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TITLE

ULTRASONIC ATTENUATION AND VELOCITY IN SAE 4150 STEEL

ABSTRACT

Ultrasonic attenuation and velocity measurements have been made on
SAE 4150 steel in the hot-rolled, austenitized-and-quenched, and tempered
conditions to study temper embrittlement. It was found that the ultrasonic
measurements did not show any correlation with the hardness or the notched-
bar breaking energy of the steel. The attenuation from both elastic hys-
teresis and Rayleigh scattering decreased on quenching and also on tempering.
The reduction of residual stresses lowered the elastic hysteresis. The
decrease in Rayleigh scattering was caused partially on quenching and en-
tirely on tempering by reductions in the elastic anisotropy of the contents
1 of the prior austenite grain volume. The anisotropy was reduced by the
change from pearlite to martensite first and by the removal of interstitial
carbon second. Ultrasonic double refraction was observed during transverse
y wave measurements on the tempered specimens. Its most probable cause is a
preferential orientation of the grains along the rolling direction. The
alignment of 0.1% of the grains can be detected.
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INTRODUCTION
Previous Work

At Brown University introductory work was done in 1953 by D. H. Evans
and R. Truell on the ultrasonic attenuation of a temper-embrittled steel, !
Samples of SAE 4150 steel were annealed at 1525 F for 3-1/2 hours and air
cooled. Then they were austenitized at 1550 F for 2-1/2 hours and oil
quenched. After that, pairs of samples were tempered at various tempera-
tures, and one of each pair was water quenched while the other was furnace
cooled. The latter one of each pair was considered emhrittled while the
former was toughened. Evans and Truell found interesting relationships
between their samples, namely, that the attenuation of the tough samples
went through a maximum when plotted against either breaking energy or lard-
ness of the samples, while the attenuation of the brittle samples went
through maxima on similar plots but at different values of the breaking
energy and hardness. The attenuation could not be correlated with metal-
lographic data. However, neither could the results be duplicated with
samples taken from a new batch of SAE 4150 steel.

A more extensive investigation was carried out at Watertown Arsenal
and was reported by Papadakis.? In that investigation, SAE 3140 steel as
well as a few blocks of SAE 4150 steel were tested. The correlation between
the attenuation and the hardness and breaking energy was found to be am-
biguous at best. The attenuation did seem to depend on the microstructure,
however, the SAE 3140 steel became bainite on quenching while the SAE 4150
steel became martensite. When the results of the attenuation measurements
were mathematically normalized, according to theory, to correspond to the
same ASTM grain size, the attenuation in bainite was found to be higher
than the attenuation in martensite. Both structures lost attenuation pro-
portional to the square of the frequency on tempering.

Several investigators have done experimental and theoretical work on
the attenuation of ultrasonic waves in polycrystalline metals. Wegel and
Walther® found a frequency-independent decrement yielding an attenuation
proportional to the frequency for many metals in the 10-to-100 kilocycle
region. This loss, termed elastic hysteresis, they found to be roughly
proportional to the total amount of grain boundary area in a specimen.
That is, the loss was smaller for larger grains. Kamigaki! on the other
hand found that part of the attenuation in the 1-to-25 megacycle region,
attributable in steel to elastic hysteresis, was independent of the grain
size. The same author also found that the attenuation in pearlite was
much higher than the attenuation in martensite of the same residual aus-
tenitic §rain size, and that the martensite lost attenuation on tempering.
Merkulov® found that the attenuation in pearlitic carbon steel was lower
than the attenuation in pure iron, the ferritic grain size of which was
equal to the austenitic grain size of the steel before its transformation.
The attenuation decreased with increasing carbon content as the eutectoid
composition was approached. Both authors attribute the attenuation, other
than the elastic hysteresis, to Rayleigh scattering° of sound in the cases
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in which the metallic grain size was smaller than the wavelength of the
sound.

The scattering of sound by metal grains is dependent on the ratio of
the wavelength of the sound to the grain diameter. Roth! and Meson and
McSkimin® have established that the attenuation is inversely proport ional
to the grain diameter when the wavelength is smaller than the grain diameter.
Both Roth end Merkulov? have observed this dependence experimentally.
Merkulov's data and Mason and McSkimin's analysis both indicate that the
attenuation in this region is independent of frequency, while Roth's data
indicates that it is proportional to the frequency. Scattering formulas
such as those derived in Morsel® lead to attenuation independent of the
frequency in ths short wavelength region.

In the intermediate region, in which the wavelength is roughly the
game as the grain diameter, the attenuation varies as the square of the
frequency. One theory due to Huntington!! ascribes the attenuation to
stochastic phase scattering. Another due to Lifshits and Parkhomovekiil® 18
golves the equation of propagation of sound in the metal by making the dif-
ferences in elasticity between grains into a perturbation upon the elasticity
of the medium. Both theories predict the square-law dependence. Merkulov
(see Reference 9) has observed that the squara-law dependence occurs in iron
while the wavelength is between 4 and 10 timee the grain diameter, not equal
to it. Mason and McSkimin (see Refereace 8) predict that the Rayleigh scat-
tering region should end when the wavelength becomes as small as three grain
dismeters. Presumably the transition to the square law should start near

there.

In the low-frequency region in which the wavelength of the sound is
much longer than the grain diameter, the attenuation arises from Rayleigh
gcattering. (See References 4, 6, 8, 9, 10, 12 and 13.} Other theoretical
work has been done by Mason and McSkimin,1¢ Bhatia,1% Bhatia and Moore, 14
and Merkulov (see Reference 9). The work of Bhatia and Moore agrees with
the work of Lifshits and Parkhomovskii (see References 12 and 13) in the
Rayleigh scattering region. Merkulov bases his work oa that of Lifshits
and Parkhomovskii, and consequently agrees, also. Merkulov has shown that
the Lifshits and Parkhomovskii theory gives better agreement with experiment
both qualitatively and quantitatively. All the theories agree that the
attenuation from Rayleigh scattering varies as the fourth power of the
frequency, the third power of the grain diameter, a factor expressing the
anisotropy of the elastic constants of a single grain, and a factor in-
volving the velocities of the longitudinal and shear waves which carry off
the scattered enmergy. The theory of Mason and McSkimin does not take into
consideration the mode conversion at a grain boundary. Neither does the
thaory of Huntington (see Reference 11) mentioned in the preceding paragraph.
Because of the theoretical completeness and the agreement with experiment
exhibited by the theory of Lifshits and Parkhomovskii, we will adopt it to
deal with Rayleigh scattering in the following work. The attenuation, a,
for grains of cubic crystalline gtructure is given as follows in nepers per
centimeter:



Rayleigh Region: A > 2w D:

groulred 2 3

Longitudinal Waves: ayp = 37&02”3 '—E # :ﬁ (1a)
omulredt [ & 3

Transverse Waves: ay = 125P2Vt3 _-.,{Er * :5 (1v)

Intermediate Region: A < 27 D:

16mueDe2
Longitudinal Waves: ay = lc
ne 1 525%6!’2 (1e]
Transverse Waves: ay = i"—zp'—z-rlg'z- (1d)
210 v, 5~

Where: f

frequency, megacycles per second

density, grams per cubic centimeter

©
[]
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average grain volume, cubic centimsters

Vg - longitudinal wave velocity, centimeters per second

vy = transverse wave velocity, centimeters per second

degree of elastic anisotropy of a grain, dynes per
square centimeter

*®
(]

= Cj) - C1p ~ 4y

where ¢y, C1p» and c4, are the elastic moduli of the cubic crystal
grain.

The meaning of the elastic anisotropy is this: the compressibility
without lateral expension in one crystallographic direction, say the {100]
direction, is different from the compressibi lity without lateral expansion
in another crystallographic direction, say the (110) or the [111] direction.
The same holds for the shear modulus without dilatation.

The application to steel is as follows. In the austenitic state at

elevated temperatures, each steel grain is a face-centered-cubic crystal-
lite. Upon quenching, the austenite transforms to various products
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dependent on the rate of quenching. glow quenching produces pearlite, &
systew of layers of iron (ferrite) and iron carbide withir each grain.

it the steel is of hypoeutectoid composition, iron (ferrite) grains and
pearlite grains form separately. Fast quenching produces martensite, a
system of small platelets of strained body-cantered-tetragonal iron with
interstitial carbon. The platelets form within the former austenitic
grain at 24 different orientations with respect to the axes of the
austenite. Intermediate quenching produces bainite. The lamellar struc-
gure of pearlite is considered to have a higher degree of elastic aniso-
tropy than the nlatelet structure of martensite.

Kamigaki (see Reference 4) explains that the elastic modulus normel
to the layers of 8 pearlite grain must be different from the elastic
modulus tangential to the layers, while the elastic modulus of a grain
containing many martensite platelets is quite jsotropic with direction.

He found exper imentally that the attenuation caused by Rayleigh scattering
in martensite was much smaller than that in pearlite of the same austenitic
grain size before transormation. papadakis!? found experimentally that the
attenuation in martensite was smaller than the attenuation in bainite.
Both values were gmaller than the attenuation found exper imentally or pre-
dicted theoretically for body-centered-cubic iron (ferrite) by Merkulov
(see Reference 9). It is conzidered that the partially randomized semi-
lemellar structure of bainite is more anisotropic than the martensite but
legs anisotropic than the single crystal of ferrite. Concerning pearlite,
Kemigaki (see Reference 4) dieagrees with Merkulov (see Reference 5).
Kemigaki finds that the attenuation in pearlite is higher than it should be
in iron, while Merkulov finds that it ie lower. This author feels the dis-
crepancy lies in the fact that Kamigaki used the theory of Mason and MeSkimin
while Merkulov used the theory of Lifshitz and Parkhomovskii.

The foregoing discussion serves to put the research contained in this
report in its proper perspective. It has been shown that the grain size
and the microstructure of the specimens can be expected to influence the
attenuation strongly. The ultrasonic velocity does, also, a8 does the
frequency, since both enter equation 1a through 1d in high powers.

Purpose and Scope

The purpose of this report is to present ‘he results of research
aiming at the ultrasonic detection of temper embrittlement in SAE 4150
steel. A complete investigation, in the frequency range of 5 to 100
megacyclos per gsecond, has been carried out on a group of quenched and
temperel specimens. The metal stock i8 the same for all specimens and was
heat treated the same up to and including the quenching, 80 that the grain
size and the microstructure are the same at each step before tempering.

The attenuation and velocity of both the longitudinal and transverse
ultrasonic waves were meagured on the tempered specimens, while the attenu-
ation of the longitudinal waves was measured atter various steps of the
heat treatment. The specimens were tempered at different temperatures and
cooled different ways to give a variety of hardnesses and breaking energies.
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The quenching resulted in the formation of martensite and tempering
precipitated the interstitial carbon as iron carbide, changing the internal
strain and the microstructure. It is possible that both the elastic
hysteresis and the Rayleigh scattering change. To investigate these changes,
attenuation has been analyzed as a function of frequency. Also, it and its
change on tempering have been correlated with the Rockwell C hardness and
the Charpy impact data after tempering. The results of the investigation
are compared with theory and with previous work. The correlation of ultra-
sonic attenuation and velocity with these parameters is in fulfillment of
the purpose of the project.

MATERIALS AND THEIR PREPARATION

The steel used was commercially available hot-rolled bar stock of SAE
4150 steel. It was treated according to the following schedule:

1. Machining of blocks 0,760 inch thick, 2 inches long, 1-1/2 inches
wide, 200 millionths parallelism between top and bottom flat surfaces, 16
microinch top surface polish, Blanchard ground bottom.

2. Longitudinal wave attenuation measurements and some Rockwell C
hardness tests and metallographic data.

3. Austenitizing of blocks, 1550 F in salt bath for one hour, and o0il
quench,

4. Machining of blocks 0.682 inch thick; same parallelism and surface
specifications as in Step 1.

5. Longitudinal wave attenuation moasurements, Rockwell C hardness
moasurements, and spectrographic analysis on all blocks. Metallographie
data on some blocks.

6. Tempering of bloucks:

a. Four blocks heated to each temperature between 425 C and 725 C
in steps of 25 C for one hour.

b. Two of each group water qusnched.
¢. The other two furnace cooled at no less than 17 C per hour.

7. Machining of blocks to 0.677 inch thickness; 8 microinch ground
finish plus lap on both surfaces.

8. Longitudinal and transverse wave attenuation and velocity measure-
ments and Rockwell C hardness measurements on all blocks. Metallographic
data on some blocks.

9. Charpy impact tests on notched bars cut from each block,
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10. Analysis of data: Attenuation versus. (a) frequency, (b) hardness,
(c) breaking energy, (d) theory. Velocity versus frequency. Small differ-
ences in transverse wave velocity ceaused by ultrasonic double refraction.

TEST PROCEDURES

General

All the chemical, metallographic, mechanical, and machine work on the
specimens was done within the Watertown Arsenal Laboratories by standard
methods used at this installation. The steel bar stock from which the
specimens were made was purchased from commrcial concerns.

Ultrasonic Methods

Measurements of ultrasonic attenvation and velocity were made by the
pulse-echo method described by Roderick and Truell!! with an instrument
built for the Watertown Arsenal laboratories by Brown University. The
instrument is similar to one described recently by Chick and others. 1?

The specimens were cut so their perallel faces were much larger than the
quartz transducers used. The length and breadth of the parallel faces was
much larger than the ultrasonic path lsngth between the faces. The rolling
direction of the original bar stock was parallel to these two parallel
plane faces. Circular quartz crystal disks one-balf inch in diameter, with
polished and gold-plated faces, were used as transducers. A single trans-
ducer was bonded to one of the parallel faces of the specimen to serve both
as a transmitter and a receiver.

Bond ing
a. Longitudinal Waves

In previous experiments involving ultrasonic attenuation measure-
ments made by bonding the transducer directly to the specimen (in contra-
distinction to measurements made in a water bath or by some similar method
of indirect coupling), the repeatability of readings has been a severe
problem. In this project, too, the same problem was encountered. Since
it was necessary to obtain data which was extremely accurate, at least
relatively, in order to confirm or refute previous work on this subject,
some experimenting was done to determine a method of bonding which would
give practically the same bond every time. Using the second method described
below it was possible to repeat attenuation measurements to within 2% at
90 mc. At lower frequencies, because of a lowsr actual attenuationm, the
margin of repeatability is larger: 3% at 27 mc and 7% at 9 mo.

It was found that in setting up a bond between a gold-plated quartz
transducer and ons of the steel blocks used in this experiment, using
glycerin as the bonding agent, the apparent attenuation passed through two
minima. One of these minima occurred when the crystal was floated in a
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very large amount of glycerin, almost the largest amount which could be
used without getting glycerin on the top surface of the crvstal. When

the bonding method was adjusted so that this type of bond was produced,

the attenuation readings went through a local minimum as a function of

bond thickness. However, the amount of glycerin used proved to be very
critical, a small difference in the amount used causing a drastic change

in the apparent attenuation. Also, when the transducer was mounted in

this way, it was very difficult to keep from getting glycerin on the top
surface of the transducer. For these two reasons this method was abandoned.

The second local minimum occurred with very thin bonds when a very
small amount of glycerin was used (just enough to keep the crystal from
sticking) and the transducer was pressed down on the specimen. This method
of bonding yielded apparent attenuations considerably lower than those ob-
tained with the method of bonding described in the previous paragraph.
Again the amount of glycerin used was extremely critical, more critical
than in the previous method, and, in addition, the pressure applied was
algo critical. However, with this method, there was no terdency for the
glycerin to flow over the top of the crystal, so solutions for the other
problems were sought, using this bonding procedure.

To standardize the amount, of glycerin used, a loop approximately
1-16" in diameter was made in a length of 30 gag® wire and used to dip out
the glycerin. A drop of glycerin was placed in the center of the top sur-
face of each specimen with this wire and the transducer was placed on top
of this drop and was slid, in a circular path, over the top surface of the
gpecimen until the glycerin was spread so thin that the transducer just
stuck when moved to the center of the specimen. These precautions insured
a film of glycerin of closely repeatable thickness,

To staadardize the pressure applied to the transducer, the original
electrode (a 3/4-inch-long brass cylinder 1/2-inch in diameter) was weighted
with a lead cap weighing approximately one pound. It was noticed, however,
that the apparent attenuation obtained with this cap graduslly decreased
with time as the transducer slowly settled in the giycerin. It was assumed
that a heavier cap on the electrode would eliminate this probiem since it
would cause the transducer to settle more rapidly to a stable position.
Therefore a second cap was made, this one approximately 2-1/4 pounds in
weight and more accurately balanced than the first. With this cap excel-
lent results were obtained. Diagrams of both caps follow:



! J1IE: 1 .

[y

O

BOTTOM Tor BOTTOM Tor
1-LB CAP 2{-LB CAP

It ‘s necessary to take great care in using this type of bonding in
order to inaure sufficient repeatability. Both the specimen and the trans-
ducer must be cleaned of all dust particles on the bonding surfaces (done
best by wiping the surfaces with an artist's brush ¢xmpened with alcohol).
Furthermore, there must be no water, alcohol, or air bubbles in the glycerin
film, and care must be taken not to touch the film with the fingers. It is
also imperative that the surface of the specimen be extremely smooth if
plated crystals are to be used, for any roughness causes the plating to
scrape off in fine dust particles which affect the readings adversely. In
this project, rather than having the blocks refinished, the gold plating
was scraped off one surface of the transducer, and the bare guartz was
bonded to the specimens.

b. Transverse Waves

To provide the bond with shear elasticity necessary to transmit
transverse waves from the Y-cut transducers into the specimens, phenyl
salicylate (salol) was used. The specimens were first cleaned with acetone
and then heated by means of an infrared heat lamp. A smail amount of salol
was placed in the center of the bonding surface of each specimen while it
was still under the heat lamp. The melting point of the salol (41 - 43 C)
was reached easily under the lemp and when a pool of molten salol had formed,
an unplated Y-cut quartz crystal was centered on the top surface of each
block. A light weight was placed on each transducer and the blocks were
removed from under the heat lamp and allowed to cool. After the blocks had
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cooled somewhat, a few crystals of salol were used to seed a single crys-
tal from the pool, thus giving a good bond.

It was not possible to estimate the repeatability of the bond itself
because ultrasonic double refraction caused a change in apparent attenua-
tion of the order of #50% even when there was no change in the amount of
cancellation apparent from the shape of the envelope of the echoes. On
some blocks the envelope of the echo train had visible nodes only when the
crystal was polarized to within 10 degrees of a line drawn at a 45 degree
angle to the rolling direction in the steel. The crystal could be turned
through 70 degrees, causing a continuous change in the amount of cancella-
tion and, hence, in the apparent attenuation without producing any notice-
able change in the shape of the envelope. Since there was no marking on
the transducers to indicate the direction of polarization, there were no
means for orienting the crystals the same way on each block. It is sug-
gested that, when making transverse wave attenuation measurements, only
transducers with the direction of polarization marked on them be used, or
that the orientation of the crystal be adjusted for complete cancellation
at nodes, the attenuation be read from peak to peak and a ,roper correction
for interference be applied.

Type of Measurements Taken and Range of Frequencies

Before austenitizing the specimens, only longitudinal wave attenuation
measurements in the range from 5 mc to 15 mc were made. This range was
expanded to 75 mec in the measurements made on the austenitized blocks.
After the blocks had been tempered, because the extremely low attenuation
at low frequencies was entirely absorbed by the errors, measurements be low
9 mc were found to be of no value; however the range of longitudinal wave
attenuation measurements was further extended to 100 mc and more complete
coverage of this range was made. In addition, longitudinal wave velocity
measurements at 18 mc and 54 mc, along with transverse wave attenuation
measurements from 7 me to 90 mc and velocity measurements at 7 me, 18 me,
21 me, and 54 mc, were made. Finally, measurements of the fractional dif-
ference between the velocities of transverse waves polarized parallel to
and perpendicular to the rolling direction in the steel were also made in
the range from 7 mc to 35 me.

Corrections
a. Diffraction Losses

Corrections for diffraction losses in the ultrasonic field of the
crystal transducer were necessary. Seki, Granato, and Truell?® computed these
losses as a function of penetration distance for waves from a circular
transducer. From the formula given by Papadakis?! for two specific echoes
number j and k, the correction is given by

db(k) - db(j)

2 (k- J) L (2)

“rd .

=1)=




in decibels per microsecond, whepe
db(j,k) = decibel drop at ®choes j and k respectively
¢ = velocity of sound in block )
L = thickness of block

The decibel drop is given versus S which is the distance the wave has
traveled in the specimen in units of a2/A or a2f/c, where

a = crystal radius
A = wavelength

f = frequency;

14
so the distances corresponding to echoes j and k are .
2jle
Sj = =5 (3a) '
]
s 2kLe (3b)
k ~ a2f

and db(j) is db(Sj) and can be found from the tabls in References 20 and 21.

Wherever it was possible, the exponential curve was matched at the top
of the first echo and at the echo nearest the third peak.

b. Changes in the Equipment

It was also necessary to compensate for any changes in the equip-
ment such as those produced by aging and by replacement of parts. For this
purpose, longitudinal wave attenuation measurements were made on blocks 401
and 441 through 445 at all frequencies within a period of two days at the
end of the experiment. At each frequency the attenuation values obtained
for 441 through 445 (which were chosen because thoy formed a tight-knit
attenuation group) were averaged. This average value was subtracted from
the average of the original post-tempering data on these blocks to give a
set of correction figures. The corrections were added to the original
post-tempering data to bring them to the level of the second set of post-
tempering attenuation data which were taken after the changes in the equip-
ment. At each frequency an average was also taken of five attenuation
readings on block 401, which had not been tempered. This average was then
subtracted from the data on block 401 which was taken at the time of the v
attenuation measurements on the austenitized blocks, the difference being -
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the amount of attenuation change which could be credited to the equipment
changes in the period between the taking of the two sets of data. This
difference, added to the previous correction figure, gave the proper cor-
rection for equipment changes to be applied to the post-tempering data.
Application of this correction not only made the data consistent from one
stage of the project to another, but it also made the post-tempering data
more accurate absolutely, since the equipment had been calibrated immedi-
ately previous to the pre-tempering data but not immediately before the
post-tempering data. A period of several monthe had elapsed in the interim.

c. Interpolation for Velocity

In making velocity measurements, it was necessary to correct for
the nonlinearity of the time delay dial. This was accomplished by using
a crystal-controlled oscillator which produced marker pulses at ten-
microsecond intervals. The dial readings were then converted to the true
value by interpolation between the markers. The true time interval to a
given echo is given by

bty (8 -ty ) (4)
2 1
where
t = true time to the echo
t' « dial reading at the echo
ty - true time to the marker immediately preceding the echo
(ten times the marker number )

tl' » dial reading at the marker immed iately preceding the echo

t2' « dial reading at the marker immediately following the echo
Errors

a. Errors in Attenuation

Errors in attenuation arise from both the measurement and the
corrections. The maximum error is calculated as follows.

Let

attenuation

]
[ ]

a' = measured attenuation

equipment correction

cl

apd * diffraction correction
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Since
a=a' - og - o,
M'M"%OMT(‘.

then

Now a‘ is a function of the dial reading, the coupling, and the con-
version graph; 8o Aa’ is the sum of the errors in each of these, or

M'.MD’MC’MG'

Now
AD ¥ 0.005 from observation, where D is
the attenuation dial reading.
dap ¥ %%- (Ap) = 0.002 from graph of 2 versus D
bag ¥ 0.00% from average repeatability
bag ¥ 0.002 from error in graph of a versus D
~0a' S 0,009 maximum error in a'.
Now
ape = ay' - aqg - (ap' - apg) =y’ - ey’
where
a,’ = measured attenuation of 401, post-tempering data
“2' = measured attenuation of 401, pre-tempering data.
Theretfore,

A‘LN - Mll + Mz' - 2Aa' v 0.018.
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Now
. db(sn) - db(s,)
Td 2(n - 1)L

Adb(s,) = 0.005
S, = (eL/a®)X = 2Lc/a®f
AL Ac fa  Af
AS b Yonee —_ 2= ¢ = s .
1 {L ) c ' a f} 1

Supposing one percent error in each quantity,

83, 38, (0.01 + 0.01 + 0.02 + 0.01)

[ T4

0.05 S,.
At 35 megacycles,

0.05 (0.143) = 0.007.

g
(T4

Now

Adb(Sl) Adb (intrinsic)* + Adb (rounding)

[ T4

1.5 4S;* + 0.005

»?

0.011 + 0.005

(T4

0.016.

So

Aldb(sy) - db(S;)] = Adb(sy) + Adb(s))

[ 14

= A(Adb) 0.005 + 0.016

[ 14

0.021.

We find

Aladb)  Ac AL
Baqg = aqq I:Mb ";*";]

*prom slope of dd versus §.
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L O
0. 0 | v Q0L * 0,01
£ 83

[ T4

n?

0.04 10.02 + 0.01 + 0.01)

0.04 (0.04)

[ 14

0.002

RN BN R &lTe + MTd

[ 14

0.009

+

0.018 + 0.002

L 14
(T4

0.029 = 0.03

Db~ 0.00 L0 25 = 254 at 35 meps.
x " 0.12

A maximum error of 25 percent is possible in the post-tempering longi-
tudinal wave attenuation data at 35 megacycles; however, this error varies
greatly with frequency. At 10 megacycles, because the attenuation is much
lower, the error is close to 90 percent of the final attenuation; and at
90 megacycles the error decreases to 8 percent, This decrease in percent
error with an increase in frequency probably accounts for the fact that the
higher frequency attenuation points correspond more closely to the lines on
the graphs in Figure 3.

It is important to note that the bulk of the error calculated immed i~
ately above is due to the equipment change correction. In the pre-tempering
data, because of the absence of this correction, the error is smaller and,
since the pre-tempering attenuation is larger, the percent error is smaller
still. It also should be noted that in transverse wave attenuation measure-
ments there is the sdditional error caused by misorientation of the crystal.
Because the error varies so much with these different parameters, the maxi-
mum error at each frequency for each set of measurements is given in the
tables (I, IV, VIII, and X) where the results of the measurements are found.

b. Errors in Velocity

Frrors in the velocity calculations arise from erraors in the
measurement of the thickness of the blocks and errors in the measurement
and averaging of the time delay between echoes. Since the time was an
average of several values, the statistical limit of error, rather than the
maximum error, was calculated for the velocity measurements. There is one
chance in 500 that the true value of the velocity will differ from the mean
value (listed in Tables XI and XII) by an amount more than this error. The
statistical limit of error was calculated as follows:
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then

and

But

where

80

Now

let

velocity of sound in the block
d = thickness of the block
t =

-
[ ]

time between echoes,

d = dm +d,
dm = measured thickness of the block
dz = micrometer zero correction
Od = A, ¢ Ad,.
My, ¥ 0.0002 from observation
6d, < 0.0001 micrometer least count
»ly ¥ 0.0003
d % c.677
A 2
'5') ¥ 20.3 x 1078,

The error in the time factor is given by

At = Aty ¢ Aty
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where

At = error in measurement of t

At

error in averaging t over several echoes.

Now

n?

At 0.02 from observation

and

where

<+
»
(34
-
o
@
o+
X
@
@
=]
ot
g
(%
[
=2
B
<
*
[
-~
o+
=2
[« ]
Q
g
@

+1
a
e
a

Lad IS
¥+

n = number of echoes used.

At 18 megacycles, for transverse waves,

t ¥10.7Mm
n =10

jen-1

b -
j=1 Itj -t|% 0.32
or

At 5 0.067.
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Now

t 10,7

29,5 x 1075.

|
\_{\)
w?

Therefore

Yo/ 39.7 x 1076

6.3 x 1070 ¥ 0.6%

[ 14

[ T4

0,127
~Av = 8 x 1074 in/usec.

The error in velocity increases rapidly as the frequency gets higher
and fewer echoes are available from which measurements may be made; hence,
the error for each set of measurements is listed on the table (XI or XII)
where the results of those measurements occur.

RESULTS AND DISCUSSION

Presentation of Tables and Graphs

The first group of tables in Appendix A (Tables I - III) gives results
of the work on the as-received hot-rolled specimens. Table I gives attenu-
ation versus frequency. The maximum error in the attenuation is listed at
the head of the table. Table II presents the metallographic information
on a group of thirteen specimens. Table III is a list of the Rockwell C
hardnesses of ten of the specimens. All specimens were virtually identical,
a8 they should have been since they were cut from the same piece of bar
stock. The specimens had a grain size from ASTM 5 to ASTM 6. Their
microstructure was fine, medium, and coarse pearlite with at most a trace
of ferrite. All had stringers and showed various degrees of banding.

The average of the hardnees readings taken at four points on each block
ranged from 22.4 to 23.1 among the blocks. In attenuation all the blocks
were nearly indistinguishable.
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The second group of tables (Tables IV - VI) represents the work on
the specimens after they were aurtenitized and quenched. Table IV gives .
attenuation versus frequency. The maximum error in the attenuation is
listed at the head of the table. Table V presents the metallographic
information on a group of four specimens. Table VI is a list of the »
Rockwell C hardnesses of all the specimens. Again the specimens were
nearly identical. They were almost 100% mertensite with 2 or 3% bainite,
a trace of carbide, and many stringers., Their residual austenitic grain
size (measured after tempering) had been refined to between ASTM 8 and
ASTM 9. The attenuation did not differ significantly from block to block.
A computation of the skewness in the attenuation readings at 75 megacycles
per second indicated®® that there was a 90% chance that these attenuation
values were not normally distributed about their mean value. The large
value of this probability indicates that the combination of errors and -
intrinsic specimen properties which contributed to the attenuation did
bias the attenuation in one direction very strongly. For instance, the
presence of some specimens in which the grain size grew too large or in v
which the quench was too slow would skew the attenuation readings toward
large values because both these conditions produce specimens with excessive
attenuation relative to the group to which they are supposed to belong.
Hence the 90% probability for skewness indicated that there could have
been several of these improper specimens produced by the austenitizing and
quenching.

The third group of tables (Tables VII - XVII) represents the work on
the specimens after they were tempered. Table VII lists the tempering
temperatures and the cooling conditions of the various blocks. Table VIII
gives the attenuation of longitudinal waves versus frequency. The maximum
error in the attenuation is listed at the head of the table. Table IX is
the attenuation lost on tempering. This table contains the differences
between the attenuation values in Table IV and those in Table VIII.

Table X gives the attenuation of transverse waves versus frequency. The
values in this table are in error by large amounts because the envelope
of the interference pattern caused by ultrasonic double refraction tended
to obscure the true heights of the echoes on the oscilloscope. Ultrasonic
double refraction will be treated at length in a subsequent section.

The velocity of longitudinal waves appears in Table XI while the
velocity of transverse waves appears in Table XII. The errors in the
velocities appear at the heads of the tables. The errors cover any trends
which seem to appear in the velocity measurements. The velocity data was
taken on one water-quenched specimen and one furnace-cooled specimen in
the low, middle, and high portions of the tempering temperature range.
That is, six specimens were measured for their ultrasonic velocities.
Table XIII 1lists the transverse wave interference parameters assoc jated
with the ultrasonic double refraction observed in the tempered specimens.
The computed fractional differences between the velocities of transverse
waves polarized parallel to the rolling direction of the steel and perpen-
dicular to it are also listed in this table. One will note that the varia- -
tion in velocity detectable by the interference pattern is much smaller than '
the error in the velocity measurements made by the pulse-echo method alone.
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The Rockwell C hardnesses of the tempered specimene are listed in
Table XIV. These values are an average of four readings taken on the top
surface of each specimen. The breaking energies of notched Charpy impact
specimens (cut from the tempered specimens after all ultrasonic measure-
ments were completed) are given in Table XV. The breaking energies and
the hardnesses correlate strongly with the tempering conditions, as they
should. The metallographic analysis of several blocks spanning the tem-
pering temperature range is presented in Table XVI, and the spectrographic
analysis of the chemical constituents of all the blocks is reported in
Table XVII. All the blocks were essentially the same. The ASTM grain
gize varied between 8 and 9 with a few blocks showing some grains of ASTM
7 or 10. The microstructure was 100% tempered martensite in all the blocks.
All were fine acicular martensite except sume tempered at the highest
temperatures. These few showed carbides resolvable at 1000X. There was
more grain boundary segregation in the furnace-cooled specimens than in
the water-quenched ones,

Using the hysteresis and Rayleigh scattering terms, the attenuation
is expressed as

a =a)f + a4f4 (5)

where a is the attenuation, f is the frequency, and a; and a, are coeffi-
cients. It is valid to use the Rayleigh scattering term in this experiment
because the wavelength of the ultrasonic waves is always much larger than
the grain diameter in the specimens. At 100 megacycles per second the
wavelength of the sound in steel is 0,0023 inches for longitudinal waves
while the grain diameter in a specimen of ASTM grain size 10 iz about
0.00046 inches., The ratio is five to one. According to the theory of
Lifshits and Parkhomovskii (see References 12 and 13), the Rayleigh-type
scattering is valid for wavelengths greater than 27D or about 6D. Thus
Rayleigh scattering is approximately valid over the entire range of fre-
quencies treated in this experiment. Kquation 2 was fitted to the data

for all the blocks at each sta§e of heat treatment by a machine computation
using a least-squares method. 2* The program was written for the Royal-
McBee LGP 30 using equal weights for all the data.

The ccefficients a; and a4 appear in Table XVIII. In the case of the
hot-rolled stock, a; varies from 1.65 x 1072 to 2.46 x 1072 and 84.varies
from 2.89 x 100 to 3.66 x 10™2 with the units of frequency being megacycles
per second, and the coefficients referring to longitudinal waves. Similarly,
in the case of the austenitized and quenched stock above 15 megacycles per
second, &y varies from 3.72 x 1073 to 8.69 x 1072 and ay varies from 5.77 x
1078 to 7.80 x 1078, The austenitizing and quenching to martensite lowered
the elastic hysteresis by a factor of 3 and lowered the Rayleigh scattering
by a factor of 500. The metallographic data from Table II and Table V in-
dicate that the grain size was refined from ASTM 5-6 to ASTM 8-9. Since
an increase of one ASTM unit represents a decrease in the grain diameter
by a factor of 21, an increase of three ASTM units decreases the grain
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diameter by a factor of 23/2, or 2.828. The attenuation is proportional

to the cube of the grain diameter, so the decrease in the attenuation
caused by the refining of the grain size goes as (2.828)3 or 22.6. Since
the real decrease is by a factor of 500, the extra factor of 500/22.6 or
22.1 must come from a decrease in the anisotropy of the elastic constants
of the single grains on the change from pearlite in the hot-rolled speci-
mens to martensite in the specimens after their austenitizing and quenching.

In the case of the specimens after tempering, 81 varies from 2,16 x
1073 t0 5.70 x 1073 and a, varies from 1.57 x 108 to 2.50 x 108 for the
longitudinal waves above 15 megacycles per second. For the shear waves,
a) varies from 2.33 x 1070 to 11.07 x 10-3 while a, varies from 0.71 x 10-8

to 10.07 x 1078, s mentioned earlier, the shear wave measurements are
inaccurate because of the ultrasonic double refraction interference pattern.
The values of a8) for longitudinal waves decreased to about 3/4 of their
former value and the values of a, decreased to about 1/3 of their former
value upon tempering. Apparently the removal of interstitial carbon from
the martensite upon tempering decreases the anisotropy of the elastic con-
stants of the martensite platelets and hence of the whole grain. The ratio
of a, for transverse waves to a4 for longitudinal waves in the tempered
Specimens appears in Table XIX for thirty-six specimens. In all but two
cases, the ratio lies between 2.20 and 4. 70. According to Equations 1(a)

and 1(b), the ratio should be
2
2.3 (v (6)
G.{ 4 Vt

for attenuation in decibels per microsecond. Using the values vg = 0.232
and vy = 0,127 inches per microsecond, the ratio becomes

a
— « 2.50.
a

The agreement hers is fairly good despite the errors. A computation
of the skewness (see Reference 22) in the distribution of “t/“£ indicates
4n almost certain ‘biasing of this ratio toward values larger than the mean.
The longitudinal wave attenuation is skewed, too, but not nearly as badly
as the ratio. It is evident that the ratio cannot be skewed by natural
causes other than changes in the velocity. The one percent errors in the
velocity readings certainly do not afford the opportunity for the extreme
skewness in the ratio, so one must conclude that the skewness in the ratio
arises from an error. It is probable that the error is introduced by the
interference envelope of the ultrasonic double refraction in the transverse
waves,

Table XX gives the ultrasonic double refraction fractional velocity

change as a function of frequency and branch number. Branch zero (0) is
the only one independent of frequency.
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Appendix B contains the graphs of the data and other figures. Fig-
ure 1 is a set of photomicrographs of the specimens at various stages in
their heat treatment. Figure 2 is a set of oscilloscope photographs show-
ing the rectified echoes and the exponential matching curve. Some of the
photographs illustrate the exponential decay of the longitudinal waves and
others show the double refraction interference pattern of the transverse
waves. Figure 3 contains plots of attenuation versus frequency for‘four
specimens which are typical. The data from Table I, Table IV, Table VIII
and Table X are plotted together for easy comparison. The drop in longi-
tudinal wave attenuation at each stage of heat treatment is clearly seen.
The fact that the transverse wave attenuation was larger than the longi-
tudinal wave attenuation is also clearly visible. The attenuation values
smaller than 0.0l decibels per microsecond can be disregarded since the
maximum error in those values is larger than the value itself. The dif-
fraction corrections are about 0.03 or 0.04 for most frequencies, so any
unknown systematic error in these corrections would tend to invalidate the
attenuation values at the lower frequencies. In the computation of the
coefficients in Table XIX, the frequencies below 15 megacycles per second
were disregarded because at those frequencies the attenuation was smaller
than its maximum error. The differences in attenuation before and after
tempering are plotted in Figure 4 for the four typical specimens of Figure 3.
All the blocks behaved identically. The slope of the best line of all the
plots through the points on log-log paper is around 2,4 and the intercept
of the line is about 0.5 decibels per microsecond at 50 megacycles per second.

Wegel and Walther had noticed (see Reference 3) that the elastic
hysteresis decreased as the grain diameter increased. Since Rayleigh
scattering increases with increasing grain diameter, a spresd in the grain
diameter should show up as a correlation between aj and a4, the elastic
hysteresis and Rayleigh scattering coefficients of Equation 2. Figure 5
is a scatter diagram of a, versus a). There 1s plenty of scatter and no
correlation among either the water-quenched specimens or the furnace-cooled
specimens.

The next group of figures (Figures 6 - 11) concerns the hardness of
the specimens. Figure 6 is a plot of Rockwell C hardness versus tempering
temperature. The hardness decreased linearly with the tempering temperature
up to 675 C. Above that temperature, the hardness decreased more rapidly.
The furnace-cooled specimens followed a different linear function than did
the water-quenched specimens. The hardness of the furnace-cooled specimens
was lower than the hardness of the water-quenched specimens, and decreased
more rapidly with increasing temperature. Figures 7, 8 and 9 are scatter
diagrams of the attenuation of longitudinal waves after tempering, the
attenuation of longitudinal waves lost on tempering, and the attenuation
of transverse waves after tempering, respectively, versus Rockwell C hard-
ness. Figures 10 and 11 are respectively the elastic hysteresis coefficient
a; and the Rayleigh scattering coefficient a, for longitudinal waves versus
Rockwell C hardness. There is no correlation or functicnal relationship
present in Figures 7 through 11.
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Figure 12 is a plot of the breaking energy of Type 1 Charpy bars
versus tempering temperature. The energy increases with tempering temper-
ature as expected. The curve for the bars broken at -60 F lies below the
curve for the bars broken at 74 F. The lower curve does not begin to rise
88 soon as the upper one does. There is .o evidence for embrittlement at
the higher tempering temperatures. The bars cut from the furnace -cooled
blocks do not differ in breaking energy from the bars cut from the blocks
water-quenched after tempering. Figures 13, 14 and 15 are scatter diagrams
of the attenuation of longitudinal waves after tempering, the Gttenuation
of longitudinal waves lost on tempering, and the attenuation of transverse
waves after tempering, respectively, versus breaking energy. Figures 16
and 17 are respectively the elastic hysteresis coefficient a; and the
Rayleigh scattering coefficient a4 for longitudinal waves versus breaking
energy. There is no correlation or functional dependence of the ultrasonic

Figure 18 is the hardness versus the breaking energy. The water-
quenched specimens follow a different curve from the furnace-cooled ones.

In Figure 19 the attenuation of longitudinal waves in block 417 after
tempering is compared with the theory of Lifshits and Parkhomovskii (see
References 12 and 13) as expressed in Kquations 1a and lc. Similarly
the attenuation of transverse waves in block 417 after temgering is com-

connecting a point well within the region in which the dependence of the
attenuation nn the frequency is f4 and a point well within the region in
which the dependence of the attenuation on frequency is 2, The 8lope of
the curve at the first point is 4 and at the second point is 2 on a log-log
paper. The curves were computed for several grain sizeg in the region of
interest. The elastic moduli of irou listed in the American Institute of
Physics Handbook were used in computing M2, and the velocities measured in
this experiment were also used. The experimentally found attenuation was
then superimposed upon the set of theoretical curves. The lines represent-
ing the contributions of a; and a4 of Equation 2 were added also,

Correlation of Acoustic Quantities With Hardness and Breaking Energy

A correlation between the ultrasonic velocity and the other quantities
was not attempted because errors in the velocity measurements exceeded the
variation in the measurements themselves. Attenuation after tempering,
attenuation lost on tempering, and the coefficients in Equation 2 corre-

of these acoustic quantities and the hardness, The same acoustic quantities
were plotted against the breaking energies of Type 1 Charpy bars cut from
the blocks. The plots appear in Figures 13 through 17, Again, no correla-
tion or functional relationship could be found between any of these acoustic
qQuantities and the breaking energy. Since Figures 5, 12 and 18 indicate
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that the heat treatment proceeded correctly, it must be concluded that
the ultrasonic methods used in this experiment are incapable of testing
for the changes brought about in the mechanical properties through tem-
pering. Failure to temper a specimen could be detected since there would
be no change in the attenuation of this block measured before and after
"tempering”, while other tempered specimens would show a change.

Type of Attenuation Lost on Heat Treatment

The graphs in Figure 3 indicate that the total attenuation of longi-
tudinal waves in the blocks decreased at each stage of the heat treatment.
Both the eicstic hysteresis and the Rayleigh scattering decreased each
time according to Table XVIII. Part of the large decrease in the Rayleigh
scattering upon austenitizing and quenching to martensite arose from the
refining of the au:tenitic grain size, and part came from the decrease in
the anisotropy of the elastic moduli of the grains on their transformation
from pearlite in the hot-rolled stock to martensite in the quenched stock.
It is possible that part of the decrease was caused by a change in the
grain size distribution attendant upon the austenitizing of the specimens.
The elastic hysteresis decreased markedly on austenitizing and quenching
as mentioned earlier. The elastic hysteresis decreased to about three-
fourths of its previous value on tempering, and the Rayleigh scattering
decreased to about one-third of its former value.

Since the grain size and distribution remained unchanged on temper-
ing the decrease in attenuation from Rayleigh scattering must be caused
by a decrease in the anisotropy of the elastic constants of the grains.
The grains are composed of martensite platelets, so the anisotropy of the
grains is a space average of the anisotropy of the platelets taking into
consideration their orientations with respect to the axes of the crystal-
lite of austenite from which they were formed. Apparently the anisotropy
of the elastic constants of the martensite platelets is reduced on temper-
ing when the body-centered-tetragonal iron with interstitial carbon changes
to body-centered-cubic iron.

Tempering effects this change by precipitating the carbon as iron
carbide (FesC) in submicroscopic globules which interrupt the iron lattice
at various spots. The decrease in the anisotropy attending the change
from tetragonal to cubic structure outweighs any effect of the presence
of the iron carbide spheroids. The attenuation lost on tempering as plot-
ted on log-log paper in Figure 4 shows a slope of about 2.4 indicating a
functional dependence on frequency of f2.4. The slope of 2.4 is the slope
of the best straight line drawn by eye through the points. The true func-
tion is a sum of two terms, one for the elastic hysteresis and the other
for the Rayleigh scattering. The straight line is an approximation to this
function, or

Ba ¥ Af2:4 ¥ bf 4 b,fd, (7)
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The slope of 2.4 intermediate between unity and four indicates that both
terms contribute amounts to Aa of the same order of magnitude. The coef-
ficients for changes in attenuation are called b here to distinguish them
from the coefficinnts{g in the total attenuation. One should notice that
the formula Aa ¥ Af2.4 could equally well be used to approximate a function
containing a term in the square of the frequency. Probably a better fit
could be obtained if the following function were used:

ba ¥ A4 T b e 4 bt by £t (8)

There is some reason to believe that a term in f2 might not be unreasonable
in the attenuation. Wegel and Walther (see Reference 3) found variations
in the exponent of the frequency in their elastic hysteresis experiments.
Steel drill rod had an attenuation proportional to f0.87 while polycrystal-
line nickel had an attenuation proportional to fl.54 in the region around
10,000 cycles per second. This means that the elastic hysteresis, as given by
a,f, is in conformity with the theory of hysteresis, but not borne out
perfectly by experiment,

Double Refraction

When transverse wave attenuation measurements were being made on the
tempered blocks, it was noticed that the envelope of the echo train, rather
than approximating an exponential curve, showed several depressions at
regular intervals. On some blocks these depressions almost completely
obliterated certain echoes. It was found that the amount of rancellation
was greatly dependent on the orientation of the transducer, being greatest
when the polarization direction of the transducer was approximately 45
degrees out of alignment with the rolling direction in the specimens.

This ghenomenon is very similar to that observed in germanium®* and
silicon?® *% single crystals. The transverse wave emitted by the transducer
splits into two transverse waves polarized perpendicular to each other,
which travel at different velocities. These waves, because of the differ-
ence in their velocities, return to the transducer out of phase causing
irterference and cancellation in the received echo train. This occurs in
single crystals when the polarization direction of the transducer is mis-
aligned with the two orthogonal directions in which transverse particle
movement is possible in the crystal. In polycrystalline solids this phe-
nomenon will also occur, as is evidenced by this experiment, when there is
an axis along which the individual crystals tend to become oriented.

In our experiment, a y-cut transducer was bonded to each specimen with
phenyl salicilate, and when the polarization of the transducer happened to
be approximately 45 degrees out of alignment with the rolling direction in
the steel, the cancellation due to interference became almost complete at
some echoes (see Figure 2). In such cases the echo numbers at which the
noles occurred were noted and the fractional differences in velocity were



calculated from the m = O through m = 4 branches of the cquation (see
Reference 24)

Av 1 (2m ¢ 1)ty ¢ (-1)™(2ty - tp)

—_ - (9)
v 2ftp aft oty

where

f = frequency,

[ ad
[ ]

round trip time in the specimen,

travel time to the first apperent node, and

[ad
>
L}

travel time to the first true node.

[ad
=3
]

Higher branches were excluded since they would have yielded a difference
in velocity well above the minimum difference observable by the pulse-echo
method. In the experimental work, no such difference was actually observed.

Since this project did not involve the determination of Av/v, the
data on this phenomenon are incidental to the other measurements. When
interference patterns occurred, the nodes were recorded; but when there
was no interference pattern, no attempt to produce one was made. As a
result the data are incomplete.

The possibility that the observed differences in velocity were due
to preferential orientation of the grains in the steel due to rolling was
explored. If Av/v is due to crystal orientation, it is frequency-
independent, and as can be seen from Table XX it must be calculated from
the m = O branch of the formulas in Reference 24. On other branches,
Av/v is not independent of frequency. Calculation on the O-branch yields
a difference in velocity in the range from 0.02% to 0.13%.

When a transverse ultrasonic wave is propagated through a single
crystal in a given direction, there are only two directions (perpendicular
both to each other and to the direction of propagation) in which particle
movement is permitted. Transverse waves vibrating in these two directions
may have different velocities, as can be seen from the following table.
Here the Cij are the elastic moduli of the crystallites and p is their
density.
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Direction of Direction of In Steel
Propogation Farticle Movememt Formula (in, /usec)
c
{010) iR 0.152
(100) i
(001 Cu 0.152
P
(001) NEN 0.152
P
(110}
- Cyy -C
(110] 112 0.098
20
Cyy =Cyq ¢C
any direction in 11712 " "4 0.118
(111) the [111] plane 30

It can be seen fram this table that only when the direction of propagation
is (110] is there a difference between the velocity of propagation for the
two modes of vibration,

A difference in the velocity of transverse waves of different polari-
zations also results when the wave enters a single crystal at a small angle
to one of the directions of propagation. This difference (see Reference 25)
is given by

2
LA B‘J’LE(ZZ - 8in 2 (2K, - 1) : (10)
v 2044

for the case where the direction of propegation is nearly (100]), where

Cu * G2
K) = Cj1 - Cip - 2Cgqy Kp =il 12

C11 - Cyqy

and ¢ and 6 are as in the diagram below
[100)

A is the normal
to the wave front.

(])]

[010]
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It is obvious that differences in the velocities of the different
modes of transverse waves arising from either of the above causes will
cancel out in a polycrystalline solid composed of randomly oriented
crystals; for every crystal oriented in such a way that it passes one
mode a certain amount faster than the other mode there will be another
crystal so oriented that it passes the second mode faster than the first
by the same amount. For this reason a polycrystalline solid with a pref-
erantial orientation of crystals can be considered as being composed of
a few crystals oriented in the most preferential way imbedded in a matrix
of randomly oriented crystals. The characteristics of the preferentially
oriented crystals are then super imposed on the characteristics of the
matrix.

In the matrix there is no difference in the velocity of transverse
waves of different modes, and the matrix as a whole will pase a transverse
wave polarized in any direction in exactly the same way. The wave passing
through the matrix is, then, in effect, vibrating in the same direction as
the original wave emitted by the transducer. When this wave impinges on
the group of preferentially oriented crystals, it splits up into the two
distinct quasi-transverse waves which this group of crystals will pass.
One mode of vibration is passed at a faster rate and arrives back at the
transducer sooner than the other, and the interference resulting from the
phase difference between the two waves causes the cance llation observed
in the echo pattern,

Since the specimens used in this project were blocks of hot-rolled
steel, there was originally a general alignment of the [110] axes of
the individual crystals with the rolling direction. Austenitizing and
tempering removed some of this preferential orientation, but it seems that
there is still some preferred orientation in the blocks. Since there is
no reason for the crystals to be aligned in any other direction, it is
assumed that the preferred orientation, if there is any, is a residue of
the original orientation due to rolling. Therefore, the polycrystal will
be treated as if it were a matrix of randomly oriented crystals with a few
crystals oriented with their (110] axes parallel to the rolling direction
superimposed on this matrix.

The direction of wave propagation in this experiment is known to have
been perpendicular to the rolling direction of the epecimen but it is not
known what the relation between the rolling plane and the direction of
propagation was, If the direction of wave propagation were perpendicular
to the rolling plane, however, it seeme that there would be no difference
between the velocities of the waves of different modes; for the {o01]
direction of the crystals tends to align itself perpendicular to the roll-
ing plane. The direction of wave propagation would then be along the (001]
direction in the crystals. Since a difference in velocity arises from the
first cause we discussed only when the wave is propagated along the [110])
direction, there would be no difference in the velocity of the two modes
of vibration due to this cause. Differences in velocity due to the second
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cause (entrance of the wave at a small angle to the crystal axes) are also
precluded since the crystals shww no preference for one direction of rota-
tion about their [110] axes over the other - for every crystal slanted one
way there is another one slanted in such a way that 6 (see diagram abovs |

is the same for both crystals and the ¢ of one is the complement of the ¢

of the other, resulting in mutual negation,

If the angle between the rolling plane and the direction of wave
propagation is approximately 35 degrees, the wave is propagated along the
long diagonal of the crystal, the [111) direction, and there are not two
distinct modes of vibration, for particle movement with equal wave velocity
is possible in any direction in the (111) plane. Thus there can be no
difference in velocity due to either of the above causes.

If the direction of propagation of the ultrasonic wave is parallel
to the rolling plane, we have the ideal case for a difference in velocity
due to the first cause discussed above. Now the wave is propagated along
the [110] direction and splits up into a component with particle movement
along the [001) direction (perpendicular to the rolling direction) and a
slower component with particle movement along the [110] direction (parallel
to the rolling direction). In order to have a crystal oriented in such a
way as to counteract the effect of this perfectly oriented crystal, the
counteracting crystal would have to be rotated 90 degrees about its (110)
axis from the position most easily occupied.

A velocity difference, caused by the angle at which the sound wave
enters the crystal, is very unlikely in this case too, for the effect of

its [001) axis is cancelled by the effect of another crystal skewed by -8
about its [110) axis and -a about its (001) axis. Since rotation by any
amount about one axis is just as probable as rotation by the same amount
about the other axis, no velocity difference will arise due to this cause.

From the discussion above, it is obvious that the most probable source
of the observed velocity difference between different modes of transverse
waves, if due to crystal orientation, is an orientation of crystals in such
8 way as to create the same effect a8 would be created by a certain number
of crystals having their [110) axes aligned with the rolling direction and
their [110] axes aligned with the direction of propagation of the ultra-
sonic wave, superimposed on a matrix of randomly oriented crystals. Calcu-
lation of the percent of crystals oriented in the above way, necessary to

produce the observed velocity difference, was undertaken in the following
way.

Superimpose on the polycrystal a set of axes such that the x axis
corresponds to the direction of rolling and the y axis is perpendicular
to both the x axis and the direction in which the ultrasonic wave is
propagated through the polycrystal,
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Let
v = average velocity of sound in the polycrystal,

v, = velocity of transverse waves in the oriented crystals
when the particle motion is along the x-axis in the
specimen

v, = velocity of transverse waves in the oriented crystals
when the particle motion is along the y-axis in the
specimen,

L = thickness of the polycrystal along the direction of
propagation,

k = fraction of the crystals oriented in the most
preferential way,

t. = travel time of transverse weves polarized along the
x-axis for a path length L, and

t. = travel time of transverse waves polarized along the
y-axis for a path length L.

Since the path length in the oriented crystals is proportional to the
fraction of oriented crystals, the two equations for the travel time become

L(1 -k Lk

" -L-———l4--- (11a)
v Vo
L(1 -k Lk

vy " ( ) A (11b)
v Vy

The difference between these is

Lk{v, ~-v
-t -__(_L_’S.).
y VeVy

(12)

To estimate the value of k necessary to produce the differences in
travel time observed, one can use the data in Table XIII and the two velo-
cities listed above for propagation of transverse waves in the (110] di-
rection, Thus, v, = 0.152 in./usec. and v, = 0.098 in./usec. Typically,
ny = 6 at 18 mcps. Thus the wave travels a distance of 12L for half a
wavelength path difference for interference on the branch m = 0 or 24L for
one wavelength (equivalently, ome cycle) path difference. The time differ-
ence (ty-— ty) thus corresponds to 1/24 of a cycle at 18 mecps.
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The length L is about 0.65 inch so the result on solving the above equa- -
tion for k is

.y k = 0.00098 = 0.001

Thus the alignment of 0.1% of the crystallites would suffice to produce

» the interference patterns observed. It seems that the method of ultra-
sonic double refraction can be used to detect preferential alignment of
crystallites in rolled metal stock when less than 0.1% of the crystallites
are aligned.

X-ray diffraction traces of the first four peaks of the martensite
(110], [200], [211], and [220] were recorded on two perpendicular faces
(one of which was perpendicular to the rolling direction) of four of the
specimens showing the double refraction, but the results indicated only
that if tliere were any preferential orientation of the crystals in the o
steel, it was less than the 2% minimum orientation which could be detected )
by the X-ray method. Thus the X-ray measurements do not contradict the
ultrasonic double refraction measurements.

There is a second possible cause of the ultrasonic double refraction
in this steel. Nonmetallic stringers parallel to the direction of rolling
occupy 2% of the volume. These stringers are analogous to the elongated
damaged regions produced by neutron bombardment of silicon (see Reference 25).
Only about 0.1% of the silicon volume was damaged, however. Since the
stringers are present uniformly in all the specimens, they should affect
the ultrasonic double refraction equally in all specimens. Since the
r double refraction was pronounced in some specimens and absent in others,
it is concluded that stringers do not play a role in the double refraction.

Adan

CONCLUSIONS AND RECOMMENDATIONS

1. Both the elastic hysteresis and the Rayleigh scattering are re-

{2 duced by the auctenitizing and quenching process and by tempering. It is
ﬁ?; probable that the reduction in the elastic hysteresis loss is caused by
s the stress reduction brought about by the heat treatment. The reduction

in the Rayleigh scattering arises from the changes of the grain size, the

ultrasonic velocity (slight change), and the anisotropy of the elastic

constants of the grains. In particular, grains of martensite are more

elastically isotropic than grains of pearlite. The martensite platelets

themselves are too small to contribute appreciably to the Rayleigh scatter-

ing since the scattering is proportional to the cube of the diameter of

the scattering center. The prior austenite grain volume is the scattering

volume, but its anisotropy is reduced by its division into many platelets .
of martensite. Since the platelets form in 24 directions with respect to

the crystal axes of the austenite and not at random, the prior austenite

grain volume does not lose all its anisotropy on its transformation to

martensite (see References 4, 5 and 17). The grains also become more

elastically isotropic on tempering when the interstitial carbon straining

the lattice is removed. | {
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2, There is no significant correlation between the ultrasonic data
and the hardness or breaking encrgy of the specimens. In partiocular, the
raw data on longitudinal wave attenuation (cquivalent to the corrected data
of Teble VIII since the correction is the samec for all blocks at a partic-
ular frequency) show no correlation with the strength parsmeters. Since
the longitudinal wave attenuation measurements are the only ones practical
to meke on a production line, it is not possible to develop an industrial-
scale ultrasonic test for hardness or breaking energy when the variations
in these quantities arise from temper-embrittlement. The correlations
found in References 1 and 2 were not confirmed. Variations arising from
improper quenching could be detected very readily, however, because the
pearlite produced in a slow quench has a greater elastic anisotropy than
does martensite, and hence has higher Rayleigh scattering and higher atten-
uation for the same grain size (see References 4, 5 and 17). More work
should be done on this,

3, Preferential orientation of metal grains can be detected with great
accuracy by the method of ultrasonic double refraction using transverse
ultrasonic waves. According to calculations, using known ultrasonic velo-
cities in single crystallites and measured velocity differences in the
steel, it is possible to detect a case of preferential orientation involv-
ing less than 0.1% of the grains in the specimen. This accuracy is an
order of magnitude better than that obtained by the currently used X-ray
methods, More research and development work should be done on the applica-
tion of ultrasonic double refraction to the problems of the preferential
orientation of grains in metals. In principle it is possible to make ultra-
sonic pole figures analogous to the X-ray pole figures used currently.

Studies on rolled, swaged, drawn, or forged metal would yield different
ultrasonic double refraction patterns. For instance, swaged iron has the
[110] direction of its crystallites aligned. preferentially along the swaging
axis and the [110] directions distributed randomly in a plane perpendicular
to the swaging axis. Ultrasonic waves propagating normal to the swaging
axis will experience equal double refraction at any azimuthal angle about
the swaging axis. On the other hand, rolled iron has the [110] direction
of its crystallites aligned preferentially along the rolling direction and
their {110) directions aligned psrallel to the rolling plane. The frac-
tional velocity changes leading to the ultrasonic double refraction will be
a function of the azimuthal angle abou*t the rolling direction when the ul-
trasonic waves are propagated in a direction perpendiculer to the rolling
direction.

Propagation normal to the rolling plane will be along the (100] direc-
tion in the aligned crystallites, and no velocity difference will be observed
because there is four-fold symmetry. Propagation perpendiculer to the roull-
ing direction and at an azimuthal angle of about 55 degrees from the normal
to the rolling plane will be along the [111] direction in the aligned crys-
tallites, and again there will be no velocity difference because of the
three-fold symmetry. Propagation perpendicular to the rolling direction and
in the rolling plane will be along the [110] direction in the aligned
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crystallites, so there will be a velocity difference in this case because
of the two-fold symmetry. The case of propagation along a [110] direction
was treated earlier in the text, and it was found that preferential orien-
tation of 0.1% of the crystallites could be detected easily this way. On
some blocks the double refraction effect could not be found even though
the transducers were rotated to many positions. Either there was no pref-
erential orientation of the crystallites or the direction of propagation
happened to be near the [100] or the [111] directions in the oriented
crystallites. If the latter is the case, then there is evidence here for
the feasibility of ultrasonic pole patterns. The possibility of a contri-
bution by stringers should not be disregarded in the case of other speci-
mens when further work is done.
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APPENDIX A
TABLE I

ATTENUATION a VERSUS FREQUENCY f

{ AS-RECEIVED BLOCKS

Longitudinal Waves
Attenuation in decibels per microsecond

f, meps 5 7 9 10 12 15
Error in a 0.031 0.029 C.06 0.06 0.06 0.06
Block
401 0. 206 0.303 0.41 0.55 0.88 2.04
402 0. 208 0. 298 0.41 0.59 0.90 2.08
403 0. 203 0.303 0.38 0.50 0.77 1.94
404 0. 196 0.285 0.37 0.49 0.75 1.85
405 0. 217 0. 296 0. 37 0. 49 0.77 1.88
. 406 0.197 0. 296 0.35 0.49 0.70 1.83
407 0.181 0. 294 0.37 0.53 0.77 2.04
408 0. 204 0.291 0.37 0.49 0.73 1.88
' 409 0. 210 0.276 0.35 0.49 0.73 1.88
410 0. 206 0. 294 0.38 0.57 0.88 2.17
411 0. 217 0.291 0.33 0.50 0.72 1.85
412 0. 203 0. 305 0.37 0.55 0.86 2.01
413 0. 210 0.285 0.33 0.50 0.77 1.91
414 0.214 0. 318 0.37 0.55 0.86 2.11
415 0. 187 0. 309 0. 37 0. 55 0.79 1.88
416 0.221 0. 280 0.33 0.49 0.72 1.83
417 0. 210 0. 289 0. 35 0. 50 0.73 1.88
418 0.185 0.285 0.33 0.52 0.77 1.91
419 0.181 0. 289 0.38 0.57 0.88 2.01
420 0.212 0. 284 0.38 0.5%7 0.90 2.04
421 0. 206 0.285 0.35 0.52 0.77 1.88
422 0.214 0.303 0. 37 0.52 0.81 1.91
423 0.192 0.294 0.33 0.49 0.75 1.85
424 0. 190 0. 285 0.33 0.49 0.72 1.83
425 0.210 0. 287 0.33 0.49 0.73 1.83
426 0.212 0. 287 0.38 0.57 0.88 2.11
427 0.219 0. 278 0.37 0.53 0.79 1.94
428 0. 204 0. 280 0. 37 0.53 0.81 1.88
429 0. 203 0. 266 0.35 0.49 0.73 1.83
430 0. 214 0.264 0.33 0.49 0.72 1.80
431 0.201 0.262 0, 37 0.53 0.77 2.01
432 0. 206 0.262 0.37 0.53 0.77 2.04
433 0.201 0.260 0.37 0.53 0.79 2.01
434 0. 208 0. 262 0.35 0. 50 0.75 1.97
(continued)
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TABLE I {continued)

f, meps 5 7 9 10 12 15
Error in a 0.N31 0.029 0.06 0.06 0.06 0.06
Block
435 0.192 0. 258 0.35 0.49 0.73 1.88
436 0.201 0. 268 0. 77 0.50 0.75 1.88
437 0.212 0. 270 .37 0.50 0.77 1,91
438 0. 223 0. 280 0.39 0.59 0.88 2.17
439 0,223 0. 293 0.139 0. 57 0.86 2.14
440 0.212 0. 289 0.39 0.57 0.88 2.20
441 0.219 0.272 0.39 0.59 0.90 2,20
442 0.196 0.252 0.33 0.49 0.70 1.85
443 0.199 0. 248 0.3% 0. 52 0.77 2,01
444 0. 221 0,233 0.38 0.5% 0.84 2.08
445 0.203 0. 256 0. 39 0.59 0.88 2.08
446 0.214 0.278 0. 738 0.53 0.84 2.08
447 0. 201 0. 241 0.35 0. 50 0. 77 1,67
448 0. 187 0. 270 0.35 0.49 0.75 1,94
449 0. 210 0. 256 0.35 0.49 0.73 1.88
450 0. 185 0.262 0.37 0.52 0.81 2.04
451 0. 216 0. 266 0.37 0.50 0.77 2.04
452 0. 208 0.254 0. 37 0.55 0.81 1.94
453 0. 204 0. 266 0.37 0.52 0.177 1.97
454 0.201 0. 287 0. 38 0.53 0.84 2.08
455 0.176 0. 282 0.35 0. 49 0.73 1.83




TABLE II

METALLOGRAPHIC DATA

AS-RECEIVED BLOCKS

Austenitic
Grain Size
Block AST™ Pearlite Ferrite Banding 3tringers
401 5-6 fine-coarse no moderate yes
403 5 fine-coarse no slight yes
407 5-8 fine-coarse trace pronounced yes
413 5-6 fine-coarse trace slight yes
417 5-6 fine-coarse no pronounced yes
419 5-6 fine-medium trace slight yes
425 5-6 fine-medium trace moderate yes
431 5-6 fine-coarse trace pronounced yes
433 5 fine-coarse no slight yes
437 5-6 fine-coarse trace slight yes
443 5-6 fine-medium trace pronounced yes
449 5-€ fine-coarse no pronounced yes
455 5-6 fine-coarse trace pronounced yes
_TABLE II1
ROCKWELL C HARDNESS
AS-RECEIVED PT.0CKS
Hardness, Average
Block of Four Points
401 22,4
407 22.7
413 22.7
419 23.0
425 22,6
431 22,8
437 22.8
443 23.1
449 23.1
455 23.0
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TABLE IV

ATTENUATION o VERSUS FREQUENCY f

AUSTFNITIZED BLOCKS

Longitudinal Waves
Attenuation in decibels per microsecond

f. mops) 6 7 10 12 15 18 20 | 22 [ 35 |40 | 45 |60 | 75
Error
iaa
o 0.032 |0.025 |0.021 | 0.018 | 0.021 {0.020 | 0.018 |9.015 |0.013 {0.02 [0.05 |0.06 |0.05 |0.06
[
401 ] 0.011 [ o+ | o |o.014]0.007 {0.044 |0.0420.056 {0.19 [0.26 [0.37 | 0.48 |1.09 | 2.19
402 [0.015]| 0 0 [0.006]0.000°]0.041{0.048 [0.06210.13 |0.29 |[0.46 |0.64 |1.39 | 2.60
43 |[o0060*] o 0 [0.014]0.000 |0.039 |{0.040 | 0.052|0.19 |0.26 |0.40 | 0.54 [1.20 | 2.52
404 {0.015] 0 0 |0.018|0.002 |0.038|0.046{0.056 [0.19 |0.26 |0.37 |0.51|1.15] 2.28
405 |0.00¢ 1 0 0 |0.0160.000 |0.043 | 0,042 [0.050 |0.18 |0.25 [0.37 {0.49 |1.15]2.31
406 | 0.000 | © 0 {0.010]0.000 |0.036 |0.040 [ 0.052 19.20 |0.27 [0.40 |0.55 |1.34 | 2.52
07 |o.013 | o 0 [0.010[0.006 [0.044 | 0.050]0.054|0.20 |0.27 |0.40 | 0.58 [1.37|2.78
408 |o0.00¢| 0 0 ]0.019]0.002 |0.044{0.048 {0.0520.19 |0.25(0.37 |0.57 [1.22{ 256
409 [0.000| O 0 |0.016]0.0020.038 | 0.022]0.050 | 0.18 |0.25]0.38 | 0.57 [1.29 | 2.64
410 | 0,000 | © 0 (0.018 [0.006 |0.038 [0.046 {0.064 |0.20 [0.30 |0.46 |0.67 [1.53|2.90
41 {o.010] © 0 |0.019|0.004 |0.041|0.048 | 0.050 | 0.17 |0.25]0.35] 0.48 | 1.18 | 2.35
412 [o0.015] 0 0 [0.079]0.009 |0.051 |0.061|0.0600.19 [0.27 |0.40 | 0.58 |1.39 | 2.69
413 | 0004 | O 0 |0.019{0.006 |0.032{0.048 |0.050[0.18 |0.26 [0.40 | 0.54 |1.29 | 2.¢64
a4 [oooe | 0 0 |0.0180.007 [0.041]0.058 |0.069 |0.22 [0.33]0.49 | 0.72|1.48 | 2.86
415 |0.000 [ o 0 |0.024(0.007 {0.041 |0.048 |[0.062/0.20 |0.27 |0.43 0.60 [1.29 | 2.69
416 | o0.008 [ o 0 |oc.ulg|o.006 [0.9¢1]0.050|0.048|0.19 |0.25]0.37 | 0.52 {1.20| 242
417 |o.010) o 0 {0.018]0.009 [0.0¢6|0.063]0.054]0.18 |0.24|0.37 | 0.52|1,22] 2.42
418 [ 0.020 ; 0 [0.072|0.089{0.071 |0.269 |0.277 {0.206|0.24 |0.32{0.44 | 0.60 [1.39 { 2.52
419 [0.000 | 0 0 |[06.012]0.007 |0.0% |0.054]0.054|0.19 |0.27 |0.42 | 0.57 |1.29 | 2.56
420 | 0.002 | 0 0 |0.019]0.006 |0.03¢ [ 0,046 | 0.048 | 0.19 [0.29]0.43 | 0.60]1.39 2.4
421 | 0006 | © 0 |0.624{0.009 |6.049 [0.058 |0.045|0,37 |0.25{0.38 | 0.55 [1.03 ] 2.31
422 | 0.008{ 0 0 |0.024]0.0020.036{0.045 | 0.041|0.18 | 0.25[0.35]0.52{1.07 | 2,42
23 (0015 0 0 |0.024]|0.009 [0.0% {0,040 | 0,043 [0.20 |0.24 | 0,32 0,49 |1.01] 2.25
424 |0.002| o© 0 |o0.018]0.000 [0.0% [0.039 {0.040 [0.18 [0.23|0.32|0.48 |1.03] 2.35
425 | o010 o 0 {0.014] 0,000 |0.0300.039|0.0% |0.17 |[0,24]0.35|0.48 |0.98 [ 2.31
426 |0.000] © 0 |o0.012|0.002[0.034{0.048]0.045 0,27 [0.29]0.37 {0.55|1.18 2.38
427 | o0.006 | 0 0 |o.012|0.000 [0.032{0.046 0.udi|0.17 ' 0.24 ©.35 .51 1.15] 2.31
428 |o0.010| o 0 |0.023|v.000 |0.039|0.052 0.048]0.16 1 0.24 0.33]0.4971.13/ 2,31
429 |o.008] 0 0 |0.016]0.000 |0.032|0.044 0.046]0.18 | 0.26 |0.35]0.55|1.27 | 2.42
43 | 0.008| o0 0 |0.026]0.000 | 0.039|0.054 0.043]0.17 |0.25 0,32 0.51)1.07] 2.35
431 [o0.000] 0 0 [0.024]0.009 | 0.048 | 0.048 0.050|0.16 |0.23 0.31( 0.491.15] 2.25
432 [o0.000] © 0 |o0.016{0.607 |0.035|0.046 0.052]0.18 [ 0.25 0.37 0.4 1,15} 2.52
433 | 0,000} 0 0 |o0.021{0.007 |0.041{0.046 0.050]0.17 |0.23 0.35|0.49]1.13] 2.45
43¢ | 0,008 | 0 0 |[0.019]0.007 {0.039|0.046 0.048|0.17 |0.24 0.33] 0.52  1.15] 2.42
435 [ 0306 | o 0 |0.019]0.004 |0.039|0.042 0.0480.19 J0.26 0.37[0.55 1.22}2.52
43 | 0.004| O 0 |o0.012] 0,000 [0.034 |0.042 ©.048,0.25 10,40 0.58] 0.86 1.43( 2.90
437 [ 0.000] 0 0 |o0.014]0.0000.034]/0,040 0.038]0.18 |0.25 0.370.52 1.13] 2.52
438 | 0.000| 0 0 |0.012]|0.000 10,036 {0,042 0.0¢8]0.23 |0.35 0.52]0.67 |1.53] 2.82
439 | 0.000] 0 0 |0.010|0.000|0.036]0,046 0.052|0.24 |0.35 0.47} 0.68 1.51| 2.86
440 | 0,004 ] O 0 |0.,012]0.004 |0.034|0.044 0.05|0.18 [0.27 0.37]0.54 1.18} 2.52
441 | 0.000| 0 0 |{0.010] 0,000 |0.038 |0,040 0.045]0.22 10,35 0.50]0.67 1.37] 2.74
442 | 0.002( o 0 }o.014{0.000}0.034|0.039| 0.046{0.17 0.25 0.38] 0.52 1.11}] 2.25
443 | 0.022| o 0 |0.024]|0.0c4 |0.041|0.050|0,041]0.18 ©0.24 0.35{0.51 1.05|2.19
444 | 0.008| O 0 |0.006v.002|0.032]0.035)0.040|0.21 0.31 0.44] 0.64 1.34]2.74
445 0.008 0 0 0.010| 0,000 | 0.032|0.040 | v.udoju.ie {0.27 ju.97 fv.921.22]2.45
46 | 0.020] o0 0 |0.014)0.000|0.044 |0.044]0.043]0.18 [0.25]0.33 [ 0.51]1.05| 2.42
@7 o013 o 0 |o.016 0.000) 0,038 0,044 0.041]0.18 |0.25[0.38| 0.51]1.18] 2,31
48 | 0.013| o 0 |o0.014] 0.004 |0.036 | 0.044 | 0.040[0.19 |0.25|0.38] 0.501.15| 2.42
449 | o018| 0 0 |0.019)0.000 |0.041]0.042}0.042(0.18 |0.23]0.35/0.49]1,08) 2.25
450 [ 0.002| o 0 | 0,019 0.000 | 0.038] 0,046} 0.041{0.19 | 0.25{0.44 0.52] i.24] 2.52
as1 o011 | o 0 | 0.019( 0.004 | 0.044]0.046 ] 0.041]0.17 [0.22]0.33] 0 as|1.07] 2.28
452 1 6011 | o0 0 |0.016|0.0000.039 |0.042|0.041]0.16 |0.23]0.35}0.49(1.15] 2.28
453 [ 0.010| o 0 | 0,028} 0.007]0.070{0.072{ 0.088]0.24 | 0.35]0.55] 0.671.56] 2.82
54 {0151 o 0 - lomr] - - . . |o.71]0.71 ] 0.88 | 1.82] 4.08
455 ] 0.131| o |o.43|o0.26| - |o0.366]0.387]0.653] - . - - |- -

*The attenuation mious thy diffraction correction was negative, therefore it was set equal to sero,
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TABLE

\

METALLOGRAPHIC DATA

AUSTFNITIZED BLOCKS

Block Martensite Bainite Carbide Stringers
410 98% 2% trace many
425 97% 3% trace many
436 100% 0 fine many

throughout
443 97% 3% fine many
throughout
TABLF VI
ROCKWELL C HARDNESS
AUSTENITIZED BLOCKS
AVERAGE OF FOUR POINTS
Block Hardness Block Hardness Block ! Hardness

401 63.3 421 60. 4 441 60.2

402 59.9 422 60. 4 442 €0.2

403 60.5 423 60. 2 443 60.1

404 60,7 424 60. 4 444 60. 2

405 60.0 425 60. 6 445 60. 4

406 60. 1 426 60.7 446 60. 4

407 59.5 427 60.8 447 60.3

408 59. 6 428 60. 6 448 60. 7

409 60.3 429 60.3 449 60.7

410 59.9 430 60. 7 450 60. 6

411 60, 2 431 60.5 451 60. 4

412 60. 2 432 60. 6 452 60. 4

413 60,3 433 60.5 453 42.6

414 59.8 434 60. 4 454 43.2

415 60.3 435 60.2 455 45.5

416 60. 2 436 60. 4

417 60. 3 437 60.5

418 60. 6 438 60.5

419 60. 3 439 60. 4

420 60.5 440 60. 4
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TABLE VII
TEMPERING CONDITIONS

ONE HOUR TEMPER

Tempering Cooling

Temperature, Water Furnace
Deg Cent Quenched Cooled
Blocks Blocks
425 402, 403 404, 405
450 406, 407 408, 409
475 410, 411 412, 413
500 414, 415 416, 417
525 418, 419 420, 421
550 422, 423 424, 425
575 426, 427 428, 429
600 430, 431 432, 433
625 434, 435 436, 437
650 438, 439 440, 441
675 442, 443 444, 445
700 446, 447 448, 449

725 450, 451 452
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TABLE 1X

ATTFNUATION A a LOST ON TEMPFRING

Longitudinal Waves

Attenuation in Decibels Per Microsecond

{. wcps 10 12 15 18 20 71 3

Block | Temp.* | Quench*®

401 | - - - - - - - TN RN N IR
402 | 425 ¥a 0 0 |0.028 10.033{0.044(0.16{0.23,0.39 (0.85](1.09
103 | 425 ¥a 0.013| o 10.028 |0.036|0.045]0.19{0.11]0.33|0.73}1.2)
404 425 Fu 0.004 (0.002 [ 0.030 | 0.041 | 0.049 [ 0.19}0.13(0.32]0.75(0.92
405 | 425 Fu 0.011} o0 0.0:5]0.040] 0.639(0.17] 0.13]0.3210.71/ 1.05
406 450 Wa 0.00S| 0 0.024[0.036]0.039]0.18]0.15{0.36]0.90] 1.09
407 450 Wa 0.004 [ 0.006 | 0,035 | 0.045| 0,047 10.19] 0.15(0.35]0.90 | 1,37
408 450 Fu 0.014 | 0.002 | 0.036 | 0,046 | 0.045(0.17}0.13(0.32]0.77{1.13
409 450 Fu 0.002 u.u 2 (u.029 10.030) 0.047 (0,16 0.13}0.38 |0.85]1.33
410 | 475 Wa 0.018 ' © 0.034 0.0420.059(0.18(0.15]0.47 [1.03 (1,42
411 475 Va 0.013 0.00210.035 ©.048]0.043 [0.14]0.15(06.29 {0.70]1.23
412 | 475 Fu 0.015 0.G09 {0,033 0,050/ 0,047 {0.19|0.15'0,37 |0,99 | 1.43
413 | 475 Fu 0.016 0 10,024 ©.048)]0,04510.14]0,12/0.34(0.82(1.4%
414 500 Wa 0.001 0.002|0.048 0,051 0.05010.17]|0.16 | 0.49 [0.94 ] 1,40
415 | 500 ¥a 0.014 0,007 | 0,033/ 0.039(0,053;0,18/0.14 /0.41|0.79]1.47
416 500 Fu 0.004 0,006 {0.0°2 0.045|0.041]0.14]0.1310.34}0.85(1.28
417 500 Fu ¢ 0.002]0.032 0.054]0.04710.16/0.12/0.35/0.75(1.20
419 525 Wa 0 U ¢ 10,03410,043(0.1410.19/0.42(0.97]1.24
419 525 Wa 0 10.007|0.027|0.053[0.049|0C.17]0.15|0,42{0.941.25
420 | 525 Fu 0.009 [ 0,006 | 0.023 [0.031} 0.03710.16|0.17 | 0.41 {0.94] 1.40
421 525 Fu 0.014 (0,009 | 0.C43 | 0.049 | 0.042) 0,12(0.16|0.40 10.66 | 1.22
422 | S50 Wa 0.005; 0 [0,082(0.041]6.032|0.13]|0.140.37]0.73]1.33
423 | 550 ¥a 0.007 0,006 | 0,026 [0.031}0,036|0,20)0.15(0.35[0.67|1.01
424 550 Fu d 0 |0.643)0.030]0.040]0.15}0.13|0.34|0.61[1.18
425 | 550 Fu 0 0 |0,02610.034)0.035|0.16{0.16|0.35|0.60]| 1.24
426 575 Wa 0 0 0.070 [ 0.039] 0,041 0.12/0.19 (0.3 [0.84{1.24
427 575 Wa 0 v (v.uls ju.uar 0.032[0.16]0.14]0.3 [0.75(1.09
42 575 Fu 0 0 10.033!0.,050 0.048(0.12/0.15]/0.32(0.73(1.17
429 | 875 Fu 0.006 0 |0.029 | 0,042 0.045]|0.15]/0.16|0.40]0.921.14
430 | 600 Wa 0.009 0 10.028 10,039 0.032(0.17]|0.15/0.320.63]1.21
431 600 Wa 0.010 ©0.€02]0.040!10.043 0.039]0.15|0.13]/0.36 |0.81]1.31
432 | 600 Fu 0 0.007)0.030|0.63% 0.0490,16(0.16]0.36 |0.75[1.21
433 | 600 Fu 0.007 0.C07 [ 0.0% |0.044 0,049|0.,16|0.14 0,34 |0.78]1.38
434 625 Wa 6,005 0.002/ 0,023 | 0,039 0,037 |0.13]0.12(0.34|0,711.23
435 | 62% Wa 0 0.001}{0.033[0.633 0.045]/0.15]0.15 |0.41 0.84 (1,38
436 | 625 Fu 0 0 {0.034{0.035 0.043)0.22|0.29 /0,71 |1.06]1.85
437 | 625 Fu 0.062, 0 |{0.630{0.036 0.0380,16|0C.15/0.38 [0.73} 1,30
438 650 Wa 0 0 0.032|0.038 0.,043)0.19] 0,22 0,55 |1.08]1.51
439 | 650 Ya 0 i} 0.030 ) 0.041 0.046) 0,197 0.240.51 [1.06|1.60
440 | 650 Fu 6 |0.004|0.030}0.,040 0,055|0.13/0.150.39 /0.80{1.38
441 | 650 Fu 0 0 0.038 {0.033 0,042]0.17(0.25/0.50/0.92|1.60
442 | 675 Wg 0.004 | © 0.030 (0.022 0.035/0.13{0.15}0.350.76 [1.20
443 | 675 Wa 0.010 0 |0.038(0.046 0.030/0C.16]0,13)0.37/0.60]1.10
444 | 675 Fd 0 0.002(0,026 0,030 0.022|0.16/0.20/0.51 |0.92]1.41
445 | 675 d 0 U {v.usl§u.uo1)0.039]0.13]0.16|0.38 |0.82]1.23
446 | 700 Wa ] 0 |0.033]0.031]|0.032(0,17{0.140.38 0.6511.16
447 | 700 Wa 0 0 /0.0290.019]0.027(0.12(0.08]0.28 |0.60 1,24
448 | 700 Fu ©.002 |0.002) 0.030 ;0,035 0.035)0.18{0.14 [0.34 10.71 | 1.42
449 | 700 Fu 0 0 |0.025(0.0370.040(0.16]0.13!0.34 [0.621.13
450 | 725 Va 0 0 |0.020|0.028,0.025{0,17{0.10{0,34 |0.84 [1.06
451 | 725 Va 0 0 |0.014 }0.008|0.009]0.09]0.03]0.30[0,53[0.77
452 | 725 Fu 0 0 10.033]0.027|0.028¢{0.09]0.10]0.31/0.70]0.95
453 - - 0.009 0.007]0.059 0.061] 0.0770.1710.23[0.49 ]1.12(1.70

*Tempering temperature in degrees Centigrade
**Quenching method: Wa = Water, Fu = Furnace
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_TABLE X

ATTENUATION o VERSUS FREQUENCY f

TEMPERED BLOCKS

Transverse Waves

Attenuation in Decibels Per Microsecond

f, mcps 7 10 10 21 30 35 54 63 90
Error in o 0.034 | 0.027 | 0.047 | 0.045 | 0.08 | 0.08 | 0.08 | 0.08 | 0.08
Block | Temp.®* | Quench®*®
401 - - 0.073 - 0.157 | 0.239 - 0.52 - . -
402 425 Wa 0.018 | 0.055 | 0.086 | 0,198 - 0.32 | 1.73 - .
403 425 Wa 0.025 | 0.036 | 0.073 - 0.34 - 1.04 - .
404 425 Fu 0.010 { 0.069 | 0,065 { 0,233 | 0.32 | 0.32 | 1.10 - -
405 425 Fu 0.022 | 0.044 | 0.086 | 0.124 | 0.28 | 0.27 | 0.76 | 1,78 -
406 450 Wa 0.018 | 0.037 { 0.067 | 0.102§ 0.31 | 0.32 | 0.5) - -
407 450 Ya 0.028 | 0.050 | 0.075 | 0.146 | 0.35 | 0.33{ 0.32 | 1.83 -
408 450 Fu 0.046 | 0.018 | 0.072 ] 0.118 | 0.24 | 0.20 | 0.97 | 1.57 | 1.8§
409 450 Fu 0.037 | 0.052 | 0.138 | 0.188 | 0.27 | 0.28 | 0.96 | 1.42 -
410 475 Ya 0.028 | 0,162 | 0.111 | 0.106 | 0.34 | 0.33 . 1,75 | 0.82
411 475 Ya 0.040 | 0.037 | 0.083 } 0.172 | 0.24 | 0,32 | 1.14 - -
412 475 Fu 0.030 | 0,046 | 0.075 | 0.156 | 0.28 | 0.29 | 1.02 { 1.40 -
413 475 Fu 0.0)4 | 0.040 | 0,086 | 0.126 | 0.35 | 0.26 { 1,21 | 1.42 -
414 500 Ya 0.014 | 0.022 | 0.079 | 0.198 | 0.35 | 0.32| 1.10 | 0.81 | 6.25
415 500 Ya 0,015 | 0,052 | 0.094 | 0.120 | 0.35 | 0,25 | 1.84 | 1.49 | 2.31
416 500 Fu 0.009 | 0,032 | 0.083 | 0.237 | 0.39 | 0.33 | 1.10 | 1.40 | 1.22
417 500 Fu 0.012 | 0.050 | 0.071 | 0.148 { 0.29 | 0.27 ] 1.21 | 1.12 | 5.60
418 525 Ya 0.038 | 0,077 |{ 0,131 | 0.132) 0.32 ] 0,21 | 0.94 | 0.57 -
419 525 Wa 0.01¢ | 0,117 | 0.067 | 0.114 | 0.25 | 0.27 {1 0.87 | 1.69 | 2.02
420 525 Fu 0.022 | 0,018 | 0.081 | 0.141| 0,31 | 0.40] 1.23 | 1.94 | 1.63
421 525 Fu 0.02 | 0.016 { 0.060 | 0.102| 0.31 ) 0.25| 0.65 | 1.28 | 1.93
422 $50 ¥a 0.022 ] 0,016 | 0.090 | 0.134{ 0.35 ) 0.28 ] 0.97 { 1.75 | 1.96
423 550 Ya 0.018 [ 0.071} 0.086 | 0.084 | 0.27 | 0.25 | 1.04 | 1.28 -
a4 550 Fu 0.018 | 0.028 | 0.079 | 0.124 | 0.31 | 0.22 | 1.31 | 1.44 | 1,51
425 550 Fu 0.018 | 0,022 | 0.056 | 0.196 | 0.29 | 0.31 ' 1.04 - 1.58
426 575 Ya 0.012 | 0.052 ] 0.090 | 0.100{ 0.32 | 0.27 | 1.08 | 1.75 -
'Yy 575 Ya 0.020 { 0.017 | 0.119 | 0,116 | 0.28 ' .2l | G.92 | 1.28 | 2.24
428 §75 Fu 0.009 | 0.024 | 0.069 | 0.132 0.33 | 0.25( 1.% ' 1,38 | 2.16
429 $75 Fu 0.020 | 0,020 | 0.077 ] 0.106 | 0.28 0.26 | 1.06 | 1.8 -
430 600 Ya 0.007 | 0,0% | 0.103 ] 0.241] 0.39 ' 0,33 . - 2.1
431 600 Ya 0.025 | 0,065 | 0.077 | 0.112 - 0.31| 0.94 | 1.42 ] l1.08
432 600 Fu 0.023 | 0,014 | 0.066 | 0.141 | 0.34 - 1.10 1,67 | 1.11
433 600 Fu 0.022 1 0.016 | 0.052| 0.134( 0.33 0.34| 0.92 1.49| 1.51
U 625 Ya 0.051 { 0.012{ 0.065 | 0.130] 0.35 0.26 | 1.08 1.49 -
435 625 Ya 0.022 | 0,009 | 0,065 | 0.118 | 0.33 - | 1.04 - -
4% 625 Fu 0.016 | 0.103| 0.034 | 0.128 ] 0.35 | U.33§ U.¥5 | 1.12 -
'k 625 Fu 0.004 | 0.030 | 0.075 | 0.139] 0.31{ 0.27 | 1.14 | 1,08 | 1.63
4% 850 Ya 0.015 | 0.020 [ 0.119 | 0.116 | 0.33 ] 0.29 | 1.10 | 1.69 -
439 650 Wa 0.014 | 0.083 | 0.073 | 0.156 | 0.35 | 0.31 | 1.17 | 1.62 | 1.8%
440 650 Fu 0.012 | 0,028 | 0.107 | 0.273 ) 0.28 | 0.29 | 1.33 | 1.%0 .
441 650 Fu 0 0.022| 0,060 | 0.180 | 0.31 | 0.26 | 0,90 | 1.02 -
442 678 Ya 0.018 | 0.025| 0.090 | 0.185| 0.32 | 0.32| 0.97 . 1.85
443 675 Ya 0.016 | 0.020 | 0.069 { 0.139( 0.39 | 0.29| 0,79 | 1.52 | 1.22
“e 675 Fu 0.0J2 ] 0,020 0.070 | 0.150| 0.39 ] 0.29| 1,12 - 1.4
445 675 Fu 0.015 | 0.088 | 0.081 | 0.112| 0.33 | 0.27 | 1.02 ] 1,75 | 1.43
446 700 Ya 0.02% | 0.071 { 0.097 | 0,237 | 0,31 | 0.46 | 0.92 - -
4“7 700 Ya 0.02 | 0.037 | 0.081 | 0.243] 0.31 | 0.26 | 1.14 | 1.42 .
448 700 Fu 0.022 [ 0.039 | 0.081 | 0.120 - 0.29| 1.00 | 1.64 -
449 700 Fu 0.02% | 0.046 | 0.119 | 0.168 | 0.24 } 0.31( 1,26 | 1.69 | 1.86
450 725 Va 0.101 | 0.020 | 0.088 | 0.174 ] 0.34 | 0.24 | 0.90 | 1.12 | 1.56
451 725 Ya 0.03¢ | 0.040 { 0.136 | 0.260 | 0.32 | 0.63| 1.19 | 1.4 -
452 725 Fu 0.020 | 0,028 | 0.084 | 0.146 | 0.33 ] 0.34 | 1.10 | 1.97 -
453 o . 0,02 | 0,090} 0,101 0.130 - 0.31; 1.47 | 1,83 -
*Tempering temperature in degrees Centigrade
"Q:g;hl:g method: Wa = Iatgr. Fu = Furnace
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TABLE XI

VELOCITY v VERSUS FREQUENCY f

TEMPERED BLOCKS

Longzitudinal Waves

f, meps i 18 54
Error 0.0023 0.0048
Block Temp. * Quench**
406 450 Ya 0.2319 0.231%
408 450 Fu 0.2320 0.2308
426 575 Va 0.£322 0.2334
428 575 Fu 0. 2326 0. 2346
446 700 La 0.2331 0.2292
448 700 Fu 0. 2334 0.2354
Velocity is given in inches per microsecond.
*Tempering temperature in degrees Centigrade
**Quenching method: Wa = Water, Fu = Furnace
TABLE XII
VELCCITY v VERSUS FREQUENCY f
TEMPERED BLOCKS
Transverse Waves
f, mcps 7 18 21 54
Error 0.0009 0.0008 0.0012 0.0038
Block Temp. * Quench**
406 450 Wa 0.1263 0. 1260 0.1256 0.1273
408 450 Fu 0.1264 0.1265 0.1261 0.1264
426 575 Wa 0.1265 0.1270 0.1258 -
428 575 Fu 0.1270 0.1275 0.1270 -
446 700 Wa 0.1273 0.1276 0.1271 0.1271
448 700 Fu 0.1275 0.1276 0.1269 0.1270

Velocity is given in inches per microsecond.
*Tempering temperature in degrees Centigrade
**Quenching method: Wa = Water, Fu = Furnace
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_TABLE XIII
TRANSVERSE WAVE INTERFERENCE PARAMETERD

TEMPERED BLOCKS

j = First, second ... interference MJ = echo at which it ocours
a0
1, nope Block | Temp.* | Quenchee | j=1 | 2 [3 [ 4| 5 | 6 9 AT
b 4
7 401 .- 8| 25 |3 | 4 10.17
10 404 425 Fu 9.5 -l -1 - - - - 4.94
405 425 Fu 7 = -1 - - . - 6.70
406 450 Ya 7 3 -] - . . - 6.3l
07 450 Yo 9.5 -t -1 -l -1 -7 - 4.94
411 475 Ya 6 17 - - . - - 8.13
412 475 Fu 5.5 16| - - - - - 8.71
416 500 Fu 8 - - - - - - §.06
18 401 - - 2 7]10] - - - - 12.43
402 | 43 Ya 10 N RS B e 2.61
406 450 Ja 4 1212112 % - - 8.3
407 450 Wa 4 11 |18 | 251 32| 40 | 45 7.9
408 450 Fu S 142013 « - - 5.40
410 475 Ya 6 17 - - - - - 4.52
413 475 Fu 6 1627 ]3| 48| 59 | 69 4.86
415 500 Ya 8 u|w (0| -| -| - 3.47
416 500 Fu 5 15126 | 36| 46 - - 6.2
410 525 Ya ) 13| 28 s - - - 5.2l
421 550 Fu 4 12|20 | 28] 35| 42| 49 6.69
43 600 Yo 6 7| |»l4as]| -] - 5.00
438 650 Ya 14 o] - - - - - 1.9
440 650 Fu 12 - - . . . - .1
449 700 Fu 16 - - - - - - 1.63
3 402 425 Ya 6 18 | 30 . '- - - 3.72
404 425 Fu 6 2 - - - - . .77
408 450 Fu 5 1312 - - - - 5.00
409 450 Fu 6 18 - . - - - N
421 523 Fu S 13|22 |31 - - - 5.01
w7 700 Ya S 6|15 |17 X - - 8.14
451 725 L) 9 -l-1-1-1-1- 2.40
30 404 425 Fu 3 ] -0 - -1 -1 - 4.98
408 Fu 2 7111 - - - - 7.08
406 450 Ya 2 8 - . - - - 6.50
407 450 L) 3 8|14 - - - - $.64
411 475 Ya 2 6|11 |18 - - - 7.8
412 475 Fu 2 6| 9|13 - . - 0.2
447 700 Ya 3 $[10 ] - - - - 7.89
kL) 408 425 Fu 2 6 - - - - - 8.70
408 450 Fu 3 -l -] - - - - 4.4
409 450 Fu 2 - . - - - - 4.47
411 475 Ya 2 . . - - . - 6.70
421 525 Fu 3 ] . - . - . 4.04
a0 578 Va 3 9 - - - - - 4.4
440 650 Fu 6 9| - - - . - N
'y 700 Va 4 10 . - - . . 3.80
459 725 Ya 7 - - . - - - 1.91
451 7 Ya ] - - . - . . .U

*Toapering temperature ia degrees Ceatigrede
seQuenching method: Ta = Water, Fu = Fursace
esepvorage value of all nedes veighted by §.
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TABLE XIV

ROCKWELL C HARDNESS

TEMPERED BLOCKS

AVERAGE OF FOUR POINTS

Block | Temp. |Quenche*| Hardness | Block | Teap. |Quenche*| Hardness | Block | Temp Quench**| Hardness
401 - - 62.2 421 525 Fu 37.8 441 650 Fu 2.2
402 425 Ya 48.2 422 550 Ya 33.0 442 675 Ya 31.0
40) 425 Va 47.8 423 550 Va 39, 443 675 Va 3.0
404 425 Fu 46.2 424 550 Fu 3.9 4 675 Fu 23.4
405 425 Fu 46.2 425 550 Fu %.3 445 675 Fu 23.0
406 450 Va 46.3 426 575 Ya 7.3 446 700 Ya 27.8
407 450 Va 45.7 a7 575 ¥a 7.2 447 700 Va 27.0
408 450 Fu 45.4 428 575 Fu 4.5 448 700 Fu 19.0
409 450 Fu 46.2 429 578 Fu 34.7 449 700 Fu 20.6
410 475 Va 45.0 430 600 Va 35.6 450 725 Ya 25.3
411 475 Va 44.3 431 600 ¥a 35.2 451 725 Ya 25.3
412 475 Fu 43.2 432 600 Fu 32.5 452 728 Fu 16.3
413 475 Fu 43.4 433 600 Fu 32.4 453 - - 17.8
414 500 Wa 42.6 434 625 Wa 34.2
415 500 Wa 42.5 435 625 Wa 3.0
416 500 Fu 41.7 436 625 Fu 30.3
417 500 Fu 40.9 437 625 Fu 3.2
418 525 Va 41.6 K 650 Va 33.0
419 525 Va 41.3 439 650 Va 32.5
420 525 Fu 37.8 440 650 Fu 2.3

*Tenpering temperature in degrees Centigrade
**Quenching method: Wa = Water, Fu = Furnace
TABLE XV
CHARPY BAR IMPACT DATA
TFMPERED BLOCKS
Breaking Breaking Breaking
Energy Energy Energy
« o Room . oo Room . od PoOR

Block |Temp. |Quench | Temp. | -60 F | Block | Temp. Quench | Temp. | -60 F | Block | Temp. |Quench | Temp, (-60 F
401 - - - - 421 525 Fu 45.3 10.6 | 441 650 Fu 152.7{ 44.0
402 | 428 ¥a 10.0 5.7 422 550 Ya 47.0 17.8 | 442 675 Ya 92.2| 97.1
403 | 428 Va 11.2 6.2 423 550 Wa | 67.9 18.8 | 443 675 Wa | 146.8{123.9
404 425 Fu - - 424 550 Fu 43.6 13.0| 444 675 Fu - 99.6
405 | 425 Fu 10.6 7.0 425 580 Fu 39.8 13.3| 445 675 Fu 146.8)127.8
406 450 Ya 11.8% 8.4 426 §75 Va | 43.6 26.5| 446 700 Va - |161.8
407 | 450 ¥a 12.7| 10.6( 427 §7% Ya | §7.2 23.6 | 447 700 L 47.20 4.1
408 | 450 Fu 10.9 7.5| 428 575 Fu 52.7 14.2] 448 700 Fu - |189.7
409 450 Fu 10.9 8.6 429 575 Fu 56.7 23.3| 449 700 Fu - 1177.8
40 | 475 Va 18.8 9.5 430 600 ¥a | 76.5 74.1| 450 728 Ya 66.0{101.1
411 475 Va 25.41 11.5¢ 431 600 Va 58.2 58.6 | 451 725 Wa - -
412 | 475 Fu 16.5 9.5 432 | 600 Fu 88.7 45.3| 452 725 Fu - 1166.8
413 | 475 Fu 17.8 9.5 433 600 Fu 63.7 26.5| 453 - - - j117.0
414 500 Va 27.2| 11.8| 4% 625 W¥a | 89.2 §7.7
415 500 Ya 7.6 12.7| 435 625 Vo |124.8 | 106.6
416 500 Fu 29.5 9.71 436 625 Fu |106.6 50.1
417 500 Fu 28.7] 12.4| 437 625 Fu | 81.8 34.5
418 §25 Wa 36.1] 13.9| 438 650 Va |132.2 71.3
419 525 Va 29.5 6.2] 439 650 Va |117.5 61.4
420 | 525 Fu 6.1 11,81 440 650 Fu [152.2 67.5] o

*Tenpering temperature in degrees Centigrade
VWa = Water, Fu = Furnace

**Quenghing method:

]
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TABLE XVI
METALLOGRAPHIC DATA
TEMPERED BLOCKS

Grain Size ASTM***
. . Tempered Martensite Grain Boundary

Block | Temp. | Quench Transverse Longitudinal Character Segregation®®®®
402 425 Wa 8-9 8-9 fine acicular troce
403 425 Wa 8-9 8-9 fine acicular trace
404 425 Fu - - fine acicular noticeable
405 425 Fu - - fine acicular noticeable
406 450 Wa 8-9 8-9 fine acicular small awount
408 450 Fu 8-9 8-9 - -

412 475 Fu 8-9 8-9 fine acicular snall amount
414 500 W 7-9 8-9 . -

418 525 Va 7-9 7-8 fine acicular sose evident
419 525 Ya - - fine acicular small amount
420 525 Fu 8-9 7-10 fine acicular noticeable
421 525 Fu - - fine aclicular not.ceable
422 550 Wa 8-9 8-9 - -

424 550 Fu 8-9 8-9 - -

42 575 Wa 8-9 7-9 - -

428 575 Fu 8-9 8-9 - .

430 60V Wa 7-9 7-9 - .

432 600 Fu 8-9 8-9 - -

434 625 Wa 8-9 8-9 fine acicular snall amount
435 625 Wa - - fine acicular small amount
436 625 Fu 8-9 8-9 fine acicular noticeable
437 625 Fu - - fine acicular noticeable
438 650 Wa 8-9 8-9 - -

439 650 Va 7-9 8-9 - -

440 650 Fu 7-9 7-9 - -

442 675 Ya 8-9 7-9 - -

444 675 Fu 7-9 7-9 - -

446 700 Wa 8-9 9 - -

448 700 Fu 8-9 8-9 - -

450 725 Wu 7-9 8-9 carbides resolved small amount
451 725 Wa - - carbides resolved saall amount
452 728 Fu 7-9 7-9 carbides resolved noticeable
453 - - - - carbides resolved noticeable

sTonpering temperature in degrees Centigrade
+sQuenching method: Wa =VWater, Fu = Furnace

ssepoquurenents taken on a surface rpendicular te the roluni dlrectioa (transverse) and
on a surface parallel te the relling directioa (longitudinal).

seeeEech of Cohen, Hurlich, and Jacobaen.
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TABLE XVII

REPORT OF SPE RAPH
Block Elements

Mn Si Cr Mo Al

401 .83 .2 1.20 .09 .02
402 .99 .30 1.08 .09 .02
403 1.11 .32 1.10 .07 .01
404 .98 .37 1.1% .07 .01
405 1.05 .36 1.4 .07 .01
406 1.00 Al 1.% .08 .01
407 .97 ] 1.25 .08 .01
408 .98 2 1.1% .09 .02
409 .79 .29 1.4 .06 .02
410 1.08 .32 1.30 .08 .01
411 1.00 .32 1.30 .08 .01
412 .97 .30 1.35 .08 .02
413 1.10 .30 1.17 .08 .01
4 1.09 .33 1.29 .08 .01
415 1.00 .30 1.24 .08 .02
416 .92 .30 1.15 .07 .04
417 1.03 .35 1.04 .05 .01
418 1.01 .32 1.13 .05 .01
419 .89 .30 1.4 .06 .02
420 1.08 .33 1.17 .05 .02
421 .94 .30 1.21 .06 .01
422 1.05 .35 1.18 .05 .01
423 .92 Wl 1.15 .05 .01
424 .87 .32 1.1 .06 .02
425 1.04 .34 1.16 .06 .01
426 1.00 .38 1.8 .06 .03
A7 .79 .25 1.18 .07 .03
428 .96 .27 1.17 .06 .02
429 .94 .30 1.07 .06 .02
430 1.00 3l 1.23 .06 .03
431 1.04 Bk 1.17 .05 .02
432 .96 .9 1.19 .06 .02
433 .84 .25 1.17 .05 .02
434 1.01 .30 1.14 .05 .01
435 1.00 .28 1.17 .06 .02
43% .91 .30 1.15 .05 .02
437 1.02 .30 1.17 .05 .02
438 1.04 .32 1.15 .05 .02
439 1.03 .26 1.10 .05 0l
440 .93 N4 1.18 .06 .01
441 1.07 . % 1.11 .04 .01
442 1.08 .28 1.08 .04 .01
443 .90 .21 1.14 .08 .03
444 .94 2% 1.28 .08 .02
445 .98 ] 1.29 .06 .03
446 .83 2% 1.12 .05 .03
447 .83 .22 1.01 .03 .02
448 .88 .19 1.17 .06 .03
449 .89 .25 1.24 .06 02
450 1.00 2 1.23 .04 .01
451 .94 .2l 1.23 .06 .02
452 .89 .20 1.23 .06 .02
453 .96 .19 1.7 .08 .03
454 1.00 .31 1.19 .08 .02
455 1.02 .22 1.12 .04 .02
Special 1.00 .22 1.16 .04 .03
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TABLE XVIII

COEFFICIENTS IN SERIES EXPANSION OF ATTENUATION

Tenpered

Longitudinal

Transverse
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TABLE XIX

RATIO OF TRANSVERSE TO LONGITUDINAL
RAYLEIGH SCATTERING COEFFICIENTS

TEMPERED BLOCKS

Block | Temp. |Quemch u“/aq‘ Block | Temp. |Quench u“/u‘c Block | Temp. |[Quench u“/c
408 425 Fu 4.54 420 $2% Fu 4.70 a7 628 Fu .9

430 Ya 4.51 4321 528 Fu .07 ' 650 Ya 4.1
400 450 fu 4.4 422 $50 Ya .38 k) 650 Yo 3.8

450 Fu 2.60 423 $50 Ya 3.2 440 650 Fu .79
412 473 fu 3. 44 550 13 .72 "l 630 3] 1.03
413 475 Fu 3.92 426 §75 Ya 4.69 [Tk} 875 Ya 3.5
A 500 Wa 0.80 4 $75 Ya 3.86 4“5 873 Fu 4.53
413 500 Ya 3.96 42 $75 Fu 3.40 4“7 700 Ya 3.33
418 500 Fu 2.63 429 578 Fu 5.44 449 700 Fu 4.8
417 $00 Fu 2.41 4 600 Fu .1 450 725 Ya 2.22
418 $25 Va 0.44 434 625 ] 4.00 451 725 Ya .44
419 528 Ya 4.9 4% 825 Fu 1.99 452 72 13"] 4.
*Tewpering temperature in degrees Centigrade
**Quenching method: ¥a = Water, Fu = Furnaoe

TABLE XX

FRACTIONAL VELOCITY CHANGES

Dv/v x 10‘

Block Tnp: Quonch" f, wcpe an avl aw 2 a=) (LN}
402 425 Ya 18 2.61 49.6 4.8 101.0 107.¢
b3 3.72 40.9 4.4 $1.3 $8.0
404 425 Fu 10 4.9 88.5 98.8 183.0 192.0
21 3.7 40.7 48.4 85.§ 93.9
30 4.88 %.0 3.4 §7.2 67.6
405 425 Fu 10 6.70 86.8 100.0 181.0 194.0
30 7.08 24.0 3.3 $4.6 70.2
35 6.70 20.0 33.4 46.8 60.3
408 450 Ya 10 6.31 87.0 100.0 180.0 193.0
18 6.M 45.5 $8.4 97.$ 110.0

30 6.50 4.4 3.0 $4.6 70.
408 450 Fu 10 5.40 46.7 57.4 99.2 110.0
1l 5.2 9.4 49.1 84.8 9.7

3 4“4 22.4 .2 49.2 .

*Tempering temperature in degrees Centigrade
**Quenching method: Wa = Water, Fu = Furnace



APPENDIX B
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