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Delaminations

RS

Fig. 25.8 Typical C-scan image of composite specimen, showing delaminations and porosity.

peak amplitude, positive or negative peaks, time of flight, mean value of amplitude. and so on. The
C-scan provides a visual representation of a slice of the material at a certain depth and is very useful
for nondestructive inspection.

Depending on the structural complexity and the atenuation of the signal by the matenial and
electronic instrumentation, flaws as small as 0.015 in., in one dimension, can be reliably detected
and quantified using this ultrasonic method. An example of a typical C-scan printout of an adhesively
bonded test panel is shown in Fig. 25.8, While the panel was fabricated with Teflon void-simulating
impianis. the numerous white areas indicate the presence of a great deal of porosity 1n the adhesive.
For 1 much more extensive treatment of this inspection technique, see Ref. 1, Vol. =

25.4 RADIOGRAPHY

Radiography is an NDE method in which the projected X-ray attenuation for many straight line paths
through a specimen are recorded as a two-dimensional image on recording medium: For a more
detailed description of radiography testing. see Ref. 1, Vol. 3.

This process. shown schematically in Fig. 25.9. records visually any feature that changes the
attenuation of the X-ray beam along the path that the X-ray photons take through the structure. This
local change in attenuation produces a change in the density or darkness of the film or electronic
recording device at that location. This change in brightness, which is sometimes a mere shadow, is
used by the inspector to detect internal anomalies. In this task. the inspector is greatly aided in
detecting and gquantifying flaws by knowing the geometry of the part and how this relates to the
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Fig. 25.9 Schematic radiograph of a thin plate with two types of flaws.
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image. It should be noted in Fig. 23.9 that only flaws that cha ge the attenuation of the X-ray beam
on passage through the part are recorded. For example. a delaminution in a composite or laminated
material that is not the result of missine material is not visible because there is no change in atten-
uation of the X-ray beam. Flaws that are orented perpendicular to the plate do atenuate the X-ray
beam as much as adjacent beam paths and therefore are casily detected us a darkened line or area
on the film. An example of a crack in the correct orientation to be visible on a radiograph of a piece
of tubing is shown in Fig. 25.10.

25.4.1 The Generation and Absorption of X Radiation

X radiation can be produced via a number of processes. The most common way of producing X rays
15 with an electron tube in which a beam of energetic electrons impact a metal target. As the electrons
are rupidly decelerated in this collision, a wide band of X radiation is produced. analogous to white
light. This is referred to as Bremsstrahlung or breaking radiation. Higher-energy electrons produce
shorter-wavelength or more energetic X rays. The relationship between the shortest-wavelength X
radiation produced and the highest voltage applied to the tube is given by

12,336
voltage

where A = the shortest wavelength of the X radiation-produced in Angstroms.

The more energetic the radiation, the more penetrating power it has. Therefore. higher-energy radi-
auon Is used on dense materials, such as metals. While it is possible to analytically predict what X-
ray energy would provide the best image for a specific material and geometry, a simpler method of
arriving at the optimum X-ray energy is to use the curves shown in Fig. 25.11. Note that high-energy
radiation is used for dense materials, such as steels, or for thick. less dense materials, such as large
composite solid rocket motors. An alternative to Fig. 25.11 is the table of radiographic equivalence
tactors shown in Table 25.2."" Aluminum is the standard material for voltages below 100 Kv, while
steel is the standard above this voitage. When radiographing another material its thickness is multi-
plied by the equivalency factor. of Table 25.2. to obtain the equivalent thickness of the standard
matenal to obtain an acceptable radiograph. For example. if one needed to produce a radiograph of
4 0.75-in,-thick piece of brass with a 400-Kv X-ray source, one would multiply the 0.75 by the factor
of 1.3 to obtain 0.98. This means that an acceptable radiograph of the brass plates would be obtained
with the same exposure parameters as would be used for 0.98 in. (approximately | in.) of steel.
Penetrating radiation for radiography can also be obtained from the decay of radioactive sources.
This is usually referred to as gamma radiation. These radiation sources have distinct characteristics
that distinguish them from X-ray tubes. First, gamma radiation is very nearly monochromatic: that
is, the radiation spectrum contains only one or two dominant characteristic energies. Second. the
energies of most sources are in the million volt range, making them ideal for inspecting highly
attenuated materials and structures. Third, the small size of these sources permits them to be used in
situations where an X-ray tube could not fit into a small space. Fourth, since the gamma-ray source
s continually decaying, adjustments to the exposure time must be made in order to achieve consistent
results over time. Finally, the operator must be cognizant that the source is always on and is therefore

Fig. 25.10 Radiograph of an aluminum tubing with a crack.
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Fig. 25.11 Plot of the X-ray tube voltage vs. thickness for several important industrial Fig.
materials.
inside a mera
a constant safety hazard. Since, in use, gamma radiography ditfers little from standard practice with Tmfclmlr:_‘ =
X-ray tubes, we will make no further distinction between the two. ;{:‘L:I:r:,_-]—.\;
1en with var
25.4.2 Neutron Radiography ' Neutron r

ographic il

Neutron radiography'’ is useful for inspecting materials and structures in specialized circumstances. e Sadis

The attenuation of neutrons is not related to atomic number in a smooth manner as it is with X-ravs. i
: Mkl 2 . ; 25 e there does nc
While x-radiation is most heavily absorbed by high atomic number elements, this is not true of .
e i to supply the
neutrons as shown in Fig. 25.12. The reader can easily discern that hydrogen adsorbs neutrons to a s

; ok : other aiternat
greater extent than do most metals. This means that hydrogen containing materials could be detected difficulty of

2543 Atte
Table 25.2 Radiographic Equivalence Factors The interpret
The basic rel
Energy
Level 100 KV 150 kV 220 kV 250 kV 400 kV | MeV 2 MeV 4-25 MeV 192Ir 50Co
Metal
Magnesium  0.05 0.05 0.08 where [ and
Aluminum  0.08 0.12 0.18 0.35 0.35
Aluminum 0.35 0.35 &
alloy 0.10 0.14 0.18
Titanium | 0.54 0.54 071 0.9 0.9 0.9 09 09 h:
Iron/all 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 3
steels 2
Copper 15 1.6 1.4 1.4 14 L) 1.1 1.2
Zinc 1.4 1.3 1.3 1.2
Brass 1.4 1.3 1.3 1.2 1.1 1.0
Inconel X 1.4 1.3 1.3 1.3 1.3 13
Monel 1.7 1.2
Zirconium 24 2.3 2.0 1.7 1.5 1.0 1.0 1.0
Lead 14.0 14.0 12.0 5 2.5 23
Halfnium 14.0 12.0 9.0 3.0
Uranium 20.0 16.0 12.0 4.0 39

Fig. 25.13
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Fig. 25.12 A plot of neutron mass absorption coefficient vs. atomic number.

inside a metal container. Neutron radiography can be used to detect adhesive fAaws in bonded metal
structures  because the hydrogen containing adhesive absorbs more neutrons than the metal
structure—see the schematic representation of a neutron radiograph of an adhesively bonded speci-
men with various flaws shown in Fig. 25.13.

Neutron radiography, however, does have several constraints. First, neutrons do not expose radi-
ographic film and therefore fluorescing materials are often used to produce an image or screens. The
image produced in this manner is not as sharp and well-defined as one produced with X ravs. Second,
there does not exist a suitable portable source of neutrons, which means that a nuclear reactor is used
to supply the penerrating radiation. Even with these restrictions, there are times when thers is no
other alternative to neutron radiography and the utility of the method outweighs its expense and
difficulty of usage.

25.4.3 Attenuation of X Radiation
The interpretation of a radiograph requires some fundamental understanding of the X-ray absorption.
The basic relationship governing this phenomenon is

1= le™

where [ and [, = the transmitted and incident X-ray beam intensities, respectively
p = the attenuation coefficient of the material in cm™!
x = the thickness of the specimen, in cm

J missing adhesive

porosity

Fig. 25.13 Idealized neutron radiograph of bonded aluminum panel with two types of flaws.

i — — - ———.




Al i e

742 NONDESTRUCTIVE TESTING

Since the attenuation coefficient is a function of both the composition of the specimen and the
wavelength of the X rays. it must be caleulated or measured for each inspection. It is possible o
calculate the attenuation coefficient of a material for a specific X-ray energy using the mass absorption
coefficient, g, as defined below. The mass absorption coefficients for most elements are readily
available for a variety of X-ray energies. (Ref. 1, Vol. 3, pp. 836-878)

=
u, ==&
p

where u_ = the attenuation coefficient of a specific element, in reciprocal cm
p = uts density in g/cm’

If the mass absorption coefficient for each element, is multiplied by its weight fraction in the
material and these quantities summed, one obtains the mass absorption coefficient of the material.
Multiplying this quantity by the density of the material yields its attenuation coefficient. This pro-
cedure is not often used in practice because the results are valid for a narrow band of wavelengths,
In practice, radiographic equivalency factors are used instead. This procedure points out that each
element in a material contributes 1o the attenuation coefficient by an amount proportional to its
percentage of the composition.

25.4.4 Film-Based Radiography

The classical method of recording an X-ray image is with film. However, new solid state X-ray area
detectors permits the recording of X-ray images electronically. Both of these recording mechanisms
utilize similar mathematical relationships to describe their sensitivity to defects. These will be covered
next from the standpoint of flm,

The relationship between the darkness on an X-ray film and the quantity of radiation falling on
it is shown in Fig. 25.14. This is a log-log plot of darkness or film density and relative exposure,
Relative exposure may be varied by changing either the time of exposure, intensity of the beam or
specimen thickness. The slope of the curve along its linear portion is referred to as the film gamma,
v. Film has characteristics that are quite analogous to electronic devices. For example. the greater
the gamma or amplification capability of the film, the smaller its dynamic range—range of exposures
over which thickness changes in part will be accurately recorded. If it is desirable 1o use a high
gamma film to detect subtle flaws in a part with several thicknesses, then the radiographer will
frequently use two different film types in the same cassette—see Fig. 25.15. In this way. each film
will be optimum for the different thicknesses of the part.

It is possible to calculate the minimum detectable flaw size for a specific radiographic inspection.
Additionally. a method is available to check the radiographic procedure to determine if the radiograph
was taken in a manner that the smallest flaws are detectable. In sensitivity calculations a small Aaw
1s represented by a small change in thickness of the part. Whether a defect is detectabje depends on
the correct alignment of the flaw with respect to the X-ray source and film. The following calculation

4.0
Type/K

)
93,0 3.0 Typ
_8‘ Type/M
=
= 2.0
c
[+
o

1.0

0 1.0 2.0 3.0

log (relative exposure)

Fig. 25.14 Density or darkness of X-ray film vs. relative exposure for three common
radiography films.
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Fig. 25.15 Density vs. relative expaosure for films that could be used in a multiple film exposure
to obtain optimum flaw detectability in a complex part.

only is an estimation of the best sensitivity of the radiographic process to small changes in pan
thickness.

Using a knowledge of the minimum density difference that is detectable by the average radio-
graphic inspector. the following relationship can be derived that relates the radiographic sensitivir.
5. in percent to thickness changes to film and specimen parameters:

2.3

YX X

where y = the film gamma for the exposure conditions used
w = the attenuation coefficient of the specimen
x = the maximum thickness of the part being inspected

25.4.5 The Penetrameter

The radiographic process is usually checked with a small device called a penetrameter that is shown
schematically in Fig. 25.16. Irs image on a radiograph is shown schematically in Fig. 25.17. The
penetrameter is a thin strip of metal in which three holes of varying sizes are machined. [t is composed
of the same material as the specimen under inspection and has a thickness either 1%. 2%, or 4% of
the maximum thickness of the part. The holes in the penetrameter have diameters that are 1. 2. and
4 times the thickness of the penetrameter. The sensitivity achieved for each radiographic can be easily
determined by noting the smallest hole just visible in the thinnest penetrameter on a film and referring
to Table 25.3. Using the formula for sensitivity and then noting if that level was achieved in practice,
the radiographic process can be quantitatively controlled. While this procedure does not offer any
guarantee of detecting flaws. it is quite useful in controlling the mechanics cf the inspection.

Other variables of the radiographic process may also be casily and rapidly changed with the aid
of tables, eraphs, and nomograms, which are usually provided by film manufacturers free of charge.
For more information in this regard, see the commercial literature,

~ "
v \
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Fig. 25.16 Schematic of typical X-ray penetrameter.
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Fig. 25.17 |dealized radiograph of the penetrameter shown in Fig. 25.16. The 1T hole is just
visible, indicating the resolution obtained in the radiograph.

25.4.6 Real-Time Radiography

While film radiography represents the bulk of the radiographic NDE performed at this time, new
methods of both recording the data and analyzing it are rapidly becoming accepted. For example,
filmless radiography (FR) uses solid-state detectors or television detection and image-processing
methods instead of film to record the image. These methods have several advantages along with some
disadvantages. For example. real time radiography (RTR) or FR permits the viewing of a radiographic
image while the specimen is being moved. This often permits the detection of flaws that would
normally be missed in conventional film radiography because of the limited number of views or
exposures usually taken. The price to be paid for these advantages can be the lower resolurion of the
FR system when compared to film. Typical resolution capabilities of an FR system are in the range
from < to perhaps 12 line pairs/mm. while film has resolution capabilities in the range from 10-100
line pairs/mm. This means that some types of very fine laws are not detectable with FR and the
mspector must resort to film. Another factor that must be considered when comparing these two
methods is the possibility of digital image processing, which is easily implemented with FR systems.
These methods can be of enormous benefit in enhancing flaws that might otherwise be invisible to
the inspector. While the images on film can also be enhanced using the same image-processing

schemes, theyv cannot be performed in real or near real time. as can be done with an electronic
system,

25.4.7 Computed Tomography

Another advance in industrial radiography that promises to have a major impact on the interaction
of NDE with engineering design and analysis is computed tomography (CT). CT produces an image
of a thin slice of the specimen under examination. This slice is parallel to the path of the X-ray beam
as it passes through the specimen as contrasted to classical radiography, wherein the image is formed
on a plane perpendicular to the path of the X-ray beam on passage through the specimen. While the
classical radiographic image is difficult to interpret because it represents a collapse of all of the
images of the specimen between the source of X rays and the recording media, the CT Image appears
as a thin slice of the specimen.

Table 25.3

Quality Level
Sensitivity, S (%) (% T—Hole Diameter)
0.7 1—IT
1.0 |—2T
1.4 2—IT
2.0 22T
2.8 2—4T

4.0 42T
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Fig. 25.18 Computed tomograph of flashlight.

This compartson is best explained with actual images from these two modalities. Figure 25,10
»hr:_wa 4 typical industrial radiograph where one can casily see the image of the top and bottom
surtaces of the tube. Contrast this with the image in Fig. 25.18, which shows CT slice through a
flashlight. The individual components of the flashlight are easily visible and defects in its assembly
could be eusily detected. An image in even finer detail than this that shows the microstructural details
of a matenal is shown in Fig. 25.19. Evervone will recognize that this is a pencil. Not only are the

— i
Highest |
Density |

i

|

Lowest
J Density

Fig. 25.19 Computed tomograph of a pencil. Note the yearly growth rings in wood.
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key features clearly visible, but even the growth rings of the w.
details of the growth during each season are visible as rings within rings. The information in the CT
image contrasted with conventional radiographs is stniking. First, the detectability of a defect is
independent of its position in the image. Second, the defect detectability is very nearly independent
of its orientation. This is not the case with classical radiography. The extent to which CT will alter
radiographic NDE is only now being realized. It is possible to link the digital CT image with finite
clement analysis software to examine precisely how the flaws present within the cross section affect
such parameters as the stress distribution and heat flow. With little effort, one could analyze the full
three-dimensional performance of many engineering structures,

25.5 EDDY CURRENT INSPECTION

Eddy current (EC) methods are used to inspect electricall
as surface connected and near-surface cracks and voids;
thickness of thin metals; and thickness of nonconducting ¢
several of these conditions can be monitored simultaneous]
the phase of the eddy current signal is used.

This NDE method is based on the principle that eddy currents are induced in a conducting material
when a coil or array of conductors (probe) with an alternating or p i i
in close proximity to its surface. The induced currents create an el
the field of the inducing coil in accordance with Lenz's law. The e
in closed, continuous paths, and their magnitude depends on the following variables: the magnitude
and frequency of the current in the inducing coil; the coil's shape and position relative to the surface
of the part; the electrical conductivity, magnetic permeability, and shape of the part: and the presence
of discontinuities or inhomogeneities within the material. Therefore, the eddy currents are useful in

measuring the properties of materials and detecting discontinuities or variations in geometry of
components.

ood are clearly visible. In fact, the

¥ conducting components for flaws, such
heat-treatment; external dimensions and
oatings on a metal substrate. Quite often,
y if instrumentation capable of measuring

25.5.1 The Skin Effect

Since alternating currents are necessary to perform this type of inspection, information from the
inspection is limited to the near-surface region by the skin effect. Within the material, the eddy
current density decreases exponentially with the depth. The density of the eddy current field falls off
exponentially with depth and diminishes to a value of about 37% of the at-surtace value at a depth

referred to as the standard depth of penetration (SDP). The SDP, in meters, can be calculated with
the simple formula

1
SDP = ——

Vafou

where f = the test frequency in Hz

o = the test material's electrical conductivity in mho/m (see Appendix B for a table of con-
ductivities for common metals)
i = its permeability in H/m

This latter quantity is the product of the relative permeability of the specimen, 1.0 for nonmagnetic
materials, and the permeability of free space, which is 4 x 107 H/m.

25.5.2 The Impedance Plane

While the SDP is used to give an indication of the depth from which useful information can be
obtained, the choice of the independent variables in most test situations is usually made using the
impedance plane diagram suggested by Firster.!® It is theoretically possible to calculate the optimum
inspection parameters from numerical codes based on Maxwell's equations, but this is a laborious
task that is justified only in special situations,

The eddy currents induced ar the surface of a material are time-varying and have amplitude and
phase. The complex impedance of the coil used in the inspection of a specimen is a function of a
number of variables. The effect of changes in these variables can be conveniently displayed with the
impedance diagram, which shows variations in the amplitude and ph i

and specimen or liftoff. For the case of an encircling coil on a solid cylinder, shown schematcally
in Fig. 25.20, the complex impedance plane is displayed in Fig. 25.21. The reader will note that the
ordinate and abscissa are normalized by the inductive reactance of the empty coil. This eliminates
the effect of the geometry of the coil and specimen. The numerical values on the large curve, which
are called reference numbers, are used to combine the effects of the conductivity, size of the test
specimen, and the frequency of the measurement into a single parameter. This vields a diagram that
is useful for most test conditions. The reference numbers shown on the outermost curve are obtained
with the following relationship, for nonmagnetic materials,
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Eddy current
field 1n maternal

Current
flow

Fig. 25.20 Schematic representation of eddy current inspection of a solid eylinder. Also shown
are the eddy current paths within the cross section of the cylinder in the vicinity of a crack

reference # = r\/2 wf uo

where r = the radius of the bar in meters
f = the frequency of the test in Hz
= the magnetic permeability of free space (4 x [0-" H/m)

@ = the conductivity of the specimen in mho/m

The outer curve in Fig, 25.2] is useful only for the case where the coil is the same size as the
solid cylinder under test. For those cases where the coil is larger than the rest specimen. a coil filling
factor must be calculated and the appropriate point on a new curve located. This is easily accom-
plished using the fill factor N of the coil, which is defined as

v - (diameter, mn):
diameter

coil

number of interest, as is shown for the reference number 5.0. Both the fill factor and the reference
number change when the size of the specimen or coil changes. Assume that g reference number of
5.0 is appropriate 10 a specific test with N = 1.0; if the coil diameter is changed so that the fill factor
becomes 0.75, then the new reference number will be equal to 5.0 x \V0.75 = 4.33. While the actual
change in reference number for this case follows the path indicated by the dotted line of this curve.
we have estimated the change along the straight line. This vields a small error in optimizing the test
setup, but is sufficient for most purposes. For a more detailed treatment of the impedence plane the
reader is referred to Ref. |, Vol. 4. The inspection geometry discussed thus far has been for a solid
cylinder. The other geometry of general interest is the thin-walled tube in this case the skin effect
limits the thickness of metal that may be effectively inspected.

For a infinitely thin-walled tube, the impedance plane is shown in Fig. 25.22. Also included in
this figure is the curve for a solid cylinder. The dotted lines that connect these two cases are for thin-
walled cylinders of varying thicknesses. The semicircular curve for the thin cylinder is used in the
same manner as described above for the solid cylinder.

25.5.3 Liftoff of the Inspection Coil from the Specimen

In most inspection situations, the only independent variables are frequency and liftoff, High frequency
excitations are frequently used for detecting defects, such as surface connected cracks or corrosion.
while low frequencies are used to detect subsurface flaws. It is also possible to change the coil shape
and measurement configuration to enhance detectability, but the discussion of these parameters is
beyond the scope of this article and the reader is referred to the literature for a discussion of these
more complex variables. The relationships discussed thus far may be put into application by exam-
ining a small section of Fig. 25.22. This figure is shown in expanded form in Figure 25.23. In this
figure, changes in thickness, liftoff, and conductivity are represented by vectors. These vectors all
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Fig. 25.21 The normalized impedance diagram for a long encircling coil on a solid, nonferro-
magnetic cylinder. For N = 1 the coil and cylinder have the same diameter: while for N = 0.75
the coil is approximately 1.155 times larger than the cylinder.

point in different directions representing the phase of the different possible signals. Instrumentation

with phase discrimination circuitry can differentiate betwee

currents must travel a longer distance to complete their circuit within the material. Liftoff and wall
thinning are also shown on Fig. 25.23. Thus. two different flaw conditions can be rapidly detected.
There are situations where changes in wall thickness and liftoff result in signals that are very nearly
out of phase and therefore the net change is not detectable. If this situation is suspected, then in-
spection at two different frequencies could permit the detection of this situation. There are other
inspection situations that cannot be covered in this brief description. These include the inspection of
ferromagnetic alloys, plate and sheet stock. and the measurement of film thicknesses on metal sub-
strates. For a treatment of these and other special applications of eddy current NDE. the reader is
referred to Ref. 1, Vol. 4.

There are numerous methods of making eddy current NDE measurements. Two of the more
common generic methods are shown schematically in Fig, 25.24. In the absolute coil arrangement,
very accurale measurements can be made with the differences between the two samples. In the
differential coil method, it is the differences between the two variables at two slightly different

I
th
un
m

Fig. 25.2

Fig. 25.2
Iimpe




[VE TESTING

alid, nor*~rro-
: for N 75

nstrumentation
refore is often
livity can arise
I conductivities
the presence of
‘ause the eddy
Aftoff and wall
pidly detected.
are very nearly
ected, then in-
here are other
2 inspection of
on metal sub-
. the reader is

» of the more
| arrangement,
mples. In the
shily different

s b . " oy . R € -
15.5 EDDY CURRENT INSPECTION 749
\
10
0.5
1.25
’
Ol
4 !
75— '
i
/ i}
! ¥ .
25 ,I
S /|
E / /
Y 50 / /
g / / pl10
~ ’ /
’
/
/ /“
Solid (g /
cylinder /
/ /
7/ /
5 4 /
25— = / Thin-walled
/ cylinder
s
e
10 ”
”
. f’
20 B
20
4.0
| | e
0 2.5 5.0
R/2xfL,

Fig. 25.22 The normalized impedance diagram for a leng encircling coil on a solid and thin-
walled solid, nonferromagnetic cylinders. The dashed lines represent the effects
of varying wall thickness.
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Fig. 25.23 The effects of various changes in inspection conditions on signal changes in the
impedance plane of Fig. 25.22. Phase differentiation is relatively easily accomplished
with current instrumentation.
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Fig. 25.24 A schematic representation of an absolute (a) versus (b) a differential coil configura-
tions used in eddy current testing.

locations that may be detected. For this arrangement, slightly varying changes in dimensions and
conductivity are not sensed, while singularities such as cracks or voids are highlighted, even in the
presence of other slowly changing variables. Since the specific electronic circuitry used to accomplish
this task can vary dramatically, depending on the specific inspection situation, the reader is referred
to the current NDE and instrumentation literature listed in the References.

25.6 THERMAL METHODS

Thermal nondestructive test methods involve detecting either the surface or the temperature of a test
object. This technique is used to detect the flow of thermal energy either into or out of a specimen,
which indicate surface or near-surface defects. Other properties that can influence this NDE test are
the specific heat, density, thermal conductivity, and emissivity of the test specimen. Defects that are
usually detected include porosity, cracks, and laminations. The sensitivity of any thermal method is
greatest for near-surface flaws and degrades rapidly for deeply buried flaws. Materials with lower
thermal conductivity yield better resolution because they permit larger thermal gradients to be
obtained.

25.6.1 Infrared Cameras

[nfrared (IR) radiation is emitted by all objects whose temperature is above absolute zero. For objects
at moderate temperatures, the thermal radiation is predominantly infrared and measurements are
concentrated in the 8-14 um wavelength region of the spectrum. IR cameras are available that view
large areas by scanning over a liquid nitrogen-cooled detector. Since the IR images can be stored in
digital form, further image processing is easily accomplished and permanent records can be produced.
For many applications, a thermal image that reveals the relative lemperature across an object is
sufficient to detect near surface flaws. However, if absolute temperatures are required, the camera
must be calibrated to account for the surface emissivity of the test object.

Thermography's ability to detect Raws is significantly affected by the type of flaw and its or-
entation with respect to the surface of the object. To have a maximum effect on the surface temper-
atures, the flaw must interrupt heat flow to the surface. Since a flaw can occur at any angle to the
surface, the important parameter is the projected area of the flaw in the field of view of the camera.
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~]
o

subsurtace daws, such as cracks parallel o the surface, porosity, and debonding of 4 surtace laver,
are custly detected. Cracks that dre perpendicular to the object surface can present an infinitesimal
ared 1o the camera and therefore are very difficult to detect using thermography.

Many other NDE methods can provide better spatial resolution than thermal methods, due to
spreading of thermal enerey as it diffuses 1o the surface of the specimen. The greatest advantage 1o
thermography is that it is 4 fnoncontact. remote technique requiring only line-of-sight access IR camera
bused an object. Large areas can be viewed rapidly since scan rates for IR cameras run between 16
and 30 frames per second Temperature differences of 0.02°C or less can be detected in a controlled
environment,

25.6.2 Thermal Paints

A number of contact thermal methods are available 1o provide temperature or temn
duta for surfaces. These methods involve applying a coating to the sample and observing the coating
change color as the object is thermally cycled, Several different types of coatings are available that
cover a wide temperature range. Temperature-sensitive pigments in the form of paints have been
made to cover a femperature range from 40°-1600°C. Thermochromic compounds and liquid crystals
change color ar a specific surface temperature, The advantages of these materials are the simplicity
of the test and the relatively low cost if small areas are involved.

25.6.3 Thermal Testing

Excellent results may be achieved if the [R detection can be performed

perature-distribution

in a dynamic thermal envi-
ronment where the transient effects of a heat or work input into the object are monitored, This
enhances detection of areas where different heat transfer rates occur. Applications involving steadv-
state conditions are more limited, Thermography has been successfully used in several different areas
of testing. In medicine it js used to detect tumors, in aircraft manufacture or maintenance it is used
10 detect debonding in layered structures, in the electronics industry it is used ro detect poor thermal
performance of circuit board “omponents, and it is sometimes used to detect stress-induced thermal

gradients around defects in dvnamically loaded test samples. For more information on therma| NDE
methods. see Ref. 1, Vols. 8 and 9. and Ref. 4.

25.7 MAGNETIC PARTICLE METHOD

The magnetic particle method of nondestructive testing is used to locate surface and subsurface
discontinuities in ferromagnetic materials.' An excellent short reference for this NDE method is Rer.
2, especially chaprers 10-16. This method is based on the principle that magnetic lines of force,
when present in a magnetized ferromagnetic matenal, are distorted by changes in material continuity,
such as cracks or inclusions, as shown schematically in Fig. 25.25. If the flaw s open at the surface.
the flux lines bulge or escape from the surface at the site of the discontinuity. Even near-surface
flaws. such as nonmagnetic inclusions, cause the same bulging of the lines of force above the surface.
This distorted field, usually referred to as a leakage field, is used to reveal the presence of the
discontinuity when fine magnetic particles are attracted to it. If these particles are fluorescent, then
their presence at a flaw will be visible under ultraviolet light, much as penetrant indications, See Fig.
25.7. Magnetic particle inspection is used prncipally for all the spection for stee] components
because it is fast, easily implemented, and has rather simple flaw indications. The part is usually
magnetized with an electric current and then a solution containing fluorescent particles is applied.
The particles thar stick to the part form the indication of the flaw.

2571 The Magnetizing Field

The magnetizing field may be applied in any one of a number of ways. Its function is 1o Zenerate a
magnetic field in the part. The application of a magnetizing force (H) generates a magnetic flux (8)
in the part as shown schematically in Fig. 25.26. The magnetic flux density, B, has units of tesla or
webers/m® and the strength of the magnetic field or magnetic flux intensity, A. has units of
dmperes/meter. Instrumentation is often calibrated in oersteds for H and gauss for 5. Referring ro

Fig. 25.25 Schematic representation of the magnetic lines of flux in a ferromagnetic metal near
a flaw. Small magnetic particles are attracted to the leakage field associated with the flaw.
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coercivity

-B

Fig. 25.26 A magnetic flux intensity, H, versus magnetic flux density, 8, hysteresis curve for a
typical steel. Initial magnetization starts at the origin and progresses as shown by the arrows.
Demagnetization follows the arrows of the smaller hysteresis loops.

Fig. 25.26. one starts at the origin as a magnetizing force  is applied to a specimen. The magnetic
field B internal to the specimen increases in a nonlinear fashion along the path shown by the arrows,
If the force (H) is reversed, then the magnetic field (B) does not return to zero. but follows the arrows
around the curve as shown. Note that once the magnetizing force is removed, the flux density does
ot return to zero, but remains at an elevated value called the material’s remanence, B,. This is where
most magnetic particle inspections are performed. Also note that an appreciable reverse magnetic
force —H_ must be applied before the internal field density is again zero. This point —H_ is referred
1o as the coercivity of the material. If the magnetizing force is applied and reversed while decreasing
its strength, in the manner shown, then the material will respond by conunually moving around this
hysteresis loop.

Selection of the type of magnetizing current depends primarily on whether the defects are open
to the surface or are wholly below ir, Alternating current (ac) magnetizing currents are best for the
detection of surface discontinuities because the current is concentrated in the near-surface region of
the part. Direct current (dc) magnetizing currents are best suited for subsurface discontinuities because
of the current’s deeper penetration of the part. While dc can be obtained from batteries or dc gen-
erators, it is usually produced by half-wave or full-wave rectification of commercial power. Rectified
current is classified as half-wave direct current (HWDC) or full-wave direct current (FWDC). Alter-
nating current fields are usually obtained from conventional power mains, but are supplied to the part
at reduced voltage, for reasons of safety and the high-current requirements of the magnelizing process.

Two general types of magnetic particles are available. One type of particle is low-carbon steel
with high permeability and low retentivity, which is used dry and consists of different sizes and
shapes to respond to both weak and strong leakage fields. The other type of particle consists of
extremely fine particles of magnetic iron oxide that are suspended in a liquid (either a petroleum
distillate or water). These particles are smaller and have a lower permeability than the dry particles.
Their small mass permits them to be held by the weak leakage fields at very fine surface cracks.
Magnetic particles are available in several colors to increase their contrast against different surfaces.
Dry powders are typically gray, red, yellow, and black, while wet particles are usually red. black, or
fluorescent.

25.7.2 Continuous versus Noncontinuous Fields

Because the field is always stronger while the magnetizing current is on. the continuous magnetizing
method is generally preferred, if the part has low retentivity, the continuous method must be used.
In the continuous method, the current can be applied in short pulses, typically 0.5 sec. The magnetic
particles are applied to the surface during this interval and are free to move to the site of the leakage
fields. In this case, the use of liquid-suspended fluorescent particles yields the most sensitive detection
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25.7 MAGNETIC PARTICLE METHOD 753

method. For field inspections. the magnetizing current is usually continuousiy on during the test to
give time for the powder to migrate to the defect site.

" In the residual method, the particles are applied after the magnetizing current is removed, This
method is particularly suited for production inspection of multiple pars.

The choice of direction of the magnetizing field (8) within the part involves the nature of the
flaw and its direction with respect to the surface and the major axis of the part. In circular magnet-
ization, the field runs vircumferenually around the part. It is induced into the part by passing current
through it between two contacting electrodes. Since only flaws perpendicular to the magnetizing lines
are readily detectable, circular magnetization is used (o detect flaws that are parallel or less than 45°
to the surface of the part. Longitudinal magnetization is usually produced by placing the part in a
coil. It creates a field running lengthwise through the part and is used to detect transverse disconti-
nuities to the axis of the part.

25.7.3 The Inspection Process

The surface of the part to be examined should be essentially clean, dry, and free of contaminants.
such as oil, grease, loose rust, loose sand, loose scale, lint, thick paint. welding flux, and weld splatter,
Cleaning of the test part may be accomplished by detergents, orzanic solvents. or mechanical means.

Portable and stationary cquipment are available. Selection of the specific type depends on the
nature and location of testing. Portable equipment is available in lightweight units (35-90 Ib), which
can be readily taken to the inspection site. Generally, these units operate off 113, 230, or 460 V ac
and supply current outputs of 7501500 A in half-wave or ac.

25.7.4 Demagnetizing the Part

Once the inspection process is complete, the part must be demagnetized. This is done by one of
several means, depending on the subsequent usage of the part. A simple way of demagnetizing the
part is to do what many electronic technicians do to remove any residual magnetism from small
tools. In this case, the tool is placed in the coil of a soldering iron and slowly withdrawn. This has
the effect of retracing the hysteresis loop a large number of times, each time with a smaller mag-
netizing force applied to the tool. The tool will then have a very small remnant magnetic field that
is. for all practcal purposes. zero. This same process is accomplished with an industrial part by
slowly reducing and reversing the magnetizing current till it is essentially zero. This process of
reducing the residual magnetic field is shown schematically by following the arrows in Fig. 25.26.
Another way to demagnetize the part is to heat it above the materials’ Curie temperature, about 350°C
for iron. where all residual magnetism disappears. This last process is the best means of removing
all magnetism, but it does require the expense and time of an elevated heat treatment.
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APPENDIX A
ULTRASONIC PROPERTIES OF

Cadmic
Ultrasonic Properties of Liquids Cenum
Liquid Longitudinal Wave Speed Density Cliromi
(20°C unless noted) X 10° cm/sec gm/em? Cobalt
Acetic Acid 1.173 1.049 g:.um}-
Cazstar
Acetone 1.192 0.792 :_ ar
Amyl Acetate (26°C) 1.168 0.879 L‘-Jpper
Aniline 0.656 1.022 LJ‘E‘per
Benzene 1.326 0.879 Dyspro
Blood (Horse) (37°C) 1.571 Erbium
Bromoform 0.928 2.890 Europic
n-Buytl Alcohol 1.268 0.810 (Eacolm
Caprylic Acid 1.331 0.910 German
Carbon Disulfide 1.158 1,263 Go!_d
Carbon Tetrachloride 0.938 1.595 Harniur
Cloroform 1.005 1.498 Hastellc
Formaldehyde (25°C) 1.587 0.815 H.‘:f:e!ll
Gasoline {34°C) 1.25 0.803 Holmiu
Glycerin 1.923 1.261 }:_'-..m
Kerosene (25°C) 1.315 0.82 | l’J
,\Ifl'i.“dl'} 1.451 ) 13,346 Laninar
Methyl Alcohol 1.123 0.796 Lead
Oils Lead !
Campor (25°C) 1.390 utatiug
Castor 1.500 0.969 \Maznes
Condenser 1.432 -'L\In-‘\*
Olive (22°C) 1.440 0.918 T
SAE 20 1.74 0.87 FS-1
Sperm (32°C) 411 I-1
Transformer 1.38 0.92 MI1A
Oleic Acid 1.333 0.873 0-:
n-Pentane 1.0+ Mangar
Silicon Tetrachloride (30°C) 0.766 1.483 Manear
Toluene 1.328 0.67 Molvbe
Water (distilled) 1.482 1.00 Nickel
m-Xylene 1.340 0.864 Pure
Ultrasonic Properties of Solids: Metals ;2‘*3:
nc
Metal Longitudinal Wave Speed Transverse Wave Speed Density Incor
(20°C unless noted) X 10° cm/sec x 10°cm/sec gm/cm® Monel
Aluminum Monel
Al (1100) 6.31 3.08 271 Silver="
Al (2014) 6.37 3.07 2.80 - '
Al (2024-T4) 6.37 316 277 e
Al (2117-T4) 6.50 3.12 2.0 ~eodyn
Al (6061-T6) 6.31 3.4 2.70 Platinur
Bearing Babbit 2.30 10.1 Potassiu:
Beryllium 12.890 8.880 1.82 Praseod
Bismuth 2.18 1.10 9.80 Samarit
Brass (70% Cu & 30% Zn) 437 2.10 3.50 i Siiver
Brass (Naval) 443 212 8§42 : Sodium
754




JF

Density

gm/em?
1.049
0.792
0.879
1.022
0.879

2.890
0.810
0.910
1.263
1.595
1.498
0.815
0.803
1.261
0.82
13.546
0.796

0.969

0.918
0.87

0.92
0.873

1.483
0.67
1.00

0.864
—  COe

ve Speed  Density
sec gm/cm?
s 1L b L

2.71
2.80
277
2.80
2.70

10.1
1.82
9.80
8.50
842
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Ultrasonic Properties of Solids: Metals (Continued)

Metal
(20°C unless noted)

Longitudinal Wave S
% 10° cm/sec

Bronze (5% P)
Cadmium
Certum
Chromium
Cobalt
Columbium
Constantan
Copper
Copper (110)
Dysprosium
Erbium
Europium
Gadolinium
Germanium
Gold
Hafnium
Hastelloy X
Hastelloy C
Holmium
Indium
Invar
Lanthanium
Lead

Lead (96% Pb & 6% Sb)

Lutetium
Magnesium
AM-35
FS-1
J-1
MI1A
0-1
Manganese
Manganin
Molybdenium
Nickel
Pure
Inconel
Inconel (X-750)
Inconel (wrought)

Monel

Monel (wrought)
Silver—Nickel (18%)
German Silver
Neodynijum
Platinum
Potassium
Praseodynium
Samarium

Silver

Sodium

3.53
2.78
2424
6.608
5.88
4.92
F177
4.759
4.70
2.296
2.064
1.931
2.927
5.18
3.24
2.84
5.79
5.84
3.089
2.56
4.657
2.362
2.160
2.16
2.765
5.823
5.79
5.47
5.67
5.74
5.80
4.66
4.66
6.29

5.63
5.82
5.94
7.82

5.35
6.02
4.62
4.76
2.751
3.96
247
2,639
2.875
3.60
3.03

W =y
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2.74
2.90
1.729
0.74
2.658
1.486
0.700
0.81
1.574
3.163
3.10
3.03
3.01
3.10
3.4
235
235
335

peed Transverse Wave Speed Density

% 10°cm/sec gm/cm?

8.86
8.64
6.77
7.20
8.90
8.57
8.88
8.93
8.9
8.53
9.06
5.17
7.89
547
19.32
13.3
8.23
8.94
8.80
7.30

6.16
11.34
10.88

9.85

1.74

1.74

1.69

1.70

1.76

1.72

7.39

8.40
10.2
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Ultrasonic Properties of Solids: Metals (Continued)
Metal Longitudinal Wave Speed Transverse Wave Speed Density
(20°C unless noted) X 10° cm/sec %X 10%m/sec gm/cm?
Stee|
1020 5.89 324 7.71
1095 5.90 3.19 7.80
4150, Rel4 5.86 2.79 7.84
4150, Re 18 5.88 3.18 7.82
4150, Rc 43 5.87 320 7.81
4150, Re 64 5.83 297 7.80
4340 5.85 34 7.80
52100 Annealed 5.99 3.27 7.83
52100 Hardened 5.89 320 7.8
D6 Tool Steel Annealed 6.14 3.51 7.7
Stainless Steels
302 5.66 3.12 7.9
304L 5.64 3.07 7.9
347 5.74 3.10 791
410 5.39 2.99 7.67
430 6.01 33 7.7
Tantalum 4.10 2.90 16.6
Thorium 2.94 1.56 1.3
Thulium 3.009 1.809 9.29
Tin 3.32 1.67 7.29
Titanium (Ti-6-4) 6.18 3.29 4.50
Tungsten
Annealed 5221 2,887 19.25
Drawn 5410 2.640 19.25
Uranium 3.37 1.98 18.7
Vanadium 6.023 2.774 6.03
Ytterbium 1.946 1.193 6.99
Yttrium 4.10 2.38 4.34
Zinc 4.187 2421 7.10
Zirconium 4.65 2.25 6.48
Ultrasonic Properties of Solids: Ceramics
Ceramic Longitudinal Wave Speed Transverse Wave Speed Density
(20°C unless noted) X 10°% cm/sec X 10° cm/sec gm/cm?
Alumium Oxide 10.84 6.36 3.98
Barium Nitrate 4.12 2.28 3.24
Barium Titanate 5.65 3.03 5.5
Bone (Human Tibia) 4.00 1.97 1.7-2.0
Cobalt Oxide 6.56 332 6.39
Concrete 4.25-5.25 2.60
Glass
Crown 5.66 342 250
Flint 4.26 2.56 3.60
Lead 3.76 222 4.6
Plate 5.77 343 2.51
Pyrex 5.57 344 223
Soft 540 2.40
Gramite 395 2.75
Graphite 421 2.03 2.25
Ice (-16°C) 383 1 1.92 0.94
Indium Antimonide 3.59 1.91
Lead Nitrate 3.28 1.47 4.53
Lithium Fluoride 6.56 3.84 2.64
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Ultrasonic

Ceramic
(20°C unles
Magnesium
Manganese
Nickel Oxid
Porcelain
Quarnz
Crystallin
Fused
Polycryst.
Rock Salt
Titanium Di.
Sandstone
Sapphire (c-
Slate
Titanium Cay
Tourmaline |
Tungsten Ca
Yuerium Iro;
Zinc Sulfide
Zinc Oxide

Ultrasonic F

Folymer
(20°C unless

Acrvlic Resi:
Bakelite
Buyt]l Rubber
Cellulose Ace
Cork
Delrin (Aceta
(0°C)
Ebonite
Lexan
(Polycarbor
Neoprene
Nvlon
Nvlon 6.6
Parafin
Perspex
Phenolic
Plexiglas
Uva
UVA 11
Polyacrylonitr
styrene [
Polyacrylonitr:
styrene [I
Polybutadiene
Polycaprolact:

Polycarborane
Polydimethyls




VE TESTING

_______'——-—-___
2ed Density
am/cm?

7.71
7.80
7.84
7.82
7.81
7.80
7.80
7.83
7.8

7.9
7.9
7.91
7.67
1.7

16.6

L3
9.29
7.29
4.50

19.25
19.25
18.7
6.03
6.99
4.34
7.10
6.48

Dens.

gm/em?®
3.98
3.24
55

1.7-2.0
6.39
2.60

2.50
3.60
4.6

2.51
223
2.40
275
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Ultrasonic Properties of Solids: Ceramics (Continued)

757

Ceramic Longitudinal Wave Speed Transverse Wave Speed Density
(20°C unless noted) X 10° cm/sec X 10° em/sec gm/em?®
Magnesium Oxide 9.32 5.76 3.58
Manganese Oxide 6.68 3.59 5.37
Nickel Oxide 6.60 3.68 6.79
Porcelain 5.34 3.12 241
Quartz

Crystalline 573 2.65

Fused 5.57 3.52 2.60

Polycrystalline 5.75 3.72 2.65
Rock Salt 4.60 2.71 2.17
Titanium Dioxide (Rutile) 8.72 4.44 4.26
Sandstone 2.92 1.84 22-24
Sapphire (c-axis) 11.91 7.66 3.97
Slate 4.50 2.6-3.3
Titanium Carbide 8.27 5.16 5.15
Tourmaline (Z-cut) 7.54 3.10
Tungsten Carbide 6.66 3.98 10.15
Ytterium Iron Garnet 7.29 44] 5.17
Zinc Sulfide 5.17 242 4.02
Zinc Oxide 6.00 2.84 5.61

Ultrasonic Properties of Solids: Polymers

Polymer Longitudinal Wave Speed Transverse Wave Speed Density
(20°C unless noted) x 10° cm/sec X 10° em/sec gm/cm?
Acrylic Resin 2.67 1.12 1.18
Bakelite 2.59 140
Buytl Rubber 1.99 1.13
Cellulose Acetate 245 1.30
Cork 0.5 0.2
Delrin (Acetalhomo-Polymer) 2515 1.42
(0°C)
Ebonite 2.50 1.15
Lexan
{Polycarbonate 0°C) 2.28 1.19
Neoprene 1.730 1.42
Nylon 2.68
Nylon 6.6 1.68
Parafin 2.20 0.83
Perspex 2.70 1.33 1.29
Phenolic 1.42 1.34
Plexiglas
UVA 2.76 1.27
UVA 1I 2.73 1.43 1.18
Polyacrylonitrile-butadiene— 2.16 1.43 1.18
styrene [
Polyacrylonitrile-butadiene— 2.20 0.810 1.022
styrene [I
Polybutadiene Rubber 1.57 .10
Polycaprolactam 2.700 1.12 1.146
Polycarboranesilonane 1.450 1.041
Polydimethylsiloxane 1.020 1.045
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Ultrasonic Properties of Solids: Polymers (Continued)
Polymer Longitudinal Wave Speed Transverse Wave Speed Density
(20°C unless noted) X 10° em/sec X 10° em/sec gm/cm?®
Polyepoxide + glass spheres | 2.220 1.170 0.691]
Polyepoxide + glass spheres [1 2.400 1.280 0.718
Polyepoxide + glass spheres III 2.100 1.020 0.793
Polyepoxide + MPDA 2.820 1.230 1.205
Polyester + water 1.840 0.650 1.042 Cemmon
Polythylene 2.67 1.10 S
Polyhexamethylene adipamide 2.710 1.120 1.147 {agot froe
Polymethacrylate 2,690 1.344 1191 Ak
Polyoxymethylene 2.440 1.000 1.425 el
Polyproplene 2,650 1300 0.913 Cast gray
Polystyrene 2.400 1150 1.052 Malleable
Polysulfane Resin 2.297 1.24 Pucle c.
Polytetrafluoroethylene (Teflon) 1.380 ' 2.177 Ni 'm“si
Polyvinylbutyral 2.350 1107 Cast 287
Polyvinyl Chloride 2.300 Hastelloy
Polyvinylidene Chloride 2.400 Hastelloy
Polyvinylidene Fluoride 1.930 1.779 Haynes S
Rubber Inconel X
India 1.48 0.90 Inconel 6f
Natural 1.55 1.12 Aluminun
Rubber/Carbon (100/40) 1.68 Sl
Silicon Rubber 0.948 148 -
Calculated Ultrasonic Properties of Composites A= Alum
Longitudinal Wave Speed Transverse Wave Speed - Density 061-T
Composite (20°C) X 10° cm/sec X 10% em/sec gm/cm? ﬂ”’_";}r
Glass/Epoxy (parallel to fibers) 5.18 1.63 1.91 Co_p;:r (:
Glass/Epoxy (perpendicular to 3.16 .72 1.91 Yf'.]l:lw b
fibers) I
Graphite/Epoxy (parallel to 9.62 1.96 1.57 !.I_:U. bra:
fibers) A,un-:mur.'
Graphite/Epoxy (perpendicular to 2.96 1.96 1.57 ;gIE }
fibers) -
Boron/Epoxy (parallel to fibers) 10.60 .72 191 ph:_’.;“;:flr
Boron/Epoxy (perpendicular to 334 1.85 1.91 o :,;u;h
fibers) 2
Cupronick
Red brass
Chemical
Antimonia
Solder 50-
Ti-6Al-1%
Magnesiur
K Monel
Nickel (A
Cupronick
Commerci
Waspaloy
Zinc (AST
£ Zircaloy->
Zirconium
.“J S ————
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APPENDIX B
So— ELECTRICAL RESISTIVITIES AND

gm/cm?®

e CONDUCTIVITIES OF COMMERCIAL
s METALS AND ALLOYS

1.205 Resistivity Conductivity
1.042 Common Name (Classification) (micro-ohm cm) (% IACS)
::27 ! Ingot iron (included for comparison) 9 19
1.191 ] Plain carbon steel (AISI-SAE 1020) 10 17
1.425 i Stainless steel type 304 72 >4
091 ; Cast gray iron (ASTH A48-48, Class 25) 67 26
1.05% | Malleable iron (ASTM A 47) 30 5.7
124 Ductile cast iron (ASTH A339, A395) 60 29
2.177 Ni (resist cast iron. type 2) 170 1.0
1.107 Cast 28-7 alloy 11D (ASTH A297-63T) 41 42
Hastelloy C 139 1.2
Hastelloy X 115 1.5
1.779 Haynes Stellite alloy 25 8B 2.0
Inconel X (annealed) 122 1.4
0.90 Inconel 600 98 1.7
112 5 Aluminum alloy 3003, rolled (ASTH B221) 4 43
.48 ; Aluminum alloy 2017, annealed (ASTH B221) 4 43
_— Aluminum alloy 380 (ASTH SC84B) 7.5 23
—_— A# Aluminum alloy
Density 6061-T-6 4.1 42
gm/cm3 7075-T-6 53 32
T 2024-T-4 5.2 30
1‘91 Copper (ASTH B152, B124, B133, Bl, B2, B3) 1.7 1.0 x 10°
: Yellow brass or high brass (ASTH B36, B134, B135) T 25
157 70-30 brass 6.2 28
Aluminum bronze
157 ASTH B 169, alloy A 12 14
ASTH B124, B130
1.91 Phosphor bronzes 16 11
1.9] Nickel silver | B% alloy A )
wrought (ASTH B 122, No. 2) 29 5.9
Cupronickel 30% 35 4.9
Red brass, cast (ASTH B30, No. 4A) 11 16
Chemical lead 21 8.2
Antimonial lead (hard lead) 23 5
Solder 50-50 15 N
Ti-6Al-4V alloy 172 1.0
Magnesium alloy AZ31 B 9 19
K Monel 58 3.0
Nickel (ASTH B160, B161, B162) 10 17
Cupronickel 55-45 (constantan) 49 3.5
Commercial titanium 80 22
Waspaloy 123 1.4
- Zinc (ASTH B69) 6 20
- Zircaloy-2 72 2.4
Zirconium (commercial) 41 42
759
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