
0.1 wt. pct. at room temperature. The change in solid solubility with temperature is a
primary factor in the heat treatment of aluminum-copper alloys. The thermal treatments
are designed to alter the mode of occurrence or morphology of the soluble copper alloying
elements. Mechanical and physical properties depend not only on whether the solute is in
or out of solution but also on specific atomic arrangements, as well as on size and

dispersion of any precipitated phases. In precipitation-strengthened aluminum-copper
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alloys, five structures can be identified: (1) supersaturated solid solution a, (2) GP1
zones, (3) GP2 zones (also called 6" phase), (4) 6, and (5) © phase, CuAl,. Not all of

these phases occur from every heat treatment [36].

2.3.1 Solution Heat Treatment

As shown by Figure 2.2, regardless of the initial structure, holding a 4.0 wt. pct.
Cu alloy at approximately 495 C to 570 C until equilibrium is attained causes the copper to
go completely into solid solution. Holding an Al-Cu alloy in this range is generally
known as "solution heat treating" [38]. If the temperature of a 4.0 wt. pct. Cu alloy is
then reduced to below 495 C, the solid solution becomes supersaturated and there is a
tendency for the excess solute no longer soluble to precipitate. The driving force for
precipitation increases with the degree of supersaturation and, consequently, with
decreasing temperature. But the precipitation rate also depends on the atom mobility,
which is reduced as temperature decreases.
2.3.2 Quenching
The solid solution formed at a high temperature may be retained in a supersaturated state
by rapidly cooling to some lower temperature usually near room temperature. The
objective of quenching is to avoid precipitation in the intermediate temperature range,
where high rates of diffusion and precipitation take place. The most important effect on
mechanical properties of the aluminum-copper alloys occurs after this cooling or

quenching operation. The rate of cooling from the solution treatment temperature has a
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Figure 2.2: Aluminum-Copper Equilibrium Phase Diagram showing the solid solubility of

copper in aluminum is 5.65 wt. pct. at the eutectic temperature of 548 C



T-4028 34

pronounced effect on corrosion behavior and mechanical properties of the
precipitation-hardenable aluminum alloys. The effects of precipitation during the quench
on properties have been investigated by considering kinetics of precipitation. A method
which accurately predicts the type of corrosion attack or themechanical properties from
the cooling curve has been developed [39].

The precipitation can be controlled more precisely at the lower temperatures that
follow the quench. The formation of precipitates requires diffusion of copper to enable
nucleation and growth. Diffusion of the substitutional copper, as well as aluminum
self-diffusion, is believed to occur primarily by a vacancy exchange mechanism. An atom
can diffuse by moving into a vacant lattice position, leaving behind a new vacant lattice
site. This mechanism of diffusion is energetically favorable to the diffusion that occurs by
two atoms changing places. In addition, the substitutional copper atom is close in size to
the aluminum atom so that interstitial diffusion does not hap_pen. Therefore, the increased
low-temperature solute mobility required for the high rate of precipitate formation is
explained by a nonequilibrium high vacancy concentration at the low temperature. The
equilibrium concentration of vacancies in aluminum increases with increasing temperature.
Quenching not only retains solute copper atoms in solution, but maintains a certain
minimum number of vacant lattice sites to promote the low-temperature diffusion required
for precipitation nucleation and growth.

In aluminum-copper alloys, the nucleation of a new phase is greatly influenced by

the existence of discontinuities in the lattice. The precipitate will strain the surrounding
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solid-solution matrix, and there is a driving force to minimize this lattice strain energy.
Therefore, nucleation is heterogeneous and takes place preferentially at locations of
greater disorder and higher energy than the solid-solution matrix. As a result, grain
boundaries are preferred sites for nucleation of precipitates. Dislocations formed by
condensation of vacancies or by introduction of plastic strain are also very active
nucleation sites for precipitation. Variations in dislocation density resulting from different
quenching rates and the degree of vacancy and solute retention achieved during the
quench are factors in determining the effects of quenching rates on strengthening. The
most rapid quenching rates establish conditions for more uniform precipitation throughout
the alloy. More uniform precipitation provides a maximum number of strengthening units

which is the most effective strengthening condition [40].

2.3.3 Aging

Most aluminum alloys exhibit property changes at room temperature after
quenching. This process of change is called "natural aging," and is the result of precipitate
strengthening. It may start immediately after quenching, or after an induction period. The
rates vary from one aluminum alloy to another over a wide range, so that the approach to
a stable condition may require only a few days or several years. In some alloys, sufficient
precipitation to yield stable products with properties adequate for many application occurs
in a few days at room temperature. Historically, magnesium has been added to Al-Cu

alloys to improve natural aging characteristics [41].
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Atomic and crystallographic structural changes occur in supersaturated solid
solutions during precipitation. These changes involve a complex sequence of
time-dependent and temperature-dependent steps. At relatively low temperatures and
during initial periods of artificial aging at moderately elevated temperatures, the principal
change is a redistribution of copper atoms within the solid-solution lattice to form clusters
or zones (Guinier-Preston zones). These zones are considerably enriched in solute. This
local segregation of solute atoms produces a distortion of the lattice planes, both within
the zones and extending for several atom layers in the matrix. With an increase in number
or density of zones, the amount of disturbance to the regularity and periodicity of the
lattice increases. This increased irregularity interferes with the motion of dislocations
through the lattice. Strengthening occurs by the inability of dislocations to move through
the matrix to cause plastic strain.

During natural aging of Al-Cu alloys, the dissociation of the supersaturated solid
solution begins by coherent precipitation of copper-rich zones only a few atoms thick (40
to 60 nm). These precipitates are two dimensional discs and are named Guinier-Preston 1
(GP1) zones. The GP1 zones form clusters on the {100} cubic planes of the aluminum
solid solution matrix and are usually 300-500 nm in diameter. They stress the aluminum
lattice, and because of their great number, form a dense network which impedes the
movement of dislocations during deformation. The zone size does not change with aging

time, but the number increases until in the average distance between zones is about

1,000 nm [37].
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The effects of precipitation on mechanical properties are greatly accelerated and
accentuated by reheating the quenched material to about 100 to 200°C. As aging
temperatures or time are increased, the zones are either converted into or replaced by
particles having a crystal structure distinct from that of the solid solution and also different
from the structure of the equilibrium phase. These particles are referred to as transition
precipitates. They have a specific crystallographic orientation relationship with the solid
solution, such that the two phases remain coherent on certain planes by adaptation of the
matrix through local elastic strain. Slowing the movement of dislocations, the lattice
strains and precipitate particles create a strengthening effect. The operation of heating
above room temperature to grow precipitant is called "artificial aging" or precipitation
heat treating [42].

GP1 zones go back into solution in a short time at 150-200°C. This "reversion"
leads to a temporary reduction in hardness, and suggests that the arrangement of the
strengthening atoms, after artificial aging, is basically different from that after natural
aging. Artificial aging causes new enrichment of copper atoms in Guinier-Preston 2 (GP2)
zones soon after the end of the reversion. GP2 zones are sometimes referred to as 6"

As in the case of GP1 zones, GP2 zones have a tetragonal structure and are
coherent with the {100} matrix planes. The GP2 zones range in size from 100 to 400 nm
thick and 1,000 to 10,000 nm in diameter. Although these precipitates are only a few

atom layers in thickness, they are considered three-dimensional and have an ordered

atomic arrangement.
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The increase in strength continues indefinitely at room temperature, although the
rate of change may be extremely slow after months or years. Aging at elevated
temperatures is characterized by a different behavior, in which strength and hardness
increase to a maximum and subsequently decrease. Maximum hardness and strength occur
when the amount of GP2 is essentially maximum. The softening effects, observed as more
complete precipitation occurs during extended isothermal aging at elevated temperatures,
are referred to as "overaging" [40].

Overaging is characterized by a reduction in the hardness, tensile strength, and
elongation. Softening results from changes in both type and size of the precipitated
particles, and from dilution of solid solution.

As the artificial aging continues at approximately 150°C, the formation of a
metastable phase, 8, takes place. ' forms after the GP2 but coexists with it over a range
of time and temperature. ©'has the same composition as the equilibrium phase 6 (CuAl,),
but has a different crystal lattice and exhibits coherency with the solid solution lattice. '
is fully coherent with the matrix along the broad faces, and the {001} planes and <001>
directions of the 0' are parallel to the {001} planes and <001> direction of the matrix.
This phase nucleates heterogeneously, especially on dislocations that can act to relieve the
misfit associated with the precipitate. Deformation prior to aging can accelerate the
formation of 0' at the expense of the GP zones. The size of the 6' phase depends on the
time and temperature of aging, and ranges from 1,000 to 60,000 nm or more in diameter

with a thickness of 1,000 to 1,500 nm [38].
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As the amount of ©' increases, particle growth eventually decreases the coherency
strains. This loss in coherency, together with the simultaneous decrease in GP2, causes
overaging. Figure 2.3 shows lattice arrangements that represent the transition from
coherent to partially coherent to incoherent precipitates.

Aging at temperatures of about 190°C or above for extensive times will produce
the equilibrium incoherent O phase, CuAl,. This phase has a body-centered tetragonal
structure. O can form from 8' or directly from the matrix, and is present when the alloy 1s
in a highly overaged condition. This softest, lowest-strength condition of the heat
treatable alloys has the maximum amount of solute precipitated as relatively large

particles, leaving the solid solution as dilute as possible.
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Schematic representation of (a) a solid solution with a random distribution of
foreign atoms; (b) coherent precipitation; (c) a partially coherent intermediate
phase in a solid solution. The vertical crystal planes are coherent, the
horizontal planes incoherent; (d) an incoherent precipitate [40].
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CHAPTER 3

EXPERIMENTAL PROCEDURES

3.1 Sample Preparation

Selection of an alloy system with a thoroughly studied phase stability is required to
evaluate the use of electronic and/or magnetic measurements. The binary
aluminum - copper system, with its phase transitions during annealing from GP1 to GP 2
to 0' to O phase, was chosen for this investigation. These phase transitions range from
pre-precipitates with coherent interfaces to incoherent stable precipitates.

A 2 kilogram ingot of 99.999 wt. pct. aluminum and 500 grams of 99.9 wt. pct.
copper shot, 1 to 10 mm in diameter, were procured from the Johnson Matthey Chemical
Company. Two 750 milliliter conical crucibles, two crucible covers, and one 750 milliliter
rectangular back-up tray, all fabricated of alumina, were procured from Ceramicon
Designs Ltd.

‘The aluminum ingot was cut into pieces, and 940.0 grams of aluminum along with
37.6 grams copper were charged in a alumina crucible to produce an aluminum alloy with
4 wt. pct. copper. The crucible was covered with a lid, set in the rectangular tray, and
placed in the vacuum furnace. The furnace was programmed and the metal was melted
according to the parameters shown in Appendix A, Figure A-1. Using a band saw, the
produced ingot was then cut and the pieces mixed and place in the second conical crucible.

The alloy was remelted in the vacuum furnace in the sequence indicated in Appendix A,

Figure A-2.
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From the resulting ingot, rectangular prisms were cut with dimensions of
approximately 10 mm x 10 mm x 70 mm. Eight of these prisms were then turned on a
lathe to produce 5 mm cylinders. The cylinders were cut to 10 mm lengths resulting in 32

samples being prepared.
3.2 Sample Matrix

To achieve a O phase in a reasonable aging time, artificial aging at 200 C was
selected. Using the 32 samples to cover the range of microstructures and precipitates
anticipated, a matrix of aging times was developed. Samples were prepared according to

the heat treatment outlined in Table 3.1.
3.3 Magnetic Susceptibility Measurement

The magnetic susceptibility measurements were performed on a Quantum Design
Magnetic Property Measurement System (MPMS) at the National Institute of Standards
and Technologies (NIST), Boulder, Colorado. The MPMS is a modular integration of a
superconducting quantum interference device (SQUID) detection system and a precision
temperature control unit residing in the bore of a superconducting magnet. The system is
controlled by a computer.

The SQUID detection allows measurement of the magnetic response of a material.
The SQUID consists of a superconducting ring with a small insulating layer which serves
as a 'weak link', and is known as a Josephson junction [30]. The magnetic flux passing

through the ring is quantized once the ring has gone superconducting but the weak link
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TABLE 3.1
SAMPLE MATRIX
Sample Solutionizing Solutionizing Quench Aging Aging Time
Number Temperature Time Media Temperature (hrs)
(C) (hrs) (C)

1 520 5 Water 200 2
2 520 5 Water 200 4
3 520 5 Water 200 6
4 520 5 Water 200 8
5 520 5 Water 200 10
6 520 5 Water 200 12
7 520 5 Water 200 14
8 520 5 Water 200 16
9 520 5 Water 200 18
10 520 5 Water 200 20
11 520 5 Water 200 22
12 520 5 Water 200 24
13 520 5 Water 200 28
14 520 5 Water 200 32
15 520 5 Water 200 36
16 520 5 Water 200 40
17 520 5 Water 200 44
18 520 5 Water 200 48
19 520 5 Water 200 56
20 520 5 Water 200 64
21 520 5 Water 200 72
22 520 5 Water 200 84
23 520 5 Water 200 96
24 520 5 Water 200 132
25 520 5 Water 200 168
26 520 5 Water 200 240
27 520 5 Water 200 360 -
28 520 5 Water 200 720
29 520 5 Water 200 1,080
30 520 5 Water 200 1.440
31 520 5 Water 200 1.800
32 520 5 Water 200 2.160
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enables the flux trapped in the ring to change by discrete amounts. In the MPMS, the
SQUID is placed in the superconducting magnet which is held at a constant and stable
field. The material of interest is raised and lowered through the center of the SQUID ring.
In response to the superconducting magnet, the material of interest is a source of a
magnetic field. The magnetic field of a material will change the supercurrent of the
SQUID when the material passes through the SQUID. The device can thereby be used to
measure very small magnetic responses in materials in the field of the external
superconducting magnet.

Measuring each sample was accomplished by following a set sequence. First, a
sample was mounted to the sample rod. The rod was placed into the clamping fixture of
the slide seal assembly. The airlock of the assembly was purged, a valve was opened, and
the sample was lowered into the cryogenic sample chamber. Figure 3.1 shows a picture of
the measuring apparatus.

Once the sample was lowered into the chamber, the sample rod was adjusted so
that the sample was centered in the SQUID during the 40 mm scan length. The needed
adjustment was given by running an initial measurement scan and viewing the SQUID
Response Plot. The peak of the Response Plot should fall at 20 mm, which was the center
of the scan length. The sample rod was raised or lowered as necessary to center the
sample.

The computer was programmed to make the magnetic moment measurement. The
sequence control applied magnetic fields of 6,000, 7,000, 8,000, 9,000, and 10,000

Oersteds (Oe) at 300 K. At each discrete field, the sample was raised and lowered
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Figure 3.1: Picture ofthe Quantum Design Magnetic Property Measurement System at
the National Institute of Standards and Technologies, Boulder, Colorado.
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through the SQUID three times. The magnetic moment induced in the sample was
measured in electromagnetic units (emu) and the average for the three scans was reported.
Dividing the moment by the sample volume produced the magnetization (emu/cc). As
expressed by equation 11, the magnetic susceptibility for each sample was given by the
slope of the best fit line through the magnetization versus field data for each sample.
Appendix B contains the experimental data, and Table 4.1 presents the experimentally

determined magnetic susceptibility of each sample.

3.4 Analytical Techniques

To determine the copper content, each sample was analyzed on a TN Technologies
Inc. alloy analyzer. Containing radioactive isotopes of iron and cadmium, the analyzer
uses x-ray fluorescence to determine alloy composition. Four scans were run on different
locations of each sample, and the composition was averaged. Results of these
measurements have been included in Table 4.1. As shown by the results, a random
variation of composition was detected (2.9 wt. pct. to 6.0 wt. pct. Cu).

To relate the mechanical properties to the magnetic susceptibility, hardness
measurements were made according to the American Society for Testing and Materials
(ASTM) Standard E 18-89a [43, Appendix C]. Because of the sample size and hardness,
the Rockwell superficial hardness T scale was used. A minimum of five measurements

were made and averaged, and the result for each sample is presented in Table 4.1.
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The microstructure of several samples was examined using a transmission electron
microscope (TEM). Foils for use in the microscope were prepared from the selected
samples. First four disks, approximately 0.5 mm thick, were cut from the cylindrical
sample using a diamond blade cutoff wheel. These disks were then thinned by hand on
320 and 600 grit sand paper to approximately 0.225 mm thick. To match the TEM
sample holder, 3 mm diameter disks were then punched from the center of each disk.
Using 600 grit sand paper, these disks were then thinned to 0.095 to 0.125 mm thick.
Finally, the foils were electrochemically thinned to approximately 10,000 nm in a 25 pct.

nitric acid in methanol etchant at -30 C. Micrographs are presented in Chapter 4.
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CHAPTER 4
DISCUSSION OF RESULTS

As discussed in Chapter 3, the magnetic susceptibility, hardness, and copper
concentration of each sample was measured. Table 4.1 reports all the properties gathered
for each sample, and the corresponding sample number and artificial aging time at 473 K.

To investigate the correlation between magnetic susceptibility, artificial aging time
and the resulting phase formation, graphic analysis was completed with the values in
Table 4.1. Figure 4.1 presents the magnetic susceptibility as a function of log(aging time
in hours). Scatter of the data is present, but generally, the magnetic susceptibility was
found to increase with time.

The increase in magnetic susceptibility with aging time for the aluminum-copper
system agrees with the predictions presented in the literature which states the copper
atoms will mask the Pauli paramagnetism of the aluminum atoms associated with each
copper atom [11]. The increase in magnetic susceptibility with aging time reflects an
increase in the weight fraction of free aluminum, aluminum not associated with copper,
which occurs as the solid solution decomposes to form phases. Every atom of dissolved
copper which forms a new phase appears to lose magnetic influence over its solid solution
nearest-neighbor aluminum atoms, and gain influence over those aluminum atoms
associated with the phase. In the short range order of the solid solution, the copper atom
will associate with twelve aluminum atoms. The number twelve is the number of nearest

neighbors a copper atom would have when substituted into the face-centered cubic
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TABLE 4.1
SUMMARY OF MEASURED PROPERTIES
I%%%gleer Art. Aging Time A ,LO_F Ma§. Susce\ptibility Hardness_ wt. pct.
(hrs @ 473K) ging lime (10°1/cc @ 300 K) | Rockwell 15T Copper
log(hours) -
1 2 0.301 1.051 47.2 4.15
2 4 0.602 1.026 479 4.88
3 6 0.778 1.041 49.2 4.96
4 8 0.903 1.042 51.8 4.30
5 10 1.000 1.038 53.7 451
6 12 1.079 1.074 53.5 435
7 14 1.146 1.079 54.8 4.43
8 16 1.204 1.138 58.2 3.71
9 18 1.255 1.158 57.6 3.34
10 20 1.301 1.162 57.6 3.32
11 22 1.342 1.128 58.8 4.07
12 24 1.380 1.140 59.3 4.05
13 28 1.447 1.177 63.2 2.87
14 32 1.505 1.141 60.2 3.28
15 36 1.556 1.156 62.8 3.42
16 40 1.602 1.150 65.4 5.19
17 44 1.644 1.173 64.1 3.38
18 48 1.581 1.115 57.6 5.96
19 56 1.748 1.193 59.6 4.01
20 64 1.806 1.226 61.7 4.07
21 72 1.857 1.203 60.2 441
22 84 1.924 1.231 63.3 4.22
23 96 1.982 1.263 59.6 3.50
24 132 2.121 1.260 58.6 2.89
25 168 2.225 1.206 58.5 4.92
26 241 2.382 1.172 54.8 5.51
27 480 2.681 1.245 59.3 4.39
28 744 2.872 1.277 56.1 3.72
29 1,080 3.033 1.242 53.8 3.53
30 1,536 3.186 1.261 52.6 436
31 1.824 3.261 1.224 51.2 4.62
32 2.184 3.339 1.234 50.5 4.05
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lattice of aluminum. In the 6 phase (CuAl,) that occurs after extended artificial aging,
copper atoms will associate with only two aluminum atoms. This transition, which occurs
with aging, allows ten addition aluminum atoms to contribute fully to the magnetic
response of the bulk alloy, resulting in the increase in magnetic susceptibility with aging
time.

The scatter of Figure 4.1 is attributed to varying composition. This fact was
discovered by subdividing the data to look at smaller deviations in copper concentration.
Figure 4 2 presents the magnetic susceptibility as a function of log(aging time in hours) for
the samples with copper concentrations between 4.0 wt. pct. and 4.4 wt. pct.. Three
regions are observed in Figure 4.2. Figures 4.3 to 4.5 display the same information for
samples with copper concentrations between 4.4 to 4.8 wt. pct., 4.8 to 5.2 wt. pct., and
3.8 to 4.2 wt. pct. respectively. Although data are not available at enough aging times to
produce a full curve for each copper concentration range, each figure shows data in
agreement with Figure 4.2, that three regions exist. For discussion in this thesis, the
regions have been numbered sequentially 1, 2, and 3, starting with the region containing

the samples of lowest aging times. The majority of samples fall into Region 2.
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To describe the relationship of each region, a linear regression was performed on
each of the three regions of Figure 4. 1. With copper concentration and log(aging time in
hours) as the independent variables and magnetic susceptibility as the dependent variable,
the following equations were ascertained. In Figure 4.6, the predicted values from

equations 26, 27, and 28 have been overlaid on the actual measured values.

Region 1: X = -5.97E-9*(log (t))-1.72E-6*(wt. pct.Cu)+1.12E-6 27)

Region 2: x = 1.63E-7*(log (1))-2.93E-6*(wt. pct.Cu)+1.03E-6 (28)

Region 3: x = 2.04E-8*(log (t))-3.43E-6*(wt. pct. Cu)+1.32E-6 (30)

As the o phase of the aluminum copper system only extends to 5.65 wt. pct.
copper, samples with more copper will not produce a complete solid solution. Regardless
of solutionizing and quenching practices, some copper will remain in precipitates.
Therefore, equations 26, 27, and 28 are limited to alloys with up to 5.65 wt. pct. copper.
Because its copper content exceeds the solutionizing maximum, sample 18 was excluded
from the regression analysis that produced equations 26, 27, and 28. Regression analysis
is included in Appendix B.

Comparison between Figures 4.2 to 4.5 reveals that with increasing copper
concentration, the initiation of Region 2 is delayed and the slope of Region 2 decreases.
This observation is supported by the equations for Regions 1, 2, and 3. As shown by the
negative constant in front of the (wt. pct. Cu) in each of the three regions, an increase in

copper concentration will lower the magnetic susceptibility at a given aging time. An
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increased copper concentration means there are more copper atoms present to influence
the aluminum atoms. These additional copper atoms will mask the Pauli paramagnetism of
additional aluminum atoms, which accounts for the lower magnetic susceptibility with
increasing copper concentration.

For 4.0 wt. pct. copper, the boundary between Regions 1 and 2 occurs at t = 7.1
hours, and the boundary between Regions 2 and 3 occurs at t = 88 hours (3.7 days).
Figure 4.7 shows the magnetic susceptibility data again. With the copper concentration
set equal to 4.0 wt. pct., the best fit line for each region is plotted through the data points.
In general, data points above the best fit lines have copper concentration below 4.0 wt.
pct., while those below the lines have copper concentration above 4.0 wt. pct.

To correlate the three regions found in the magnetic susceptibility as a function of
aging time data to phase transformation occurring in the alloy, the hardness data were
investigated and the TEM microstructures were analyzed. Figure 4.8 presents the
hardness as a function of aging time curve. Once again there is some scatter attributable
to varying copper concentration. However, the classical relationship was observed: an
initial flat to slight increase in hardness, followed by a sharp increase in hardness to a peak
hardness, then overaging and a loss in hardness. Peak hardness was observed at 40 hours
(1.6 days). Figure 4.8 also displays the boundaries between the three regions, as

determined from the magnetic susceptibility data.
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4.1 Region 1

The initial flat to slight increase in hardness occurs in Region 1 of the magnetic
susceptibility data and corresponds to GP1 zone refinement that occurs at the early stages
of artificial aging. As indicated by a negative coefficient of log(time) in equation 26, the
magnetic susceptibility for Region 1 was found to decrease with aging time. This decrease
is the result of GP1 zone reversion prior to GP2 formation. The samples had naturally
aged at room temperature for several days prior to the artificial aging resulting in GP1
zone formation. However, the GP1 phase is not stable at artificial aging temperatures, and
GP1 zones go back into solution in a short time during artificial aging. As each copper
atom dissolves into solution from the ordered atomic arrangement of GP1 zones, it will
associate with additional aluminum atoms. The influence of the copper atom as it
associates with additional aluminum atoms accounts for the decrease in magnetic
susceptibility found in Region 1.

The TEM Micrographs shown in Figures 4.9 and 4.10 depict the microstructures
of samples 1 and 4. These samples correspond to Region 1 and depict the GP1 zone
refinement as aging proceeds with increasing sample number. Narrow disc shaped
precipitates are observed in view (a) of both figures. These discs are oriented both in the
plane of the micrograph and perpendicular to the plane such that the edges are evident. In
view (b) of each figure, lattice strain is apparent along the edge of the precipitates,

indicating coherency between the precipitate and matrix is intact. The precipitants
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Figure 4 9: TEM micrographs of Sample 1 which was solutionized, quenched, and
artificially aged at 473 K for 2 hours, a) Disc shaped precipitants observed in
plane of micrograph. Edges of disc perpendicular to plane of micrograph
show as lines b and c) Strain field associated with the precipitates, indicative

of coherency being maintained
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Figure 4.10: TEM micrographs of Sample 4 which was solutionized, quenched, and
artificially aged at 473 K for 8 hours, a and b) Disc shaped precipitants
observed in plane of micrograph. Edges of disc perpendicular to plane of
micrograph show as lines, c) Strain field associated with the precipitates,

indicative of coherency being maintained
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decrease in size and number between samples 1 and 4, which corresponds to GP1 zone
refinement, copper returning to solution, and a decrease in magnetic susceptibility with

increased aging time.

4.2 Region 2

The magnetic susceptibility increases with aging time throughout Region 2. This
increase corresponds to copper leaving the solid solution to form new phases. The
diamagnetic behavior of copper atoms screens the paramagnetic behavior of the aluminum
atoms which bond with copper. The copper atoms associate with fewer aluminum atoms
in the phases that grow out of solid solution, and additional aluminum atoms contribute
their full paramagnetic response to the bulk alloy measurement.

As seen in Figure 4.8, the hardness was found to sharply increase in Region 2,
which is attributable to GP2 formation. The GP2 precipitates produce the increased
strength of a heat treatable Cu-Al alloy. The maximum hardness occurred in Region 2,
which indicates GP2 precipitates reached a maximum. The 6' phase is not related to the
GP1 or GP2 metastable phases, but nucleates heterogeneously. However, 6' phase grows
at the expense of GP zones. Hardness decreases once 6' precipitation starts. Region 2
extends over the range of time that GP2 and ©' precipitants coexist. As reported in the
literature, the maximum hardness for a Al - 4 wt. pct. Cu alloy is reached after artificially
aging at 473 K for one day [39]. The experimental data found the maximum hardness to

occur at 1.6 days. Since the maximum hardness was experimentally reached 0.6 days later
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than reported in the literature, the time to precipitate 6' experimentally should also be
delayed. The literature states that 6' precipitates in a Al - 4 wt. pct. copper alloy after
three days of artificially aging at 473 K. This fact corresponds to the boundary between
Regions 2 and 3 which occurred at 3.7 days. The experimentally longer times for
precipitation to occur over those reported in the literature are a result of the time required
for GP1 zone refinement. The time to form precipitates reported in the literature result
from artificial aging immediately following quenching, and no GP1 zones are allowed to
form. As a result, refinement does not take place, Region 1 does not occur, and maximum
hardness and ©' precipitates are reached earlier. The boundary between Regions 2 and 3
indicates where GP2 zones no longer exist.

Figures 4.11, 4.12, 4.13, and 4.14 display the TEM Micrographs of samples 8, 12,
16, and 22 respectively, which fall within Region 2. The precipitate are observed to grow
with aging time, most noticeably in length. The density also increases, as the spacing
between parallel precipitants decreases. This increase in precipitant size and density
corresponds to copper leaving the solid solution and residing within the precipitants. The
presence of strain fields along the long sides of the precipitates are evidence that

coherency is being maintained.
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Figure 4.11:

66

TEM micrographs of Sample 8 which was solutionized, quenched, and
artificially aged at 473 K for 16 hours, a) Disc shaped precipitants observed
in plane of micrograph. Edges of disc perpendicular to plane of micrograph
show as lines, b) Strain field associated with the precipitates, indicative of
coherency being maintained
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Figure 4 12:

8672

42481268824

TEM micrographs of Sample 12 which was solutionized, quenched, and
artificially aged at 473 K for 24 hours, a) Disc shaped precipitants observed
in plane of micrograph. Edges of disc perpendicular to plane of micrograph
show as lines, b) Strain field associated with the precipitates, indicative of
coherency being maintained
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Figure 4.13:

TEM micrographs of Sample 16 which was solutionized, quenched, and
artificially aged at 473 K for 40 hours, a) Disc shaped precipitants observed
in plane of micrograph. Edges of disc perpendicular to plane of micrograph
show as lines, b) Strain field associated with the precipitates, indicative of
coherency being maintained

68
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4.3 Region 3

As shown in Figure 4.8, the hardness decreases through Region 3, as 0' and finally
O form. The literature reports that the © phase forms at the expense of the 8' phase, and is
present in a highly overaged condition. The condition is reached by artificially aging at
473 K for approximately 2000 hours (80 days). In Region 3, the increase in magnetic
susceptibility with aging time is at a lower rate indicating the majority of copper has left
the solid solution and resides in phases. The increase observed is attributable to the
growth of O precipitates. The 0 phase transforms from the ' phase and coarsening occurs
as smaller precipitates grow together. Additional aluminum atoms are able to contribute
to the bulk magnetic response of the alloy with the transformation, but not at the rate
observed when copper came out of solid solution where it associated with twelve
aluminum atoms. As the precipitates coarsen, their surface area will decrease, which
reduces the number of matrix aluminum atoms influenced by the copper. The loss in
coherency found between the 6 phase and the matrix will also free additional aluminum
atoms to contribute completely to the paramagnetic behavior of the bulk alloy.

Figures 4.15 and 4.16 contain TEM Micrographs of samples 27 and 32 found in
Region 3. An increase in precipitate size and thus the depletion of copper from the matrix
is evident with increasing aging time through Region 3. This coarsening of precipitates
corresponds to an increase in magnetic susceptibility with time, as a two phase equilibrium

alloy is approached. The strain fields surrounding the precipitates are extensive and
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Figure 4 15: TEM micrographs of Sample 27 which was solutionized, quenched, and
artificially aged at 473 K for 360 hours, a) Disc shaped precipitants observed
in plane of micrograph. Edges of disc perpendicular to plane of micrograph
show as lines, b) Extensive strain field associated with the precipitates as
coherency is being lost.
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Figure 4 16: TEM micrographs of Sample 32 which was solutionized, quenched, and
artificially aged at 473 K for 2,160 hours, a and b) Disc shaped precipitants
observed in plane of micrograph. Edges ofdisc perpendicular to plane of
micrograph show as lines, c¢) Strain field associated with the precipitates
decreasing as coherency is lost.
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annunciate a loss in coherency as the matrix atoms are strained to align with those in the
precipitates. Because these large incoherent precipitates are less effective at impeding
dislocation movement during plastic strain, a loss in strength occurs which was noticed in

the decrease in hardness of Region 3 in Figure 4.8

4.4 Statements Of Completion

The three regions observed in the magnetic susceptibility data result as the copper
atoms associate with different numbers of aluminum atoms as the precipitates within the
alloy transform. Region 1 saw the magnetic susceptibility decrease with aging time as the
copper left the GP1 zones and returned to solution, resulting in an increase in aluminum
atoms affected by the copper. Regions 2 and 3 found the magnetic susceptibility increase
with aging time. This increase, although at different rates, occurs as each copper atom
looses influence over aluminum atoms. The loss of influence occurs as phases develop
that reduce the aluminum atoms associated with copper atoms. As a result, the change in-
aluminum-copper alloy microstructure, which occurs by transformation through several
metastable phases, can be monitored with the bulk magnetic susceptibility measurements.

The change in magnetic susceptibility with changing microstructure is evident from
this work. In addition this work confirmed that the aluminum-copper microstructure is
responsible for the hardness present in the alloy. Figure 4.17 shows the Rockwell 15T
hardness as a function of the magnetic susceptibility. The solid curve represents a best fit

for a 4.0 wt. pct. copper concentration in the aluminum alloy. The measured data points
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vary partially because their composition varies from 4.0 wt. pct. copper. Examining
Figure 4.17 reveals that by measuring the magnetic susceptibility, the hardness can be
predicted. This observation addresses the objective of this thesis. The results suggest that
bulk electronic and magnetic measurements (magnetic susceptibility) can be used to
predict properties (hardness) of alloy systems (aluminum-copper system). A secondary
observation results from the curve of Figure 4.17. Because of the curvature, a hardness
measurement correlates to two magnetic susceptibility. Therefore the magnetic
susceptibility cannot be predict from a hardness measurement.

This thesis considered a binary alloy. Engineering alloys are typically more
complicated, having several alloying elements that will contribute to the electronic
measurements. To characterized these alloys may require additional analysis Two or
more electronic and magnetic measurements, sensitive to different attributes of the
microstructure, may provide additional insight to the alloy state. Additional bulk
electronic properties (Hall Effect, electrical resistivity) will likely exhibit relationships with
alloy microstructure. One measured property could be plotted on the y-axis and the
second property plotted on the x-axis, for example; magnetic susceptibility as a function of
Hall coefficient. The intersection of these values should identify specific locations on the
plot. These locations will suggest the state of precipitation by their position relative to
prior-determined, equal-phase-condition lines. In future work, a variety of different
electronic and magnetic quantities could be used to develop such plots for }rlany different

alloy systems. These plots could then be used to metallurgically characterize alloy
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components, providing significant improvements in the nondestructive evaluation of
advanced alloy properties and the prediction of service life.

The initial stages of developing the nondestructive evaluation of alloys must show
that electronic and magnetic measurements are sensitive to microstructure and can be
correlated to material properties. This objective is best met by preparing alloy samples to
fit the requirements of existing measurement equipment. Once this fact is established,
future development will adapt the measured properties to the real world. In order for this
technique to be nondestructive, the measurement must conform to the geometry of

fabricated parts and must be completed in field environments.
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CHAPTER §
CONCLUSION

I The mechanical properties of alloys are often a function of the phases present and
the resulting microstructure. Alloy phases are dependent on electron concentration.
Electronic and magnetic measurements, which are related to electron state, can be
correlated to alloy phases and the associated mechanical properties. By using
nondestructive electronic and magnetic measurements, it is possible to predict alloy
mechanical properties.

2 The magnetic susceptibility of heat-treatable aluminum alloys is sensitive to
changes such as solution or dissolution of solute and the precipitation of new
phases. The diamagnetic behavior of the copper atom was found to influence the
paramagnetic behavior of the aluminum atoms associated with copper. As the
number of aluminum atoms associated with a copper atom change through
precipitation, a corresponding change in magnetic susceptibility was found.

3 Magnetic susceptibility measurements were used to follow phase transformation in
Al-Cu alloys. The three regions found in the magnetic susceptibility data
correspond to the hardness data and phases documented in the TEM micrographs.
Region 1 1s consistent with GP1 zone refinement, Region 2 is attributable to GP2

zone and 6' formation, and Region 3 corresponds to overaging as 0' transforms and

finally O precipitates.
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85
Sample Age Time Length  Diameter Volume Field Moment Magnetization Mag Sus
No. hrs cm cm cc Gauss emu emu/cc 1/cc

1 2 1.15985 0.4890 0.2177 6000 1.3804E-03 6.3403E-03 1.0513E-06
7000 1.6055E-03 7.3742E-03
8000 1.8326E-03 8.4173E-03
9000 2.0561E-03 9.4439E-03
10000  2.2846E-03 1.0493E-02

2 4 1.1935 0.4902 0.2253 6000 1.3954E-03 6.1942E-03 1.0255E-06
7000 1.6215E-03 7.1979E-03
8000 1.8479E-03 8.2029E-03
9000 2.0757E-03 9.2141E-03
10000  2.3049E-03 1.0232E-02

3 6 1.1448 05126 0.2362 6000 1.4858E-03 6.2898E-03 1.04063E-06
7000 1.7276E-C3 7.3134E-03
8000 1.9687E-03 8.3341E03
8000  2.2090E-03 9.3514E-03
10000  2.4482E-03 1.0364E-02

4 8 1.2339 0.5118 0.2539 6000 1.5835E-03 6.2770E-03 1.04114E-06
7000 1.8544E-03 7.3047E-03
8000 2.1126E-03 8.3218E-03
9000 2.3757E-03 9.3582E-03
10000 2.6397E-03 1.0398E-02

5 10 1.1709 0.5072 0.2366 6000 1.4847E-03 6.2747E-03 1.03759E-06
7000 1.7245E-03 7.2881E-03
8000 1.9642E-03 8.3011E-03
9000 2.2051E-03 9.3192E-03
10000  2.4480E-03 1.0346E-02

6 12 1.1664 0.5024 0.2312 - 6000 1.5011E-03 6.4918E-03 1.07437€E-06
7000 1.7451E-03 7.5470E-03
8000 1.9876E-03 8.5957E-03
9000 2.2330E-03 9.6570E-03
10000 2.4761E-03 1.0708E-02

7 14 1.1577 0.5037 0.2307 6000 1.4998E-03 6.5016E-03 1.07881E-06
7000 1.7433E-03 7.5572E-03
8000 1.9909E-03 8.6306E-03
8000  2.2378E-03 9.7009E-03
10000  2.4855E-03 1.0775E-02

8 16 1.1427 0.4905 0.2159 6000 1.5036E-03 6.9640E-03 1.13829E-06
7000 1.7370E-03 8.0450E-03
8000 1.9699E-03 9.1237E-03
9000 2.2025E-03 1.0201E-02
10000  2.4341E-03 1.1274E-02
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Sample AgeTime Length Diameter Volume Field Moment Magnetization Mag Sus
No. hrs cm cm cc Gauss emu emu/cc 1/ce
9 18 1.2141 0.5004 0.2388 6000 1.6985E-03 7.1140E-03 1.15772E-06
7000 1.9550€E-03 8.1883E-03
8000 2.2153E-03 9.2786E-03
9000  2.4748E-03 1.0365E-02
10000 2.7344E-03 1.1453E-02
10 20 1.1156 0.5009 0.2198 6000 1.5612E-03 7.1022E-03 1.16207E-06
7000 1.8033E-03 8.2035E-03
8000 -2.0462E-03 9.3085E-03
9000 2.2894E-03 1.0415E-02
10000 2.5333E-03 1.1524E-02
11 22 1.1839 0.4540 0.2269 6000 1.5488E-03 6.8247E-03 1.12837E-06
7000 1.7977E-03 7.9215E-03
8000 2.0484E-03 9.0262E-03
9000 2.2987E-03 1.0129E-02
10000 2.5551E-03 1.1259E-02
12 24 1.0739 0.4877 0.2006 6000 1.3710E-03 6.8345E-03 1.13991E-06
7000 1.5909E-03 7.9308E-03
8000 1.8310E-03 9.1277€-03
9000 2.0610E-03 1.0274E-02
10000 2.2900E-03 1.1416E-02
13 28 1.1791 0.4966 0.2283 6000 1.6340E-03 7.1559E-03 1.17724E-06
7000 1.8927€E-03 8.2888E-03
8000 2.1522€-03 9.4253E-03
9000 2.4120E-03 1.0563E-02
10000 2.6731E-03 1.1706E-02
14 32 1.1758 0.4821 0.2146 6000 1.4802E-03 6.8968E-03 1.14137E-06
7000 1.7210E-03 8.0188E-03
8000 1.9628E-03 9.1455E-03
9000 2.2015E-03 1.0258E-02
10000 2.4393E-03 1.1366E-02
15 36 1.1410 0.4839 0.2098 6000 1.4771E-03 7.0403E-03 1.1557E-06
7000 1.7156E-03 8.1770E-03
8000 1.9578E-03 9.3314E-03
9000 2.1199E-03 1.0104E-02
10000 2.4403E-03 1.1631E-02
16 40 1.2167 0.4953 0.2344 6000 1.6334E-03 6.9678E-03 1.14971E-06
7000 1.8948E-03 8.0829E-03
8000 2.1571E-03 9.2018E-03
9000 2.4200E-03 1.0323E-02
10000 2.6839E-03 1.1449E-02
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Sample AgeTime Length Diameter Volume Field Moment Magnetization Mag Sus
No. hrs cm cm cc Gauss emu emuw/cc 1/cc
17 44 1.1621 0.4953 0.2239 6000 1.5897E-03 7.1001E-03 1.17338E-06
7000  1.8447E-03 8.2390E-03
8000 2.1018E-03 9.3873E-03
8000 2.3612E-03 1.0546E-02
10000 2.6181E-03 1.1693E-02
18 48 1.1737 0.5032 0.2334 6000 1.5770E-03 6.7567E-03 1.11452€-06
7000 1.8297E-03 7.8394E-03
8000 2.0822E-03 8.9213E-03
8000 2.3357E-03 1.0007E-02
10000 2.5893E-03 1.1094E-02
19 56 1.1511 0.5004 0.2264 6000 1.6372E-03 7.2325E-03 1.19325E-06
7000 1.8997E-03 8.3921E-03
8000 2.1622E-03 9.5517€-03
8000  2.4238E-03 1.0707E-02
10000 2.6904E-03 1.1885E-02
20 64 1.1501 0.5070 0.2322 6000 1.7197E-03 7.4069E-03 1.22635E-06
7000 1.9997E-03 8.6128E-03
8000  2.2803E-03 9.8214E-03
9000 2.5584E-03 1.1019E-02
10000 2.8377E-03 1.2222E-02
21 72 1.1300 0.4958 0.2182 6000 1.5852E-03 7.2656E-03 1.20303E-06
7000 1.8436E-03 8.4499E-03
8000 2.1004E-03 9.6270E-03
9000 2.3572E-03 1.0804E-02
10000 2.6183E-03 1.2001E-02
22 84 1.1552 0.4933 0.2208 6000 1.6427E-03 7.4413E-03 1.23132E-06
7000 1.9098E-03 8.6512E-03
8000 2.1759E-03 9.8566E-03
9000 2.4414E-03 1.1059E-02
10000  2.7096E-03 1.2274E-02
23 96 1.0795 0.4958 0.2084 6000 1.5897E-03 7.6274E-03 1.26268E-06
7000 1.8486E-03 8.8696E-03
8000 2.1073E-03 1.0111E-02
9000  2.3637E-03 1.1341E-02
10000 2.6235E-03 1.2588E-02
24 132 1.1435 0.5017 0.2260 6000 1.6964E-03 7.5058E-03 1.26011E-06
7000 1.9700E-03 8.7164E-03
8000  2.2426E-03 1.0147E-02
9000 2.5148E-03 1.1379€E-02
10000  2.7890E-03 1.2620E-02
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Sample AgeTime Length Diameter Volume Field Moment Magnetization Mag Sus
No. hrs cm cm ‘ce Gauss emu emu/cc t/cc
25 168 1.1654 0.5090 0.2371 6000 1.7220€E-03 7.2614E-03 1.20579€-06
7000 2.0064E-03 8.4607E-03
8000 2.2883E-03 9.6495E-03
9000 2.5716E-03 1.0844E-02
10000  2.8534E-03 1.2032E-02
26 241 1.1476 0.5052 0.2300 6000 1.6270E-03 7.0726E-03 1.17188E-06
7000  1.8926E-03 ¥ 8.2272E-03
8000 2.1579E-03 9.3805E-03
9000  2.4224E-03 1.0530E-02
10000 2.6887E-03 1.1688E-02
27 480 1.1029 0.5093 0.2247 6000 1.6936E-03 7.5388E-03 1.245E-06
7000 1.9648E-03 8.7460E-03
8000  2.2384E-03 9.9639E-03
9000 2.5125€E-03 1.1184E-02
10000 2.7863E-03 1.2403E-02
28 744 1.1610 0.5009 0.2288 6000 1.7670E-03 7.7236E-03 1.27657E-06
7000 2.0531E-03 8.9742E-03
8000 2.3390E-03 1.0224E-02
9000 2.6245€-03 1.1472E-02
10000 2.9071E-03 1.2707E-02
29 1080 1.1628 0.4933 0.2222 6000 1.6659E-03 7.4969E-03 1.24219E-06
7000 1.9421E-03 8.7399E-03
8000  2.2183E-03 9.9829E-03
9000  2.4730E-03 1.1129E-02
10000 2.7496E-03 1.2374E-02
30 1536 1.1341 0.4851 0.2096 6000 1.5942E-03 7.6044E-03 1.26085E-06
7000 1.8550E-03 8.8484E-03
8000 2.1163E-03 1.0095E-02
9000  2.3764E-03 1.1335E-02
10000  2.6360E-03 1.2574E-02
31 1824 1.2167 0.4851 0.2249 6000 1.6599E-03 7.3805€-03 1.22354E-06
7000 1.8324E-03 8.5922E-03
8000  2.2029E-03 9.7949E-03
9000 2.4733E-03 1.0987E-02
10000 2.7439E-03 1.2200E-02
32 2184 1.1890 0.5027 0.2360 6000 1.7533E-03 7.4308E-03 1.2338E-06
7000 2.0425E-03 8.6565E-03
8000 2.3294E-03 9.8724E-03
9000 2.6189E-03 1.1099E-02
10000  2.9046E-03 1.2310E-02
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an’ Designation: E 18 - 92

Standard Test Methods for

Rockwell Hardness and Rockwell Superficial Hardness of

Metallic Materials 2

This standard is issued under the fixed designation E 18; the number lmmcdlalcly l'olloumg the designation indicates the year of

onginal adoptlon or, in !he case of revision, the year of last revision. A in p
an editonial change since the last revision or mppmval.

ipt epsilon ()

W di

the year of last reapproval. A

This standard has been approved for use by agencies of the Department of Defense to replace method 243.1 of Federal Test Method
Standard No. 151b. Consuli the DoD Index of Specifications and Standards for the specific year of issue which has been adopted by the

Department of Defense.

1. Scope

1.1 These test methods cover the. determination’ of the
Rockwell hardness and the Rockwell superficial hardness of

metallic materials, including methods for the verification of
machines for Rockwell hardness testing (Part B) and the
calibration of standardized hardness test blocks (Part C).

1.2 Values stated in inch-pound units are to be regarded
as the standard. SI units are provided for information only.

1.3 This standard does not purport to address all of the
safety problems, if any, associated with its use. It is the
responsibility of the user of this standard 1o establish appro-
priate safety and health practices.and determine the applica-
bility of regulatory limitations prior 1o use. (See Note 4.)

2. Referenced Documents

2.1 ASTM Standards:

A 370 Test Methods and Definitions for Mechanical
Testing of Steel Products?

B 19 Specification for Cartndge Brass Sheet, Strip, Plate,
Bar, and Disks (Blanks)*

B 36 Specification for Brass Plate, Sheet, Strip, and Rolled
Bar®

B 96 Specification for Copper-Silicon Alloy Plate, Sheet,
Strip, and Rolled Bar for General Purposes and Pressure
Vessels*

B 97 Specification for Copper-Silicon Alloy Plate, Sheet,
Strip, and Rolled Bar for General Purposes®

B 103 Specification for Phosphor Bronze Plate, Sheet,
Strip, and Rolled Bar*

B 121 Specification for Leaded Brass Plate, Sheet, Strip,
and Rolled Bar®

B 122 Specification for Copper-Nickel-Tin Alloy, Copper-
Nickel-Zinc Alloy (Nicke! Silver), and Copper-Nickel
Alloy Plate, Sheet, Strip, and Rolled Bar*

B 130 Specification for Commercial Bronze Strip for
_Bullet Jackets*

' These test methods are under the jurisdiction of ASTM Committee E-28 on
Mechanical Testing and are the direct responsibility of Subcommitiee E28.06 on
Indentation Hardness Testing.

Current edition approved Jan. 15, 1992, Published March 1992, Onginally
published as E 18 - 32 T. Last previous edition E 18 - 89a.

2 In this test method, the term Rockwell refers 10 an internationally recognized
1ype of indentation hardness test as defined in Section 3. and not w0 the hardness
testing equipment of a particular manufacturer.

3 Annual Book of ASTAM Standards, Vols 01.01-01.05. and 03.01.

“ Annual Book of ASTM Standards. Vol 62.01.

3 Discontinued. see [98] Annual Book of ASTA! Standards. Pan 6.

B 134 Specification for Brass Wire*
B 152 Specification for Copper Sheet, Strip, Platc and
Rolled Bar*

(Manganese Brass) -Sheet and Strip*

B 370 Specification for Copper Sheet and Smp for
Building Construction*

E 4 Practices of Load Verification of Testing Machines®

E 6 Terminology Relating to Methods of Mechanical
Testing®

E 29 Practice for Using Significant Digits in Test Data to
Determine Conformance with Specifications’

E 140 Standard Hardness Conversion Tables for Metals
(Relationship Between Brinell Hardness, Vickers Hard-
ness, Rockwell Hardness, Rockwell Superficial Hard-
ness, and Knoop Hardness)®

3. Terminology

3.1 Rockwell hardness test—an indentation hardness test
using a verified machine to force a diamond spheroconical
indenter (diamond indenter), or hard steel ball indenter
under specified conditions, into the surface of the material
under test in two operations, and to measure the difference
in depth of the indentation under the specified conditions of
preliminary and total test forces (minor and major loads,
respectively).

3.2 Rockwell superficial hardness test—same as the
Rockwell hardness test except that smaller preliminary and
total test forces are used.

3.3 Rockwell hardness number, HR—a number derived
from the net increase in the depth of indentation as the force
on an indenter is increased from a specified preliminary test
force to a specified total test force and then returned 1o the
preliminary test force.

3.3.1 Discussion: Indenters—Indenters for the Rockwell
hardness test include a diamond spheroconical indenter and
steel ball indenters of several specified diameters.

3.3.2 Discussion—Rockwell hardness numbers are always
quoted with a scale symbol representing the indenter and
forces used. The hardness number is followed by the symbol
HR and the scale designation.

Examples: 64 HRC = Rockwell hardness number of 64 on Rockwell

6 Annual Book of ASTA{ Standards, Vol 03.01.

7 Annual Book of ASTA{ Standards, Vols 02.03, 03.(- . and 14.02.

"B 291 Specificatioh ~for™ Coppér-Zinc-Manganesé "Alioy
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C scale. 81 HR30N = Rockwcll superficial hardness number of 81 on
Rockwell 30N scale. -

3.4 verifi cauon—checkmg or testing to assure conform-
ance with the specification.

3.5 calibration—determination of the values of the signif-
icant parameters by comparison with values indicated by a
reference instrumem or by a set of reference standards.

v
4

4, Sigmﬁcance and Use
4 1 The Rockwcll hardncss tcst is an empirical indenta-

tion hardness test. Rockwell hardness tests provide useful
information about metallic materials. This information may
correlate to tensile strength, wear resistance, ductility, and
other physical characteristics of metallic materials, and may
be useful in quality control and selection of materials.

4.2 Rockwell hardness testing at a specific location on a
part may not represent the physical characteristics of the
whole part or end product.

4.3 Rockwell hardness tests are considered satisfactory for
acceptance testing of commercial shipments, and have been
used extensively in industry for this purpose.

A. GENERAL DESCRIPTION AND TEST PROCEDURE FOR ROCKWELL HARDNESS AND ROCKWELL

SUPERFICIAL HARDNESS TESTS .

8. Apparatus ‘ ‘ ﬂ -0 d"", -

‘5.1 General Principles—The - gencral “principles of the
Rockwell hardness test are illustrated in Fig. 1 (diamond
indenter) and Fig. 2 (ball indenters) and the accompanying
__Tables 1 and 2. In the case of the Rockwell superficial test

94

the general principles are illustrated in Fig. 3 (diamond
indenter) and Fig. 4 (ball indenter) and the accompanying
Tables 3 and 4.

5.1.1 See Equipment Manufacturers Instruction Manual
for a description of the machine’s characteristics, limitations,
and respective operating procedures. Typical applications of
the various hardness scales are shown in Tables 5 and 6.
Rockwell hardness values are usually determined and re-
ported in accordance with one of these standard scales. An
indenter (diamond cone or steel ball) is forced into the
surface of a test piece in two steps under specified conditions
(see Section 7) and the difference in depth of indentation is
measured as e.

5.1.2 The unit measurement for e is 0.002 mm and 0.001
mm for the Rockwell hardness test and Rockwell superficial
hardness test, respectively. From the value of e, a number
known as the Rockwell hardness -is derived. There is no
Rockwell hardness value designated by a number alone
because it is necessary to indicate which indenter and force
have been employed in making the test (see Tables S and 6).

5.2 Description of Machine and Method of Test—The
tester for making Rockwell hardness determinations is a
machine that measures§ hardness by determining the differ-

{ @—u ® LE]D]D @I%?I @ Ef,lg

Swrfoce of test prece

N

Dotum Lne

o

) ]
®enr ¢

i didll

Hordnass scole

|
L

FIG. 1 Rockwell Hardness Test with Diamond Indenter
(Rockwell C Exampie) (Table 1)

! I
IPEERENCE
¢ It ©
°‘ 31'5 ————— _l_ oL
_L_u:ﬁf .

FIG. 2 Rockwell Hardness Test with Steel Ball indenter
(Rockwell B Example) (Table 2)

ence in penetration depths of an indenter under two specz-
fied forces, called preliminary and total test forces.

5.2.1 There are two general classifications of the Rockwell
test: the Rockwell hardness test and the Rockwell superﬁc:al
hardness test.

5.2.2 In the Rockwell hardness test the preliminary test
force is 10 kgf (98 N). Total test forces are 60 kgf (589 N),
100 kgf (981 N) and 150 kgf (1471 N). In the Rockwell
superficial hardness test the preliminary test force is 3 kgf (29
N) and total test forces are 15 kgf (147 N), 30 kgf (294 N),
and 45 kgf (441 N). The indenter for either test shall be of a

TABLE 1
Number

Symbols and Desi ti

g s A
Symbol

iated with Fig. 1
Designation

Angle at the top of the diamond indenter (120°)

Radius of curvature at the tip of the cone (0.200

mm)

Po Preliminary Test Force = 10 kgf (38 N)

'y Additional Force = 90 or 140 kgt (883 or 1373 N)
Total Test Force = Pg + P, = 10 + 140 = 150
kgt (147 N)
Depth of penetration under test force before
application of additiona! load

7 N Increase in depth of penetration under addmonal

load

W AW N -
v o

o

Permanent increase in depth of penetration under
preliminary test force after removal of additional
force, the increase being expressed in units of
0.002 mm

N
9 xx HRC Rockwell C hardness = 100 ~ e
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TABLE 2 Symbols and Designations Associated with Fig. 2.

o ! o
. ®e 17Ie GJ® Number Symbol Designation
£ 2] ; ! j 1 ) Diameter of ball = Yse in. (1.588 mm)
] ® L'J ®J ! q ® l C e 3 Po Preliminary Test Force = 10 kgf (98 N)
s : ¥ 4 P, Additional force = 90 kgf (883 N}
- | - Y 1. 5 P Tota! Test Force = P, + P, = 10 + 90 = 100 kgf
-—t - 3 (981 N)
N 5 N Suctace of toar pioce . 6 Depth of penetration under preliminary test force
® R } P TRN before application of additional force
— 1 - —— Detumime - 7 lncrsasehdeaﬁ\otpenevmonuﬁeraddmonal
IRENE De | - force
él i f FOSPLEINS L { J - 8 e Pevmanenlrmasendepmofpenetmmwder
3 =5 3 OB R - preliminary test force after removal of the
s; H
= S | ©: 00+ additional force, the increase being expressed in
L I__s J units of 0.002 mm
P - ; R 8 ..  xxHRB  Rockwel B hardness = 130 — ¢
FIG. 3 Rockwell Superficial Hardness Test with Diamond B
Indenter (Rockwell 30N Example) (Table 3) - -
TABLE 3 Symbols and Designati A lated with Fig. 3
spheroconical or spherical configuration. Scales vary by a Number Symbol Designation
combination of total test force and type of indenter. 1 - - - Angle at the tip of the diamond indenter (120°)
5.2.3 The difference in depth is normally measured by an 2 L s::";“s of curvature at the tip of the cone {0.200
electronic device or by a dial indicator. The hardness value, 4 Py . prefiminary Test Foroe = 3 kgf (29 N) o
as read from the instrument, is an arbitrary number which is 4 - P, . - Additional force = 27 kgf (265 N) :
related to the difference in the depths produced by the two 5 P: (‘;;4‘9'"{"5‘ Force = P + P, = 3+ 27 = 30 ket
forces; and since the scales are reversed, the higher the 6 Pepth of p 1 under tesTorss——
number the harder the material. before application of additional force -
5.2.4 In accordance with the operating procedures recom- 7 o :or;e“"?‘* in depth of penetration under adcitional
mended by the manufacturer of t.he hardness tester, t!le test 8 e Permanent increase in depth of penetration under
is started by applying the preliminary test force causing an prefiminary test force after removal of additional
initial penetration of the specimen. Since measurement of g‘g’;“ he increase beng expressed in units of
the difference in depth starts after the preliminary force has 9 xx HR3ON  Rockwel 30N hardness = 100 — e

been applied, the dial gage pointer is set to zero if the
instrument is a dial indicator model. On a digital readout
instrument, the zero point is captured by the electronics
automatically. The instrument shall be designed to eliminate
the effect of impact in applying the preliminary test force.

5.2.5 The additional force is applied for the required dwell
time and then removed. The return to the preliminary test
force position holds the indenter at the point of deepest
penetration yet allows elastic recovery to occur and the
stretch of the frame to be factored out. The test result is
displayed by the testing machine.

5.3 Indenters:

5.3.1 The standard indenters, as have been mentioned in
3.3, are the diamond spheroconical indenter and steel ball

®oe
:.
g ® 4+
S
1 A
{
Surtece of rest poce
© , N
S
___________ {_._.__.4
: '
|® i (O
- e
____________ LA
FIG. 4 Rockwell Superficial Hardness Test with Steel Ball
- Il 30T E le) (Table 4)

indenter (Rock

-

indenters Vie, Y&, Vs, and ‘4 in. (1.588, 3.175, 6.350, and
12.70 mm) in diameter.

5.3.2 The diamond indenter shall conform to the require-
ments prescribed in 13.1.2.1.

5.3.3 The steel balls shall conform to the requirements
prescribed in 13.1.2.2.

5.3.4 Dust, dirt, grease, and scale shall not be allowed to
accumulate on the indenter as this will affect the 1est results.

- 5.4 Anvils—When required, an anvil shall be used that is

suitable for the specimen to be tested. Cylindrical pieces shall
be tested with a V-grooved anvil that will support the
specimen with the axis of the V-groove directly under the
indenter or on hard, parallel, twin cylinders properly posi-

TABLE 4 Symbols and Designations Associated with Fig. 4

Number Symbol Designation
1 D Diameter of ball = ¢ in. (1.588 mm)
3 Py Pretiminary Test Force = 3 kgf (29 N)
4 Py Additional force = 27 kgt (265 N)
5 P Total Test Force = Py + P, = 3 + 27 = 30 kgl
(294 N)
6 Depth of penetration under preiiminary test force
before application of additiona! force
7 L. increase in depth of penetration under additional
force
8 e Permanent increase in depth of penetration under
preliminary test force after removal of the
additional force, the increase being expressed in
units of 0.001 mm
9 xx HR15T Rockwell 15T hardness = 100 — e
xx HR30T Rockwell 30T hardness = 100 — e
xx HR45T Rockwell 457 hardness = 100 — e
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TABLE 5 Rockwell Hardness Scales

ssyf:éil indenter ;g::::;; F.';‘: ?‘es Typical Applications of Scales

8 /re-in. (1.588-mm) ball 100 red Copper afloys, soft steels, aluminum alloys, malleable iron, etc.

C diamond 150 black Steel, hard cast irons, peariitic malleable iron, titanium, deep case hardened steel, and otnef
materials harder than B 100.

A diamond 60 black Cemented carbides, thin steel. and shallow case-hardened steel.

D diamond 100 black Thin steel and medium case hardened steel, and peariitic maileable iron.

3 /a-in. (3.175-mm) bail 100 red Cast iron, aluminum and magnesium alloys. bearing metals.

F Yhre-in. (1.588-mm) ball 60 red Annealed copper alloys. thin soft sheet metals.

G the-in, (1.588-mm) ball 150 red Malteable irons, copper-nickel-zinc and wpfo—nlckel alloys. Upper limit G 92 to avoid possible
flattening of balt.

H Ve-in. (3.175-mm) ball 60 red Aluminum, zinc, lead.

K Ve-in. (3.175-mm) bali 150 red

L Va-in. (6.350-mwm) bail 60 red

:1 :Z:: Egggmi ::: :gg g Bearing metals and other very soft or thin materials. Use smallest ball and heaviest load that

R Varin. (12.70-mm) ball 60 red does not give anvil effect.

S Vz-in. (12.70-mm) ball 100 red

\' 2-in. (12.70-mm) ball 180 red

TABLE 6 Rockwell Superficial Hardness Scales

Scale Symbois
Total Test Force, .
Kkgf (N) N Scale, Diamond T Scale, Yre-in. W Scale, va-in. X Scale, Ya-in. Y Scale. Vz-in.
indenter (1.588-mm) Ball (3.175-mm;) Ball (6.350-mm) Ball {12.70-mm) Ball
15 (147) 15N 15T 15w 15X 15Y
30 (294) 30N 30T 3ow 30X kg
45 (441) 45N 45T 45W 45X 45Y

tioned and clamped in their base. Flat pieces shall be tested
on a flat anvil that has a smooth, flat bearing surface whose
plane is perpendicular to the axis of the indenter. For thin
materials or specimens that are not perfectly flat, an anvil
having an elevated, flat *“‘spot” about Y in. (6 mm) in
diameter shall be used. This spot shall be polished smooth
and flat and shall have a Rockwell hardness of at least 60
HRC. The seating and supporting surfaces of all anvils shall
be clean and smooth and shall be free from pits, heavy
scratches, dust, dirt, and grease. If the provisions of 6.3 on
thickness of the test piece are compiled with, there will be no
danger of indenting the anvil, but, if it is so thin that the
impression shows through on the under side, the anvil may
be damaged. Damage may also occur from accidental
contacting of the anvil by the indenter. If the anvil is
damaged from any cause, it shall be replaced. Anvils showing
the least perceptible dent will give inaccurate results on thin
material. Very soft material should not be tested on the
‘““spot”™ anvil because the applied load may cause the penetra-
tion of the anvil into the under side of the specimen
regardless of its thickness.

5.5 Test Blocks—Test blocks meeting the requirements of
Part C shall be used to periodically verify the hardness tester.

6. Test Piece

6.1 The test shall be carried out on a smooth, even surface
that is free from oxide scale, foreign matter, and, in
particular, completely free from lubricants (except for reac-
tive metals, such as titanium where lubrication such as
kerosene is required).

6.2 Preparation shall be carried out in such a way that any
alteration of the surface hardness (for example, due to heat
or cold-working) is minimized.

6.3 The thickness of the test piece or of the layer under

test should be as dictated in Tables 7, 8, 9, and 10 and as
presented graphically in Figs. 5 and 6. As a general rule, the
thickness should exceed 10 times the depth of the indenta-
tion. As a rule, no deformation should be visible on the back
of the test piece after the test although not all such marking is
indicative of a bad test.

6.4 For tests on convex cvlindrical surfaces the corrections

TABLE 7 A Minimum Thickness Guide for Selection of Scales
Using the Diamond Indenter (see Fig. 6)
Nore—For any given thickness, the indicated Rockwell hardness is the
minimum value acceptable for testing. For a given hardness, material of any

- greater thickness than that comresponding to that hardness can be tested on the

indicated scale.
Rockwell Scale

Minimum Thickness

A (o]

Approximate
in. mm fardness  Hardness  Dial Reading
R eading C-ScaleA )

0.014 0.36 . .
0.016 0.41 86 69
0.018 0.46 84 65
0.020 0.51 82 61.5 e
0.022 0.56 79 56 69
0.024 0.61 76 50 67
0.026 0.66 71 41 65
0.028 0.71 67 32 62
0.030 0.76 60 19 57
0.032 0.81 ce. e 52
0.034 0.86 . A 45
0.036 0.91 . PR 37
0.038 0.96 . ... 28
0.040 1.02 L. .. z0

# These approximate hardness numbers are for use in selecting a suitable scale
and should not be used as hardness conversions. If necessary to convert test
readings to another scale, refer to Hardness Conversion Tables E 140 (Rela-
tionship Between Brineft Hardness, Vickers Hardness, Rockwell Hardness,
Rockwell Superficial Hardness, and Knoop Hardness).
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TABLE 8 A Minimum Thickness Guide for Selection of Scales

Using the Vie-in. (1.588-mm) Diameter Ball Indenter (see Fig. 7)

Nore—For any given thickness, the indicated Rockwell hardness is the
minimum value acceptable for testing. For a given hardness, material of any
greater thickness than that corresponding to that hardness can be tested on the
indicated scale.

Rockwell Scale
Minimum Thickness
F 8
Approximate
. Hardness Hardness
n. mm Raeadir\g Hardness Reggs'lg
B-Scale*
0.022 0.56
0.024 0.61 98 72 94
0.026 0.66 91 60 87
0.028 0.7 85 49 80
0.030 0.76 77 35 71
0.032 0.81 69 21 62
0.034 0.86 .. ce. 52
0.036 0.91 . ... 40
0.038 0.96 . .. 28
0.040 1.02 - .

A These approximate hardness numbers are for use in selecting a suitable scale
and should not be used as hardness conversions. If necessary to convert test
readings to another scale refer to Hardness Conversion Tables E 140 (Relationship
Between Brinell Hardness, Vickers Hardness, Rockwell Hardness, Rockwell
Superficiat Hardness and Knoop Hardness).

given in Tables 11, 12, 13, and 14 shall be applied.
Corrections for tests on spherical and concave surfaces
should be the subject of special agreement. When testing
cylindrical specimens, the accuracy of the test will be
seriously affected by alignment of elevating screw, V-anvil,
indenters, surface finish, and the straightness of the cylinder.

6.5 Precautions for materials having excessive, time-de-
pendent plasticity (indentation creep): In the case of materials
exhibiting plastic flow after application of the total test force,
the indenter will continue to move. The total test force
should be removed after the specified dwell time, and the
time recorded after the test results (that is, 65 HRF, 4 s) if
longer than 3 s. When materials require the use of a dwell

time greater than 3 s, this should be specified in the product _

specification.

7. Procedure

7.1 The test is normally carried out at ambient tempera-
ture within the limits of 50 to 95°F (10 to 35°C). Tests carried
out under controlled conditions shall be made at a tempera-
ture of 73 + 9°F (23 + 5°C).

7.2 The test piece shall be supported rigidly so that no
effects of displacement occur during the test.

7.3 Bring the indenter into contact with the test surface
and apply the preliminary test force Py (minor load) of 10 kgf
(98 N) for the Rockwell hardness test or 3 kgf (29 N) for
Rockwell superficial hardness test in a direction perpendic-
ular to the surface without shock or vibration. (See Table 15
for tolerances of test forces.) The dwell time for the prelimi-
nary test force shall not exceed 3 s.

7.4 Establish the reference position (see Manufacturer's
Instruction Manual) and increase the force, without shock or
vibration, over a period of 1 to 8 s by the value of the
additional test force, P, (additional 1oad) needed to obtain.
the required total test force P for a given hardness scale (see
Tables 5 and 6).

7.5 While maintaining the preliminary test force Py,
remove the additional test force P, in accordance with the
following:

7.5.1 For matenials which, under the conditions of the
test, show no time-dependent plasticity, remove P, within 3 s
after the total test force is applied.

7.5.2 For matenals which, under the conditions of the
test, show some time-dependent plasticity, remove P, within
5 to 6 s when using diamond cone indenter and within 6 to 8
s when using steel ball indenter after the application of the
total test force begins.

7.5.3 In special cases where the material, under the
conditions of the test, shows considerable time-dependent
plasticity, remove P, within 20 to 25 s after the application of
the total test force begins.

7.5.4 When materials require the use of a dwell time
greater than 3 s, this shall be specified in the product
specification, and the dwell time shall be recorded.

TABLE 9 A Minimum Thickness Guide for Selection of Scales Using the Diamond Indenter (see Fig. 6)
Note—For any given thickness, the indicated Rockwell hardness is the minimum value acceptabie for testing. For a given hardness, material of any greater thickness

than that corresponding to that hardness can be tested on the indicated scale

Rockwell Superficial Scale

Minimum Thickness

15N 30N 45N
Approximate Approximate Approximate
in. mm P;aer:giensgs Hardness b;agg:‘sgs Hardness l:‘aer:g:‘sgs Hardness
C-Scale# C-Scale4 C-Scale*

0.006 0.15 92 65
0.008 0.20 90 60
0.010 0.25 88 55
0.012 0.30 83 45 82 65 77 69.5
0.014 0.36 76 32 785 61 74 67
0.016 0.41 68 18 74 56 72 65
0.018 0.46 .. L. 66 47 68 61
0.020 0.51 57 37 63 57
0.022 0.56 47 26 58 52.5
0.024 0.61 .. e 51 47
0.026 0.66 37 35
0.028 0.71 20 20.5
0.030 0.76 cee cel

“ These approximate hardness numbers are for use in selecting a suitable scale, and should not be used as hardness conversions. If necessary to convert test readings
to another scale, refer to Hardness Conversion Tables E 140 (Relationship Between Brinell Hardness. Vickers Hardness. Rockwell Hardness, Rockwell Superficial

Hardness and Knoop Hardness).
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TABLE 10 A Minimum Thickness Guide for Selection of Scales Using the Ve in. (1.588 mm) Diameter Ball Indenter (see Fig. 7)
Nore—For any given thickness, the indicated Rockwell hardness is the minimum value acceptable for testing. For a given hardness, materiat of any greater thickness

than that corresponding to that hardness can be tested on the indicated scale.

Rockwell Superficial Scale

Minimum
Thickness 15T 307 45T
Approximate Approximate Approximate
in. mm Hardness Hardness Hardne_ss Hardness Hardness '}:-l:rdness
Reading - B-ScaleA Reading B-ScaleA Reading B.Scale4
0.010 0.25 i 9N 93 e
0.012 0.30 86 78 o
0.014 0.36 81 62 80 96 - L.
0.016 0.41 75 44 72 84 7 99
0.018 0.46 68 24 64 7 62 90
0.020 0.51 cel .. 55 58 53 80
0.022 0.56 45 43 43 70
0.024 0.61 34 28 31 58
0.026 0.66 . . 18 45
0.028 0.7 4 32
0.030 0.76 . .

“ These approximate hardness numbers are for use in selecting a suitable scale, and should not be used as hardness conversions. If necessary to convent test readings
to another scale refer to Hardness COnversuon Tables E 140 (Relationship Between Brinell Hardness. Vickers Hardness, Rockwell Hardness, Rockwell Superticial Hardness

and Knoop Hardness).

7.6 Throughout the test, the apparatus shall be protected
from shock or vibration.

7.7 The Rockwell hardness number is derived from the
differential increase in depth of indentation e and is usually
read directly. The derivation of the Rockwell hardness
number is illustrated in Figs. 1 through 4.

7.8 After each change, or removal and replacement, of the
indenter or the anvil, it shall be ascertained that the new
indenter (or the new anvil) is correctiy mounted in its
housing.

.7.8.1 The first two readings after a new indenter or anvil
has been mounted shall be disregarded, and the operation of
the machine checked with the appropnate standardized
hardness test block.

NOTE 1—It is recognized that appropriate standardized test blocks
are not available for ali geometric shapes, or materials, or both.

7.9 The distance: between the center of two adjacent
indentations shall be at least three txmes the dlameter of the
indentation.

7.9.1 The distance from the center of any indentation to

an edge of the test piece shall be at least two and a half times _

the diameter of the indentation.
7.10 Unless otherwise specified, all readings are to be

reported to the nearest whole number rounding i in accor-

dance with Practice E 29

8. Conversion to Other Hardness Scales or Tensnle Strength
Values

8.1 There is no general method of accurate]y convertmg

the Rockwell hardness numbers on one scale to Rockwell
hardness numbers on another scale, or to other types of
hardness numbers, or to tensile strength values. Such conver-
sions are, at best, approximations and, therefore, should be

. avoided except for special cases where a reliable basis for the

approximate conversion has been obtained by comparison
tests.

Note 2—The Standard Hardness Conversion Tables E 140, for
Metals, give approximate conversion values for specific matenals such as
steel, austenitic stainless steel, nickel and high-nickel alloys, cartridge
brass, copper alloys. and alloyed white cast irons.

NoTe 3—ASTM Specifications giving approximate hardness-tensite
strength relationships are listed in Appendix X1.

9. Report

9.1 The report shall mclude the following information:
9.1.1 The Rockwell hardness number (see 3.3.2).
- 9.1.1.1 All reports of Rockwell hardness test readings shall

" indicate the scale used. Unless otherwise specified, all read-

ings are to be reported to the nearest whole number,
rounding to be in accordance with Practice E 29.

.9.1.2 The time of application of the total test force if
greater than 3 s.

10. Precision and Bias

-10.1 Precision—An mterlaboratory test program is now
in progress. When completed, it will be the basrs of a
statement on precision. .. -

10.2. Bias—There is no ba51s for deﬁmng the bxas for this
method. . B

B VERIFICATION OF MACHXNES FOR ROCKWELL HARDNESS AND ROCKWELL SUPERFICIAL
B HARDNESS TESTING .

11. Scope

11.1 Part B covers two procedures for the verification of
machines for Rockwell hardness and Rockwell superficial
hardness testing and a procedure which is recommended for
use to confirm that the machine is operating satisfactorily in

the intervals between the periodical routine checks made by
the user. The two methods of verification are: ’

11.1.1 Separate verification of test force, indenter, and the
depth measuring device followed by a performance test (13.2).
This method shall be used for new and rebuilt machines.

11.1.2 Verification by standardized test block method.
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FIG. 5 Thickness Limits for Rockwell Hardness Testing Using the Diamond indenter

This method shall be used in referee, laboratory, or routine
testing to assure the operator that the machine for Rockwell
hardness testing is operating properly (see 13.2).

12. General Requirements

12.1 Before a Rockwell hardness testing machine is veri-
fied, it shall be checked to ensure that:

12.1.1 The machine is properly set up.

12.1.2 The indenter-holder is properly seated in the
plunger.

12.1.3 When the indenter is a steel ball, the holder is fitted
with a new ball that complies with 13.1.2.2.

12.1.4 When the indenter is a diamond indenter, it must

be free from defects which may affect the accuracy of the test
(See 13.1.2.1).

12.1.5 The test force can be applied and removed without
shock or vibration and in such a manner that the readings
are not influenced.

12.1.6 The readings are not affected by deformations of
the frame.

13. Verification

13.1 Direct Verification—Direct verification involves ver-
ification of the test force, verification of the indenter, and
verification of the measuring device.

13.1.1 Verification of the Test Force:
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FIG. 6 Thickness Limits for Rockwell Hardness Testing Using the Vie-in. (1.588-mm) Diameter Bail Indenter

13.1.1.1 The preliminary test force P, and each total test
force P used (see Table 15) shall be measured, and this shall
be done at not less than three positions of the plunger
uniformly spaced throughout its range of movement during
testing.

13.1.1.2 The forces shall be m&sured by one of the
following two methods described in Practices E 4.

(a) Measuring by means of an elastic proving device
previously calibrated to Class A accuracy of £0.25 %, or

(b) balancing against a force, accurate to +0.25 % applied
by means of standardized masses with mechanical advan-
tage. .
13.1.1.3 Three readings shall be taken for each force at
each position of the plunger. Immediately before each
reading is taken, the plunger shall have been moved in the
same direction as during testing.

13.1.1.4 Each measurement of the preliminary test force
before application and after removal of the additional test

force and each measurement of the total force shall be within
the tolerances given in Table 15. )

13.1.2 Verification of the indenter.

13.1.2.1 Diamond Indenter.

(a) The diamond indenter shall be free from surface defects
(cracks, chips, pits, etc.) and polished to such an extent that
no unpolished part of its surface makes contact with the test
piece when the indenter penetrates to a depth of 0.3 mm for
Rockwell hardness testing and 0.2 mm for Rockwell superfi-
cial hardness testing.

(b) The verification of the shape of the indenter can be
made by direct measurement or by measurement of its
projection on a screen. The verification shall be made at not
less than four approximately equally spaced sections.

(c) The diamond indenter shall have an included angle of
120° = 0.35°.

(d) The angle between the axis of the diamond indenter
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TABLE 11 Corrections to Be Added to Rockwell C, A, and D Values Obtained on Convex Cylindrical Surfaces? of Various Diameters
Diameters of Convex Cylindrical Surfaces
Dial Yain. Yain. Yz in. S/a in. Yain. s in. 1in. 1Y% in. 12in.
Reading {6.4 mm) (10 mm) (13 mm) (16 mm) {19 mm) {22 mm) (25 mm) (32 mm) (38 mm)
Corrections 10 be Added 1o Rockwell C, A, and D Values®

20 6.0 45 3.5 25 2.0 15 15 1.0 1.0
25 55 4.0 3.0 25 2.0 15 1.0 1.0 1.0
30 5.0 35 25 2.0 15 1.5 1.0 1.0 0.5
35 4.0 3.0 20 1.5 1.5 1.0 1.0 0.5 0.5
40 35 25 20 1.5 1.0 1.0 1.0 0.5 0.5
45 3.0 2.0 1.5 1.0 1.0 1.0 0.5 0.5 0.5
50 25 20 1.5 1.0 1.0 0.5 0.5 0.5 0.5
55 2.0 15 1.0 1.0 0.5 0.5 0.5 0.5 0

60 1.5 1.0 1.0 0.5 0.5 0.5 0.5 0 0
65 1.5 1.0 10 0.5 05 0.5 0.5 o] 0

70 1.0 10 0.5 0.5 0.5 0.5 0.5 0 0

75 1.0 0.5 0.5 0.5 0.5 0.5 0 (¢} 0

80 0.5 0.5 0.5 0.5 05 ¢} 0 0 1]
85 0.5 0.5 05 0 0 0 ] 0 0
90 0.5 0 0 0 0 V] 0 o] 0

“ When testing cylindrical specimens, the accuracy of the test will be seriously affected by alignment of elevating screw, V-anvil, indenters, surface finish, and the

straightness of the cylinder.

8 These corrections are approximate only and represent the averages to the nearest 0.5 Rockwell number, of numerous actual observations.

TABLE 12 Corrections to Be Added to Rockwell B, F, and G Values Obtained on Convex Cylindrical Surfaces* of Various Diameters

Diameters of Convex Cylindrical Surfaces

Hardness Yain. Y in. 2 in. s in. Y4 in. s in. 1in.

Reading (6.4 mm) (10 mm) (13 mm) (16 mm} (19 mm) (22 mm) (25 mm)
Corrections to be Added to Rockwell B, F, and G Values®

0 125 85 6.5 55 45 3.5 3.0

10 12.0 8.0 6.0 5.0 4.0 35 3.0

20 11.0 7.5 5.5 45 4.0 3.5 3.0

30 10.0 6.5 5.0 45 3.5 3.0 25

40 9.0 6.0 45 4.0 3.0 25 2.5

50 8.0 5.5 4.0 35 3.0 25 20

60 7.0 5.0 35 3.0 25 20 2.0

70 6.0 4.0 3.0 25 2.0 2.0 1.5

80 5.0 35 25 2.0 1.5 1.5 1.5

90 4.0 3.0 20 15 1.5 1.5 1.0

100 35 25 1.5 1.5 1.0 1.0 0.5

“ When testing cylindrical speamens the accuracy ot the test will be seriousty affected by ahgnment of elevating screw, V-anvil, indenters, surface finish, and the

straightness of the cylinder.

B These corrections are approximate only and represent the averages to the nearest 0.5 Rockwell number, of numerous actual observations.

and the axis of the indenter holder (normal to the seating
surface) shall not exceed 0.5°. - -

(e) The spherical tip of the diamond cone shall have a
mean radius of 0.200 + 0.010 mm. In each measured section
the radius shall be 0.200 = 0.015 mm and local deviations
from a true radius shall not exceed 0.002 mm. The surfaces
of the cone and spherical tip shall blend in a truly tangem.ial
manner. .

(f) The hardness va]ues ngen by the testmg machme do
not depend only on thé dimensions given in 13.1.2.1 (c-e),
but also on the surface roughness and the position of the
crystallographic axis of the diamond and the seating of the
diamond in its holder. For this reason, a performance test is
considered necessary. The indenter shall be used in a
standardizing machine in which the test force applied and
the measuring device can be verified by fundamental mea-
surement. Tests shall be made on a minimum of two
standardized blocks, one from each of the minimum and
maximum ranges specified in Table 16. Three test impres-
sions shall be made on each of these blocks. The mean of
these readings shall not differ from the value of the standard-

ized test block by more than the amount shown in Table 17.

13.1.2.2 Steel Balls:

Note 4: Caution—Only steel balls should be used. Balls made out of
other hard materials such as tungsten carbide may give different results.

(a) For the purpose of verifying the size and the hardness
of the indenter, it is considered sufficient to test a sample
selected at random -from a batch. The ball(s) verified for
hardness shall be discarded.

(b) The ball shall be polished and free from surface defects

(c) The user shall either measure the balls to ensure that
they meet the following requirements, or he shall obtain balls
from a supplier who can certify that the following conditions
are met. The diameter, when measured at not less than three
positions, shall not differ from the nominal diameter by
more than the tolerance given in Table 18. The hardness
shall not be less than 850 HV 10. Mean diagonals of Vickers
impressions corresponding to this hardness level are given in
Table 19.

13.1.3 Verification of the Measuring Device:

13.1.3.1 The depth-measuring device shall be verified
over not less than three intervals, including the intervals
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TABLE 13 Corrections to Be Added to Rockwell Superficial 15N, 30N, and 45N Values Obtained on Convex Cylindrical Surfaces of
Various Diameters*

Diameters of Convex Cylindrical Surfaces

Hardness Yo in. Yain. Y in. 2in. Yain. 1in.
Reading (3.2 mm) (6.4 mm) (10 mm) (13 mmy} {19 mm) (25 mm)
Corrections to be Added to Rockwell Superficial 15N, 30N, and 45N Values®

20 6.0 3.0 2.0 1.5 1.5 15
25 55 3.0 2.0 1.5 1.5 1.0
30 55 3.0 2.0 1.5 1.0 1.0
35 5.0 25 2.0 1.5 1.0 1.0
40 45 25 15 1.5 1.0 1.0
45 4.0 2.0 1.5 1.0 1.0 1.0
50 3.5 2.0 15 1.0 1.0 0.5
55 3.5 20 15 1.0 0.5 0.5
60 3.0 1.5 1.0 1.0 0.5 0.5
65 2.5 15 1.0 0.5 0.5 0.5
70 20 1.0 1.0 0.5 0.5 05
75 15 1.0 0.5 0.5 0.5 o]
80 1.0 0.5 05 0.5 0 o]
85 0.5 0.5 0.5 0.5 0 0
90 [ 0 0 0 0 o}

4 When testing cylindrical specimens the accuracy of the test will be seriously affected by aignment of elevating screw, V-anvil, indenters, surface finish, and the

straightness of the cylinder.

& These corrections are approximate only and represent the averages. to the nearest 0.5 Rockwell superficial number, of numerous actual observations.

TABLE 14 Corrections to Be Added to Rockwell Supertficial 15T, 30T, and 45T Values Obtained on Convex Cylindrical Surfaces* of
Various Diameters

Diameters of Convex Cylindrical Surfaces

Hardness Ve in. Yain. Yain. Yz in. s in. Yain. 1in.
Reading (3.2 mm) (6.4 mm) (10 mm) (13 mm) {16 mm) (19 mm) (25 mmy)
Corrections to be Added to Rockwell Superficial 15T, 30T, and 45T Values®

20 13.0 9.0 6.0 45 45 3.0 20
30 115 7.5 5.0 3.5 35 2.5 2.0
40 100 6.5 45 3.5 3.0 2.5 20
50 8.5 5.5 4.0 3.0 25 20 15
60 6.5 45 3.0 2.5 2.0 1.5 15
70 5.0 3.5 25 2.0 1.5 1.0 1.0
80 3.0 2.0 1.5 1.5 1.0 1.0 0.5
90 1.5 1.0 1.0 0.5 05 0.5 05

A When testing cylindrical specimens, the accuracy of the test will be seriously affected by alignment of elevating screw, V-anvil, indenters, surface finish, and the

straightness of the cylinder.

# These comections are approximate only and represent the averages, to the nearest 0.5 Rockwell superficial number, of numerous actual observations.

corresponding to the lowest and highest hardnesses for which
the scales are normally used by making known incremental
movements of the indenter.

13.1.3.2 The instrument used to verify the depth mea-
suring device shall have an accuracy of 0.0002 mm.

13.1.3.3 The depth-measuring device shall correctly indi-
cate within +0.5 of Rockwell unit, over each interval. This
corresponds to £0.001 mm for regular Rockwell ranges and
+0.0005 mm on Rockwell superficial ranges.

13.2 Indirect Verification—Indirect verification may be
carried out by means of standardized blocks calibrated in
accordance with Part C.

13.2.1 Procedure:

13.2.1.1 For the indirect verification of a testing machine,
the following procedures shall be applied: The testing ma-
chine shall be verified for each scale to be used. For each
scale standardized, at least three blocks within the hardness
ranges given in Table 16 shall be tested. The machine shall
not be adjusted between tests made on the three blocks.

13.2.1.2 In accordance with Part A of this Method, make
at least five indentations on each standardized block, distrib-
uted uniformly over the block’s surface to record the

hardness values to within 0.2 of a Rockwell unit. Before
making these indentations, at least two indentations shall be
made to ensure that the machine is workly freely and that the
standardized block, the indenter, and the anvil are seating
correctly. The results of these preliminary indentations shall
be ignored. )

13.2.1.3 For each standardized test block, let R, R, ...
R, be the hardness readings of the 5 indentations arranged in
increasing order of magnitude.

13.2.2 Repeatability.

13.2.2.1 The repeatability of the testing machine under
the particular verification conditions is determined by the
following quantity:

Rs ~ R,

13.2.2.2 The repeatability of the testing machine verified
is considered satisfactory if it satisfies the conditions given in
Table 20.

13.2.3 Error:

13.2.3.1 The error of the testing machine under the
particular verification conditions is expressed by the fol-
lowing quantity:
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TABLE 15 Tolerances on Applied Forces

TABLE 20 Repeatability of Machines

Load, kgf (N) Tolerance, kgf (N)
10 (99) *0.20 (=1.96)
60 (589) +0.45 (x4.41)

100 (981) +0.65 (+4.57)

150 (147) +0.90 (+8.83)
3(29) +0.060 (+0.589)
15 (147) +0.100 (+0.981)
30 (294) +0.200 (+1.967)
45 (441) +0.300 (£2.943)

TABLE 16 Hardness Ranges Used in Verification by
Standardized Test Block Method

Rockwell Scale Hardness Ranges
20 to 30
o] 35to 55
59 to 65
40 to 59
B 60 to 79
80 to 100
40 to 50
30N 551073
75 to 80
43 to 56
307 57 to 70 indl
over 70 to 82

TABLE 17 Allowable Deviation in Hardness Readings for Verified
Diamond Indenters

For Hardness Readings Aliowable Deviation,

in Range of: Rockwell Units
ce3 *0.5
c25 *1.0
30N 80 =0.5
30N 45 *1.0

TABLE 18 Tolerances for Rockwell Hardness Ball Indenters

Diameter of Bail Tolerance”
in. mm in. mm
Yie 1.588 +0.0001 +0.0025
3 3.175 +0.0001 +0.0025
Ya 6.350 +0.0001 +0.0025
a2 12.700 +0.00G61 *0.0025

A For balls in the range of diameters specified, these tolerances and the
permissible variation in the diameter of any one ball, as specified in 19.1.3, are met
by Grade 25 steel bails of the Anti-Friction Bearing Manufacturers’ Association
(AFBMA).

TABLE 19 Maximum Mean Diagonal of Vickers Hardnesé
Indentation on Rockwell Hardness Balis

Maximum Mean Diagonal

Bali Diameters of Indentation on
the Ball Made

with Vickers Indenter

in mm Under 10-kgf (38-N)

Load, mm

e 1.588 0.141

Vs 3.175 0.144

Ya 6.350 0.145

V2 12.700 0.147

Range of Standardized The Repeatability* of the Machine
Hardness Test Blocks Shali Be Not Greater Than:

Rockwell C Scale:

25t030 20

35 to 55 1.5

59 to 65 1.0
Rockweil B Scale:

40 to 59 25

60 to 79 20

80 to 100 20
Rockwell 30N Scale:

40 to 50 20

55t073 1.5

75 to 80 1.0
Rockwell 30T Scale:

43 to 56 25

57 to 70, incl 20

Over 70 to 82 20

“ The repeatability of machines on Rockwell or Rockwell superficial hardness
scales other than those given in Table 20 shall be the equivalent converted
difference in hardness for those scales, except for the 15N and 15T scales. In the
case of the 15N and 15T scales, the repeatability shall be no greater than 1.0 for all
ranges.

Example—At C 60, typical readings of a series of indentations might range from
59 to 60, 59.5 to 60.5. 60 to 61, etc. Thus, converted A-scale values
corresponding to C 59 to 60 (see Table Il of Standard Tables E 140) would be A
80.7 to 81.2 and the repeatability for the A-scale would be 0.5.

TABLE 21 Tolerance Values for Standardized Test Blocks

Nominal Hardness of Tolerance Values of the Test Block
Standardized Test Block Shall Not Be Greater Than

C Scale*

60 and Greater *0.5

Below 60 *1.0
A Scale

80 and Greater +0.5

Below 80 to 60.5, incl +1.0
15N Scale

90 and Greater *0.7

Below 90 to 69.4, incl +1.0
30N Scale

77.5 and Greater +0.7

Below 77.5 to 41.5, incl +1.0
45N Scale

66.5 and Greater- +0.7

Below 66.5 to 19.6, incl +1.0
8 Scale®

45 and Greater +1.0

Below 45 to 1.5, incl *15
F Scale

99.6 t0 57.0, inc 1.0
15T Scale

75.3 and Greater *1.0

Below 75.3 to 60.5, inct +15
30T Scale

46.2 and Greater +1.0

Below 46.2 to 15.0, ind 15
45T Scale

17.6 and Greater +1.0

Below 17.6 to 1.0, incl +15

A Afl other scales on steet biocks of the equivalent converted values are as
fotlows: 70.0 HRC to 60.0 HRC = +0.5 and 59.9 HRC to 20.0 HRC = *=1.0.

 All other scales on brass blocks of the equivalent converted values are as
follows: 100.0 HRB to 1.0 HRB = +1.0.
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where:

R, +R,+...R
ﬁ:.l__’.s_._i‘and

R = stated hardness of the standardized test block used.

13.2.3.2 The mean hardness value for the five tests shall
not differ from the mean corresponding to the hardness of
the standardized test block by more than the tolerance of the
latter (shown in Table 21).

13.3 It should be understood that hardness test blocks,
diamond indentors, and machine designs vary between
manufacturers and that if all parameters are met under 13.1,
it is possible that change of one or more of the parameters
may be needed to meet indirect verification on test blocks.
Consult manufacturer’s instructions on the proper method
to make corrections within the tolerances specified in this
method.

13.4 Time Interval Between Verifications—It is recom-
mended that testing machines be verified annually or more
frequently if required. In no case shall the time interval
between verifications exceed 18 months.

13.5 Verification Report:

13.5.1 The verification report shall include the following
information:

13.5.1.1 Reference to this ASTM Test Method.

13.5.1.2 Method of verification (direct or indirect),

13.5.1.3 Identification data of the hardness testing ma-
chine,

13.5.1.4 Means of verification (test blocks, elastic proving
devices, etc.)

13.5.1.5 The Rockwell hardness scale(s) verified,

13.5.1.6 The result obtained,

13.5.1.7 Date of verification and reference to the verifying
agency, and

13.5.1.8 Signature of verifying agency representative.

14. Procedure for Periodic Checks by the User

14.1 Verification by the standardized test block method
(13.2) is too lengthy for daily use. Instead, the following is
recommended:

14.1.1 Make at least one routine check each day that the
testing machine is used.

14.1.2 Before making the check, make at least two prelim-
inary indentations to ensure that the hardness testing ma-
chine is working freely and that the test block, indenter, and
anvil are seated correctly. The results of these preliminary
indentations should be ignored.

14.1.3 Make at least three hardness readings on a stan-
dardized hardness test block on the scale and at the hardness
level at which the machine is being used. If the mean of these
values falls within the tolerances marked on the standardized
hardness test block, the machine may be regarded as
satisfactory. If not, the machine should be verified as
described in 13.2.

C. CALIBRATION OF STANDARDIZED TEST BLOCKS FOR MACHINES USED FOR ROCKWELL AND
ROCKWELL SUPERFICIAL HARDNESS TESTING

15. Scope

15.1 Part C specifies a method for the calibration of
standardized blocks to be used in Rockwell hardness testing
machines for the indirect verification of these machines as
described in Part B.

16. Manufacture

16.1 The attention of the manufacturer of the block is
drawn to the need to use a manufacturing process which will
give the necessary homogeneity, stability of structure, and
uniformity of surface hardness.

16.2 Each metal block to be standardized shall be of a
thickness not less than Y in. (6.4 mm).

16.3 The area of the test surface of the block shall not be
more than 4 in.? (2581 mm?2).

16.4 The standardized block shall be free of magnetism. It
is recommended that the manufacturer ensure that the
blocks, if of steel, have been demagnetized at the end of the
manufacturing process.

16.5 The maximum deviation in flatness of the surfaces
shall not exceed 0.0002 in. (0.005 mm).

16.6 The maximum error in parallelism shall not exceed
0.0002 in. per in. (mm per mm).

16.7 The test suiface shall be free from scratches which
interfere with the measurement of the indentation. The
mean surface roughness (R,) shall not exceed 12 pin. (0.0003
mm) center line average.

16.8 The bottom surface shall have a fine ground finish.

16.9 To assure that material is not removed from the test
surface, its thickness at the time of standardization (to the
nearest +0.005 in. (0.1 mm)) shall be marked on the block or
an identifying mark shall be made on the test surface.
Resurfacing of a test block for reuse is not recommended;
however, if a standard test block is reconditioned, the new
test surface must be recalibrated in accordance with this
section.

17. Standardizing Machine

17.1 In addition to fulfilling the general requirements
specified in Sections 12 and 13, the standardizing machine
shall also meet the following requirements:

17.1.1 The machine shall be verified directly. Direct
verification involves the following:

17.1.1.1 Verification of the test force (see 13.1.1),

17.1.1.2 Verification of the indenter (see 13.1.2), and

17.1.1.3 Verification of the measuring device (see 13.1.3).

17.1.2 Each preliminary test force shall be correct to
within +0.5 %. Each total test force shall be correct to within
+0.25 %.

17.1.3 The verification of the shape of the indenter can be
made by direct measurement or by measurement of its
projection on a screen. The verification shall be made at not
less than eight approximately equally spaced sections.

17.1.4 The diamond indenter shall have an included angle
of 120° +0.1°.

17.1.5 The angle between the axis of the diamond in-
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denter and the axis of the indenter holder (normal to the
seating surface) shall not exceed 0.3°.

17.1.6 The tip of the diamond indenter shall be spherical
with a mean radius of 0.200 £0.005 mm. In each measured
section the radius shall not exceed 0.200 +0.007 mm and
local deviations from a true radius shall not exceed 0.002
mm. The surface of the cone and spherical tip shall blend in
a truly tangential manner.

17.1.7 The diameter of the steel ball shall be within the
tolerance of 0.001 mm.

17.1.8 The measuring device shall be capable of accu-
rately measuring vertical displacements corresponding to
+0.1 of a regular Rockwell unit and +0.1 for a superficial
Rockwell unit.

18. Standardizing Procedure

18.1 The standardized test blocks shall be calibrated in a
standardizing machine as described in Section 17 at a
temperature of 73°F -+ 5°F (23°C % 2°C) using the general
test procedure described in Part A.

19. Number of Indentations

19.1 In accordance with Part A of this Method, make at
least five indentations on each standardized block, distrib-
uted uniformly over the block’s surface.

20. Uniformity of Hardness

20.1 Let R,, R, ... Rs be the measured values in
Rockwell units arranged in increasing order of magnitude.

20.2 The nonuniformity of the block under the particular
conditions of standardization is characterized by Rs — R,.

20.3 The nonuniformity of the block must satisfy the
conditions of Table 22.

21. Marking and Certification Requirements

21.1 Each standardized test block shall be marked with
the following:

21.1.1 Arithmetic mean of the hardness values found in
the standardizing test reported to the nearest tenth, for
example: 66.3 HRC,

21.1.2 Tolerance value (see Table 21),

21.1.3 Name or mark of the supplier,

21.1.4" Unique serial number,

21.1.5 Name or mark of the calibrating agency 1f different
from supplier,

TABLE 22 Maximum Nonuniformity of Standardized Test Blocks

Nonuniformity of the Test Block Shall
Not Be Greater Than

Nominal Hardness of
Standardized Test Block

C Scale*

60 and Greater 05

Below 60 - 1.0
A Scale

80 and Greater 0.5

Below 80 to 69.5, incl 1.0
15N Scale

90 and Greater 0.7

Beilow 90 10 69.4, incl 1.0
30N Scale

77.5 and Greater 07

Below 77.5 to 41.5, incl 1.0
45N Scale

66.5 and Greater - 07

Below 66.5 to 19.6, incl 1.0
8 Scale®

45 and Greater 1.0

Below 45 to 1.5, incl 1.5
F Scale

99.6 to 57.0, inct 1.0
157 Scale

75.3 and Greater 1.0

Below 75.3 to 60.5. incl 1.5
30T Scale

46.2 and Greater
Below 46.2 to 15.0, incl

45T Scale
17.6 and Greater
Below 17.6 to 1.0, inci

“ All other scales on steel blocks of the equivalent converted values are as
follows: 70.0 HRC to 60.0 HRC = 0.5 and 59.9 HRC to 20.0 HRC = 1.0.

& All other scales on brass blocks of the equivalent converted values are as
follows: 100.0 HRB to 1.0 HRB = 1.0.

-
no

21.1.6 Thickness of the block or an identifying mark on
the test surface, and

21.1.7. Year of calibration.

21.2 Any mark put on the side of the block shall be
upright when the test surface is the upper face.

21.3 Each block shall be supplied with a certificate
showing the results of the individual standardizing tests and
the arithmetic mean of those tests, including the foIlowmg

21.3.1 Date of standardization,

21.3.2 Serial number of block, and

21.3.3 Name of manufacturer or mark of supplier.

22. Keywords
22.1 Rockweil Hardnws, metallic
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APPENDIX
(Nonmandatory Information)

X1. LIST OF ASTM SPECIFICATIONS GIVING HARDNESS VALUES CORRESPONDING TO TENSILE
STRENGTH

XI1.1 The following ASTM standards give approximate  materials covered: Test Methods and Definitions A 370 and
Rockwell hardness or Rockwell superficial hardness values Specifications B 19, B 36, B 96, B97, B 103, B 121, B 122,
corresponding to the tensile strength values specified for the B 130, B 134, B 152, B 291, and B 370.

The American Society for Testing and Materials takes no position respecting the validity of any patent rights asserted in connection
with any item e d in this d. Users of this standard are expressly advised that determination of the validity of any such
patent rights, and the risk of infringement of such rights, are entirely their own respoasibility.

This standard is subject to revision at any time by the responsible t ical committee and must be reviewed every five years and
if not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for additional standards
and should be addressed to ASTM Headquarters. Your comments will receive careful consideration at a meeting of the responsible
technical committee, which you may attend. If you feel that your comments have not received a fair hearing you should make your
views known to the ASTM Committee on Standards, 1916 Race St., Philadelphia, PA 19103.





