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ABSTRACT

I

*

Ultrasonic attenuation and Telocity measurenBnts hare been Bade on 
SAE 4150 steel in the hot-rolled, austenitized-and-quenched, and tempered 
conditions to study temper embrittlement. It was found that the ultrasonic 
msasurenents 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 
of the prior austenite grain Tolume. The anisotropy was reduced by the 
change from pearlite to martensite first and by the remoTal of interstitial 
carbon second. Ultrasonic double refraction was obserTed during tranorerse 
wave measurements on the tempered specimens. Its most probable cause is a 
preferential orientation of the grains along the rolling direction. The 
alignnent of 0.1^ of the grains can be detected.
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University introductory work was done in 1953 by D. H. Evans 
^ R. Truell on the ultrasonic attenuation of a temper-embrittled steel *

annealed at 1525 F for 3-1/2 hours and aii- 
cooled. Then they were austenitized at 1550 F for 2-1/2 hours and oil 
qi^nched. After that, pairs of samples were tempered at va^Iou^ Jem^ra-
c^led tt the other was fSnacecooled. The latter one of each pair was considered embrittled while the

^tween their samples, namely, that the attenuation of the tough samnles 
TOnt though a maximum when plotted against either breaking energy orierd- 
thrLah the attenuation of the brittle samplef^went

plots but at different values of the breaking 
®^*®““«tion could not be correlated with netfl- 

J ; 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 
a^ was reported by I^padakis.* m that investigation, SAE 3140 steel as
th^ attenuftion an?t°/ The correlation between

Tk f 1 ® hardness and breaking energy was found to be am-
hifr attenuation did seem to depend on the microstructure

owever, the SAE 3140 steel became bainite on quenching while the SAE 4150
attenuation meas^meits

saS ^ normalized, according to theory, to correspond to the
than attenuation in bainite was found to be higher

t T ° niartensite. Both structures lost attenuation pro­
portional to the square of the frequency on tempering.

the attlnmtioror"?r°'*® experimental and theoretical work on
Walthan»T a r "^aves in polycrystalline metals. Wegel and

decrement yielding an attenuation 
S^n ?n "«tals in the lO-to-100 kilocycle
^roiortiol?! t f!’ elastic hysteresis, they found to be roughly

i^ ?o ^°tal amount of grain boundary area in a specimen.
Sd foind^tit LT grains. Kamigaki* on the other

part of the attenuation in the l-to-25 megacycle region,
siz^^ S R ll to elastic hysteresis, was independent of the grain

®^®° that the attenuation in pearlite was
attenuation in martensite of the sane residual aus- 

lferk^lL^r° martensite lost attenuation on tempering,
tha^^thl attenuation in pearlitic carbon steel was lower
eJSTl ferritic grain size of which was

a f*®"” ®*®®^ its transformtion.The attenuation decreased with increasing carbon content as the eutectoid
T- ®PP^f B°th authors attribute the attenuation, other

han 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.    RothT and Mason and 
IfcSkimin8 have established that the attenuation is inversely proportional 
to the grain dianeter when the wavelength is smaller than the gra n diameter. 
Both Roth end Merkulov» have observed this dependence experimentally. 
Ifcrkulov'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 Morse10 lead to attenuation independent of the 
frequency in the short wavelength region. 

In the intermediate region,   in which the wavelength is roughly the 
sane as the grain diameter,  the attenuation varies as the square of the 
frequency.    One theory due  to Huntington11 ascribes the attenuation to 
stochastic phase scattering.    Another due to Lifshits and Brkhomovskü1 ' " 
solves the equation of propagation of sound in the metal by making the d f- 
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 square-law dependence occurs in iron 
while the wavelength is between 4 and 10 times the grain diameter,  not equal 
to it      Iteson and MnSkimin  (see Reference 8) predict that the Rayleigh scat- 
tering region should end when the wavelength becomes as small as three grain 
diameters.    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 Raylegh 
Tatterfng.     (See References 4,  6,  8,   9,  10.  12 and p) ? ^     Zre    ^ 
work has Seen done by »feson and McSkimin,1« Bhatia,1» Bhatia and Moore, • 
and Merkulov  (see Reference 9).    The work of Bhatia and Moore agrees with 
the work of Lifshits and Parkhomovskii  (see References 12 and 13)  ln ™e 

Rayleigh scattering region,    »ferkulov bases his work on that of I^hits 
and Parkhomovskii, and consequently agrees, also.    Merkulov has shown that 
the Lifshits and Fbrkhomovskii theory gives better agreement with experiment 
both qualitatively and quantitatively.    AH 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 energy.    The theory of Mason and McSkirain ^8 not take into 
consideration the mode conversion at a grain boundary.    Neither does the 
th«orv of Huntington (see Reference ll) mentioned in the preceding paragraph. 
Because of the theoretical completeness and the agreement w th experiment 
exhibited by the theory of Lifshits and ftrkhomovskii, we will adopt it to 
deal with Rayleigh scattering in the following work.    Tto*^1*^' a' r 
for grains of cubic crystalline structure is given as follows in nepers per 
centimeter: 



Rayleigh Region:    \ > 2Tr D: 

Longitudinal Wavee:    a^ - ^^ 

27r3/x2Tf4 

Transverue Waves:       at • ^fc 3 

(la) 

(lb) 

Intermediate Region:    \ < 27r D: 

» 
Longitudinal Waves:    a^ - ^X2 (lc) 

4T72M2Df2 

Transverse Waves:        at - " Ag (Id) 

Where:        f - frequency, megacycles per second 

p ■ density, grams per cubic centimeter 

T ■ average grain volume, cubic centimeters 

v/ • longitudinal wave velocity, centimeters per second 

vt - transverse wave velocity, centimeters per second 

/x - degree of elastic anisotropy of a grain, dynes per 
square centimeter 

" cll " c12 " 2c44 

where c11,  c12,  and c44, are the elastic moduli of the cubic crystal 
grain. 

The meaning of the elastic anisotropy is this:    the oompressibility 
without lateral expansion in one crystallographic direction, say the  UOOJ 
direction,  is different from the compressibility without lateral expansion 
in another crystallographic direction, say the   [llO] or the   [ill] 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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indent on the rate of ^^ JZ^T^ ^^T^ 
system of layers of iron Jfef Je'^jX.  iron (ferrite    grains and 
if the steel is of hypoeutectoid ^PJ8 * ^^ ^^^ee „artensite, a 
pearlite grains form f f "^ij'   ^VESn^rd-tetragonal iron with 
Lystem of small platelets of ^" ^^J^ the ferner austenitic 
interstitial carbon.    The P1« ^ 'f^ ^ to the axes of the 
grain at 24 different orientations «^^^^    The lanBllar struo- 

rr^ar^Tstrsirre^^^^^ -gree of elastic aniso- 
Uopy thaTtie Platelet structure of nertensite. 

KamigaKi (see Reference *) -^^^^^^ro^^^str"61 

to the layers of a Pearlite gran -   ^^f rent f^ ^ a 

modulus tangential to ^«^X"' "J1^ quite isotropic with direction, 
containing neny ™f ^91fh.ff.ffueiJtion caused by Rayleigh scatter ng 
He found experimentally that th° a^™7 ™   .rlite 0f the sane austenitic 
fn martensite was much ^\^r than t^ n^Pearlite^       ^^^ ^ ^ 

grain size before tran^ma^0"mal^rtSan t^ attenuation in bainite. 
attenuation in martensite was ^ler ^^ found experimentally or pre- 
Both values were smaller than th« «"«n""     iron (ferrite) by Uerkulov 
^cted theoretically for ^^'f.^^at   he part ally randomized semi- 
(.ee Reference 9).    J^1?^?!3 f^le an s tro ic than'the martensite   ut 
lamellar structure of bainite is ™™™1*0 {errite.    Concerning pearlite, 
less anisotropic than the single c^8^h

o;e;^ov  (see Reference 5). 
Jamigaki (see Reference 4) dl8a«f e%wi^ "e

lit! is higher than it should be 
SigJki finds that the 8f«n^ J^ ^ Toi r     ^s author feels the die- 
in iSn, while Merkulov f^J8*^^ '^"d ^ theory of Mason and McSkimin 
crepancy lies in the fact that Kam^f ^ «^ ?Brkhomo^ii. 
while Uerkulov used the theory oi ux« 

*„ ,».+ thP rpsearch contained in this 
The foregoing discussion serves ^ P'   eJhe

8h
r

o^
e^t the grain size 

report in its proper P6"?^1'^"^8^^ expected to influence the 
8„S the microstructure ^^«^^/^ity does. also, as does the 

Zl^oTsZTt^ eZ^ZTo* la through Id in high powers. 

Purpose and Scope 

^ w,e ot this report ie to ^^^^T^'^O 

MBperel .peolmens.    The "»^'JSJU the queoohiw, .0 ttot tto gr.l. 
r r'tS tLZZZtil "t thf f^at ..'oh step before te« 

^ attention end «ioclt, ^^J^^^r^- 
«ion of the loogitudln.1 «.».e •" ««^ '„"ifferont te.per.t«r.. u* 
,„., treat«nt     fte =^'^."^",^"■»..08 and breaking enerjl... 
cooled different »ays to e'" e varietj 



The quenching resulted in the fornation of martensite and tampering 
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 IKEPARATIOIf 

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

1. Ifachining 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 oil 
quench. 

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

5. Longitudinal wave attenuation measurements, Rockwell C hardneiifi 
measurements, and spectrographic analysis on all blocks. Ifetallographic 
data on some blocks. 

6. Tempering of blocks: 

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 quenched. 

c. The other two furnace cooled at no less than 17 C per hour. 

7. »fechining of blocks to 0.677 inch thickness; 6 microinch ground 
finish plus lap on both surfaces. 

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

9. Charpy impact tests on notched bars cut from each block. 



10.    Analysis of data:   Attenuation versus (a) ffequancy,  (b) hardneae, 
(o) breaking energy,  (d) theory.    Velocity veraua ^quency.    Snail differ- 
ences in transverse ware Telocity cauaed 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 
speoinens were mde was purchased from connorcial concerns. 

Ultrasonic Ifethods 

Ifeasurements of ultrasonic attenuation and velocity were made by the 
pulse-echo nethod 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. 
The speclmenB were cut so their parallel faces were much larger than the 
quartitransducers used.    The length and breadth of the parallel faces was 
much larger than the ultrasonic path length between the faces. The rolling 
direction of the original bar stock was parallel to these two parallel 
plane faces.    Circular quartz crystal disks one-half 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. 

Bonding 

a.    Longitudinal Waves 

In previous experimnts involving ultrasonic attenuation measure- 
ments made by bonding the transducer directly to the specimen (in contra- 
distinction to measureronts made in a water bath or by some similar method 
of indirect coupling), the repeatability of readings has been * w^e 
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, 
so« experimenting was done to determine a method of bonding **l°* "£"       . 
give practically the sane bond every time.    Using the second method ascribed 
below it was possible to repeat attenuation measurements ^J1™1* ** « 
90 mc.    At lower frequencies, because of a lower actual attenuation, the 
nargin of repeatability is larger:    3* at 27 mc and 7% at 9 *>- 

It was found that in setting up a bond between a gold-plated quart« 
transducer and one of the steel blocks used in this «Peri,"n*' ^i°J.   . 
glycerin as the bonding agent, the apparent attenuation I""* ^0jf t"0 

minim.    One of these minim occurred when the crystal was floated in a 



yery large amount of glycerin,  almost the largest amount which could be 
used without getting glycerin on the top surface of the crystal.    When 
the bonding method was adjuoted 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 »»ay,   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 
BTOII amount of glycerin was used  (just enough to keep the crystal firom 
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 nethod 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 
also critical.    However, with this method, there was no tendency 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 
specimen 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 standardize the pressure applied to the transducer,  the original 
electrode  (a 3/4-inch-long brass cylinder l/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 gradually decreased 
with tine as the transducer slowly settled in the glycerin.   It was assumed 
that a heavier cap on the electrode would eliminate this problem 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: 

-9- 



SIDE 

— IC — 

:^p 1 
1 /    1 

BOTTOM BOTTOM 

I-LB CAP 
2HB CAP 

It  !s necesnarv to take great care  in using this type of bonding in 
order to injure Pufficieut 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 (opened with alcoholj. 
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 bnooth 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 quartz 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 mam of an infrared heat lamp.    A small 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 Jarap 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 somBwhat, 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 refractijn caused a change in apparent attenua­
tion of the order of i50% even when there was no change in the amount of 
cancellation apparent from the shape of the envelope of the echoes, (hi 
soms blocks the envelop^J of the echo train had visible nodes only when the 
crystal was polarized to within 10 degrees of a lino drawn at a 45 degree 
angle to the rolling direction in the steel. The crystsl 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, tliere wore no 
neans 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 mo to 15 me were made, "njis range was 
expanded to 75 me 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 below 
9 mo were found to bo of no value; however the range of longitudinal wave 
attenuation smasurementB was further extended to 100 me and SKjro complete 
coverage of this range was made. In addition, longitudinal wave velocity 
measurements at 18 me and 54 me, along with transverse wave attenuation 
measurements from 7 me to 90 me and velocity measurements at 7 me, 18 me,
21 me, and 54 me, 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 me to 35 me.

Corrections

a. Diffraction Losses

Corrections for diffraction losses in the ultrasonic field of ths 
crystal transducer were necesaaiy. Seki, Gkranato, and 'liMell** computed these 
losses as a function of penetration distance for waves from a circular 
transducer. From the formula given by rtpadakis** for two specific echoes 
number J and k, the correction is given by

db(k)-db(J)
*»'• "TnrTTTr'
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SJ 
2jLc 

"aSf 

Sk 
2kLc 

' a2f 

in decibels per microsecond, where 

db(j,k) ■ decibel drop at eöhoes J and k reepectlrely 

c - 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 

X. ■ wavelength 

f • frequency; 

so the distances corresponding to echoes j and k are 

(3a) 

(3b) 

and db(j)  is db(Sj) and can be found from the table 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 measuremants 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 they formBd 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 tins of the 
attenuation measurements on the austenitized blocks, the difference being 
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the amount of attenuation change which could be credited to Jhe «^Qt 

ctoiies in the period between the taking of the two sets 0f da**-    f J" 
diSSence   added to the previous correction figure, gave the proper cor- 
r ction for equipment chaSges to be applied to the l^**^}**'^ 
APP1 cation of tSTs correction not only made the data ^ ^^^ 

c.    Interpolation for Velocity 

In raking velocity measurements,  it was necessary to correct for 
the nonlineaHty of the time delay dial.    T^s was accomplished by «sing 
a crX -controlled oscillator which produced marker pulses at ten- 
microsecond intervals.    The dial readings were then ^^^.^f ^/^ 
value by interpolation between the markers.    The true time interval to a 

given echo is given by 

t      t    +   (t-       t  M^JO  (4) 
t - ^ ♦ (t   - h ' t . . t. s2    "  "1 

where 

t « true time to the echo 

t'  ■ dial reading at the echo 

true time to the marker irrmediately preceding the echo 
h 

h 
^2 

(ten times the marker number) 

dial reading at the marker iranediately preceding the echo 

dial reading at the marker iranediately 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 
a • attenuation 

a'  - measured attenuation 

ou,   ■ equipment correction 

ouy - diffraction correction 
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Since 

then 

a - a    - Ofg - ttrdi 

Now a'   is a function of the dial reading,  the coupling,  and the con- 
version graph; so Aa'   is the sura of the errors in each of these, or 

Now 

AD • 0.005 from observation, where D is 
the attenuation dial reading. 

.•Ain ?iMAD)  ■ 0.002 u      dD 
from graph of a versus D 

Aac  - 0.005 from average repeatability 

AaG ■ 0.002 from error in graph of a versus D 

.-.Aa'   - 0.009 maximum error in a'. 

Now 

where 

Therefore, 

«Te - V  - "Td - ^2'  " "Td'  " al' " az' 

a,'  - measured attenuation of 401,   post-tempering data 

a.,'  - measured attenuation of 401,   pre-tempering data. 

Aa^  - Aaj/   ♦ Ax2'   - 2Aa'   - 0.018. 
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Now 

aTH   ■  -r— r^z t- C 
db(Sn)  - dblSi) 

^ "     ?.{n - l)L  

Adb(yn)  - 0.005 

Sj^ -   (2L/aii)\ - 2Lc/82f 

(AL     Ac Aa     Afl 
1    (^L       c a        fj    i 

Supposing one percent error in each quantity, 

AS! - S!  (0.01  +0.01  ♦ 0.02 ♦ O.Ol) 

• 0.05 Sj^. 

At 35 megacycles, 

AJ1  - 0.05  (0.143)   - 0.007. 

Now 

So 

A[ib(31)  - Adb  (intrinsic)* ♦ Adb  (rounding) 

- 1.5   AS!* ♦ 0.005 

- 0.011  ♦ 0.005 

■ 0.016. 

A[db(Sn) - db(S1)] - Mb^)  ♦ Adb(S1) 

- A(Adb) -0.005 ♦ 0.016 

• 0.021. 

We find 

[A(Adb)     Ac     All 

Adb      *   c   *   LJ ^d " »Td 

•fro« slop» of db vrava S. 
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^ 0.04  (0.02 ♦ 0.01 ♦ 0.01) 

- 0.04   (0.04) 

- 0.002 

.•.Aa - Aa'  ♦ Aaje  ♦ Aa^ 

- 0.009 ♦ 0.018 ♦ 0.002 

- 0.029 • 0.03 

J^L ~ ,P-0:'    • 0.25 ■ 25% at 35 mcps. 
a   " 0.1^ 

A maximum error of «5 i»;rcent  is possible  in the  post-tempering longi- 
tudinal wave attenuation data at 35 msgacycles;  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 immedi- 
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- 
nents there  is  thn additional 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 

Errors  in the velocity calculations arise from errors in the 
msasurenent 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: 

-16- 



Let 

then 

and 

But 

where 

so 

Now 

v ■ velocity of sound in the block 

d • thickneas of the block 

t ■ time between echoes, 

£d 
v ■ — 

t 

Av ■M7®*- 
d ■ d_ ♦ d„ m   z 

d„ ■ measured thickness of the block m 

d, ■ micrometer zero correction z 

Ad - Adm ♦ Adz. 

Mm ■ 0.0002    from observation 

Ad, • 0.0001    micrometer least count z 

.-.Afl • 0.0003 

d ■ 0.677 

-aj-o- 3 x 10'8. 

The error in the time factor is given by 

At - Atm ♦ Ata 
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where 

Now 

and 

Atm - error in measurement of t 

At_  - error in averaging t over several echoes. 
8 

Atm "^ 0.02    from observation 

j -n-1 

4       j   - 1   |t1  - t   | 
AtB  -   j==- i  H      V n -1 n-1 

where 

ti   - time between the jth and  (j ♦l)th echoes 
J 

j -n-1 

t.iii-iL 
n-1 

or 

n ■ number of echoes used. 

At 18 megacycles,  for transverse waves, 

t  - 10.71 

n - 10 

j -n -1 

j -1   |tj  - t|- 0.32 

At  - 0.067. 
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Now 

t  - 10.7 

•(T)2-'- 5 x 10' ■6 

Therefore 

Av ■M^f 
tJlUK 7 x 10"6 

- 6.3 x ICT3    -    0.6^ 

v   - 0.127 

.-.Av  « 8 x IG-4    in/ßsec. 

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, 
as they should have been since they were cut from the same piece of bar 
stock.    The specinens had a grain size from ASTM 5 to ASTM 6.    Their 
microstrueture 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 hardness 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 auptenitized 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 tnetallographic 
information on a group of four specimens.    Table VI is a list of the 
Rockwel] C hardnesses of all the specimens.    Again the specimens were 
nearly   identical.    They were almost 100^ raertensite with 2 or Z% bainite, 
a trace of carbide, and many stringers.    Their residual austenitlc grain 
size   (measured after tempering) had been refined to between ASIM 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*1 that there was a QOjt 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 
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 specimsna 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    lists the transverse wave interference parameters associated 
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 specimens 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 
specimena  (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 
size 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 some 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^ ♦ a4f
4 (5) 

where a is the attenuation,   f is the frequency,  and aj^ and a4 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 ia about 
0.00046 inches.    The ratio is  five to one.    According to the  theory of 
Lifshits and Pdrkhomovskii   (see References 12 and 13),  the Rayleigh-type 
scattering is valid  for wavelengths greater than 2nd or about 6D.    Thus 
Rayleigh scattering is approximately valid over the entire range of fre- 
quencies treated  in this experiment.    Equation 2 was  fitted to the data 
for all the blocks at each stage of heat treatment by a machine computation 
using a least-squares method.2*    The program was written for the Royal^ 
McBee LG? 30 using equal weights for all the data. 

The coefficients ai and 84 appear  in Table XVIII.     In the case of the 
hot-rolled stock, a-^ varies from 1.65 x 10"2 to 2.46 x 10"2 and a4 varies 
from 2.89 x 10~5 to 3.66 x 10"5 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, aj varies from 3.72 x 10'3 to 8.69 x 10"3 and a4 varies from 5.7V x 
10"8 to 7.80 x 10"8.    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 01  one 

of 21, by a factor of 2*,  an increase of three ASTM units docreases 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 diamster,  so the decrease in the attenuation 

ST^LiV     refininf 0f the grain Size g0e8 a8  ^-ö28)3 or 22.6.    Since 
2? !T.t T 19 ^ a faCt0r 0f 500' the extra fact°r of 500/22.6 S? 22.1 must come from a decrease in the anisotropy of the elastic constants 
of the single grams on the change from pearlite in the hot-rolled spSci- 
mens to martensite in the specimens after their austenitizing and quenching. 

In the case of the specimens after tempering, a! varies from 2.16 x 
10-    to 5.70 x 10-3 and a4 varie8  from 1>57 x 10.8 ^ 2^o x io_8 ^ ^ 

longitudinal waves above 15 megacycles per second.    For the shear waves 
a! varies from 2.33 x 10^ to 11.07 x 10-3 while ^ varie8 ^ ^ 71 x ^ 

to 10.07 x 10 ö.    As mentioned earlier,  the shear wave measurements ar« 

Thr^aTue6 nr8"36. °\th° ^™°™ double refraction ZtZlZle pa tern. 
The values of aj^ for longitudinal waves decreased to about 3/4 of their 
former value    and the values of a4 decreased to about 1/3 of their forLr 

The Lrr trPerin*-    ^-^Ahe removal of interstitial cabonZ 
strZofflT UT ^T^' deCrea3es the ani8otropy of the elastic con- 
stants of   he martensue  platelets and hence of the whole grain. The raUo 
of a4 for transverse waves to a4 for longitudinal waves  in the tempered 

a^r^rTtioM11 'f!6 XIX    ^ thirty-SiX 8peCinBns'    I" aU bTtwo 
aTllbl^tS^tl^hrur^ 2-20 and ^^    ACCOrding t0 E^ti0"9  ^ 

at  _ 3    /vAz 

for attenuation in decibels  per microsecond.    Using the values v, . 0 232 
and vt  - 0.127 inches per microsecond,   the ratio becomes l 

at 
~ ■ 2.50. 

of t Jhe
1,

aßreeme?t hero  is fairly eood desPite the errors.    A computation 
of the skewness  (see Reference 22)  in the distribution of at/a/iJdicate^ 

^Z tS;11 biaS^ 0f thiS rati0 t0Ward Value8 larg^ tiLn   L I' n. 
Is the ratio       tWre ' H T!.!^ 'l ^^  t00'  but n0t ^^ aa badly as the ratio.    It is evident that the ratio cannot be skewed by natural 

veTu        V^ Change3 in the Vel0City-    The one Perce^erro« r he 
Ikewn    s rnat;^nr

rtainly d0 n0t aff0rd the 0PP0^unity for the extral 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 ^r^duced by "he 

" erference envelope of the ultrasonic double refraction in t^transverse waves 

Table XX gives the ultrasonic double refraction fractional velocity 
C^r.Z\:J^A0A0AJre^ency and branch "^«r.    Branch^ero (S)  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 diop 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 0.01 decibels per microsecond can be disregarded since the 
maximum error in thoee 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 lo^.er 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 spread in the grain 
diameter should show up as a correlation between a^ and the elastic 
hysteresis and Rayleigh scattering coefficients of Equation 2. Figure 5 
is a scatter diagram of a^. versus a^^. There is plenty of scatter and no 
correlation among either the water-quenched specimens or the furnace-cooled 
specimens.

The next group of figures (Figures 6 - ll) 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 
aj^ and the Rayleigh scattering coefficient a^ for longitudinal waves versus 
Rockwell C hardness. There is no correlation or functional relationship 
present in Figures 7 through 11.
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the higher to.perTnJ Z,.«L.^ ^The J.'cT"Lfl?ritUen,Snt " 
blocks do not differ in brealHna »n«.!    r       l? the furnace-cooled 

Water-quenched after Je^    ^ "g^s IT   fa d"?^^ '^ ^ bl0Ck8 

of the attenuation of lo^itS nal ^es afier teln are °oatter ^^an» 
of longitudinal waves lost nn *«ü 7 !     tempering,  the attenuation 
waves after ^mp^rZ   reLct v«W    nS, and.the attenuatio" of transverse 
and 17 are respe^[ v^iy   ^eLsuc h^t^ breaki^ ener6y-    n^s ™ 
Rayleigh scattering co^fficien? a    for J^ !8.CC)effiCient al and the 

energy.     There is^o corre aul^r LctK^r1 T™ '^ breakin« 
quantities on the breaking energy      fUnCtlonal deP«ndence of the ultrasonic 

Figure 18 is  the hardness vertun th«. h^» i,- 
wenched s^ei.ns  foil, a d^f^n^ ^ve^r^See^ron.. 

temper^^o^^ ^tT^^heo^VoTu??:1 T8 ^ "^ ^ ^ 
References  12 and 13) as exnrL!^    y .     Lif8hlt8 *"* ftrkhomovskii   (see 

the attenuation of^ia^ve^s?:      s1^^^^/^^ iL    T^ 

Keu: l^ur^Vf iue^lon20 T^ ^1^7^^ ^ 
connecting a point weU witM^thV frequency were constructed by 
attenuate on'   h    fre ue'cj ?s f4 a^1«"^ f^ dependence of the 

which the dependence oHhe attenlnn      P ^ "^ *ithin the re8ion ^ 
the curve at the ?irs? p^nt    s Hnrt «t^ reqUen^y i8 ^    The 8loPe of 
Paper.    The curves Lre'compu ed for „L      ? 8eCOnd POint i8 2 on a ^"^ 
interest.    The elastic „.^i of   ron ll S   riLT"111 the regi0n 0f 

Physics Handbook were used in commtr* 1 \n* It       ^'^ Inatltute of 
this experiment were also used    Te ^fn^'J^ ^ T10^1«8 "»»«^ed in 

then superimposed upon the^l'of^ ^   a'^s^ e^ir'10" *** 
ing the contr.butions of a, and a, of EquatiL 2 ^ aZl^Tsi:^^- 

Correlation of Acoustic Quantitie, with ».rdness and Breaking gne^ 

«as not^t^e^ a^ the other quantities 
variation in the nBasurelntlth«      ?      ^locity measurements exceeded the 

attenuation lost önarpe^/a
h7: eV^8^mc

tSti?n f^1" ^^ 
sponding to the attenuation of loLit^dJ^i 8/n EqUati0n 2 corre- 
plotted against the Rookw«?i P longitudinal waves after tempering were 

11.    No co'rrelauo    or ftc io'naYre^io^Jf ^V* n*™7 throu«h 

of these acoustic quantiUes S th« h!^ C0- ^ betWeen anjr 

were plotted aKainst thP hrLS? hardness.    The same acoustic quantities 

the blocks.    ?h   P ot      p^ r    ^F:rurregsle^0tf>1
TVPev1

1 ^ bar8 ^ *™ 
tion or functional relaJdicoildl r     ^^ 17,    A«ain' no ^"«la- 
quantities and the break ngene^r   SinceT betWeeD any 0f the8e *c<>»*"° «King energy.    Since Figures ö,  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 brougitt about in the mechanical proj>erties through tem­
pering. Failure to temfier a specimen could be detected since there would 
be no change in the atteniiation of this block measured before and after 
"tempering", while other temjjered sfiecimens would show a change.

Type of Attenuation Lost on Itoat Treatment

i

■

••i
s

The graphs in Figure ? indicate that the total attenuation of longi­
tudinal waves in the blocks decreased at each stage of the heat treatment. 
Both the elastic hysteresis and the Rayleigh scattering decreased each 
time accordl^" to Table XVIII. Psrt of the large decrease in the Rayleigh 
scattering upon austenitizing and quenching to martensite arose from the 
refining of the auL-tenitic grain size, and f«rt 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 jert 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. Tlie 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 (FejC) 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

Aa - Af2-4 - b^f ♦ b^f^.
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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 nagnitude.    The coef- 
ficinnts for changes in attenuation are called Jj. here to distinguish them 
from the coefficients a in the total attenuation.    One should notice that 
thp  formula Aa > Af^^could equally well  be used to approxinete a  function 
contnininK a  term in the square of the frequency.     Probably a better fit 
could be  obtained   if the  following function were used: 

Aa^Af^-4 ^ b^ ♦ bpf« ♦ b4f4 (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 „hile 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^,   is  in conformity with the theory of hysteresis,  but not borne out 
perfectly by experiment. 

Double Refraction 

When transverse wave attenuation measurementB were being rade 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 somo blocks  these depressions almost completely 
obliterated certain echoes.     It was  found  that the amount of cancellation 
was greatly dependent on the orientation of the transducer,  being greatest 
when the polarization direction of the transducer was approxiimtely 45 
degrees out of alignment with the rolling direction in the specimens. 

This Dhenomenon is very similar to that observed in gernBnlum14 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 
interference 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 becoim 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 
nodes occurred were noted and the fractional differences in velocity were 
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calculated from the m - 0 through m - 4 branchea of thf ..quatiou (aee 
Reference 24) 

Av     _1_ a (2m ♦ l)tA  ♦  (-l)m(2t0-tA) 

T ' 2ftT 
4ftotA 

(9) 

where 

f • frequency, 

t    ■ round trip time in the apecimen, 

tA ■ travel time to the firat apparent  node,  and 

tT - travel time to the firat true node. 

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

Since this project did not involve the determination of Av/v,  the 
data on thia 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 ateel due to rolling was 
explored.    If Av/v is due to crystal orientation,   it is frequency- 
independent, and as can be seen fVom Table XX it must be calculated from 
the m - 0 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 ainglo 
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 wavea vibrating in these two directions 
ray have different velocities, as can be seen from the following table. 
Here the C^ are the elastic moduli of the cryatallitea and p is their 
density. 
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Dirvotloa of 
FVopoyitloa 

[100] 

Dlroctlco of 
fertiol« NoTOMBt 

[010] 

[001] 

[ow] 

¥»locH? 

[110] 

Fersula 

44 

b Stool 
(U./^oo) 

0.1S2 

0.1S2 

[ill] 

[lio] 

any direction in 
tht [ill] piano 

/Cll-C12 

/C11-C12*C«4 
V 3p 

0.152 

0.09« 

0.11« 

It can be seen from this table that only when the direction of propagation 
is 1110J 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- 
zationealeo results when the wave enters a single crystal at a snail angle 
to one of the directions of propagation.    This difference (see Reference 25) 
is given by ' 

T" l£H K22 - s^2 ^ (2K2 - 1)    * (10) 

for the case where the direction of propagation is nearly [lOO], where 

Kl • cll - C12 - 2C44,  K2 - 

and (^ and 6 are as  in the diagram below 

[100] 

Cll * C12 
Cll " C44 

n. It tht norMl 
to tht Mvt front. 

i *>   [001] 
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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 «ill 
^ncel out in a polycrystalline solid composed of randomly oriented 
crvstals    for every crystal oriented in such a way that it passes one 
Se a certain S faster than the other mode there will be another 
^ystal so oriented that  it fasses the second ^^^^^f^ ^/^J 
Sy the same amount.    For this reason a polycrystalline solid with a pref- 
erential orientation of crystals can be considered "/eing composed of 
a few crystals oriented  in the most preferential way imbedded i«« «^ ' 
of rLoLy oriented crystals.    The characteristics of ^e preferentially 
oriented crystals are then superimposed 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 pass 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 cancellation observed 
in the echo pattern. 

Since tht 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 son» preferred orientation in the blocks.    Since there  is 
no reason for the crystals to be aligned in any other direction,  it is 
assurod 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 specimen 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 seen» that there would be no difference 
between the velocities of the waves of different modes; for the  lOOlJ 
direction of the crystals tends to align itself perpendicular to the roll- 
ing plane.    The direction of wave propagation would then be along the  1001J 
direction in the crystals.    Since a difference in velocity arises from the 
first cause we discussed only when the wave is propagated along the   1110J 
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 

tTon -tV r ' M 
C?et&lB ShUH n0 P-«f^«nce for one dire" on of rota- 

iay tS re i ^roth11^ ^ T^ the ^ " for ^ ^^ BlanteJl way there is another one slanted in such a way that 6 (see diagram abovs) 

oBf It oT ^ h0t*°ryBtalB and the * of one i8 th« complemeTof the i of the other, resulting in mutual negation. 

If the angle between the rolling plane and the direction of wave 
propagation   s approximately 35 degrees,  the wave is propagated alS™ the 

IZin^ZLV^T^^  ^ direCti0n' and th^e 1     ^tio distinct modes of vibration,   for particle movement with equal wave velocity 

differel in" T ^ire.Cti0n in the  [lll] Plane-    Thu8 ^™ can be no       y 
difference in velocity due to either of the above causes. 

to thfi
Ifrnn/irefi0n 0f Voiaeation of the ultrasonic wave is parallel 

IVt th    ^ flane' We haVe the ideal ca8e for « difference  irvelSity 
the    f^*1"™^ discussed above.    Now the wave is propagated^W 

aJoni   S    fioifd^^   8P;it8 UP/nt0 a COmp0nent With V'™1* ^nt along the   lOOU direction (perpendicular to the rolling direction) and a 

axis irom the position most easily occupied. 

ent^r« .vJo
l0City*d1

ifferenCe' CaU8ed by the an«le at "hich the sound i»ave 
«   rj t J sSd    ; Tn ^^ ^t^ in ^^ Ca8e t00'  for the eTfec   of 

From the discussion above,   it is nhvimiQ +ho+ +v,->        x        ■   . , 
of the observed velocity diff«r„nL S ? ..^       e ro08t Probable source 
waves    if d.« ♦ VeioC

i
lty dlfference between different modes of transverse 

waves    if due to crystal orientation,  is an orientation of crystals In «unh 

f   ry   as0 ZlZ t^irTxof'6^ '7°^ be ^^ ^oTull Z^T 
their     !o   axes^l «ned i   h th^ •allrd With the rollin« direction «nd 
sonic wave    su^rtnmoaL ! direction of propagation of the ultra- 

lati^T^rS   enP 8 f   r^t^f rielt^Tti; 'T™ ^^   C^' 
produce the observed veloc^rdl?^^^ ^IZl^^ZYo^Z 

corre^nd?rth:\ih:ctp:ror^        zi rthe ir\* 
to both the i aile and th. Hlr.,;.™ .     ?, 1   J       ° '' l»rl»'«i'cular 
PTO^tad thr^ t^ XcrJ^J     '° "hiCh "- Ul,r',80ni0 ""'8 '= 
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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-axia in the 
specimen 

v    ■ velocity of transverse waves in the oriented crystals 
y     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, 

tK - travel tine of transverse waves polarized along the 
x-axis for a path length L, and 

tv - 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(l-k)      Lk 
tx  ■ V Tx 

V 
Mi- 

V 

J0 + Lk 

vy 

(lla) 

(lib) 

The difference between these is 

tjc' ty      v v Txvy 

Lk(vy-Vx) . {l2) 

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   [HO] di- 
rection.    Thus, vy - 0.158 in./jisec. and vx - 0.098 in./psec.    Typically, 
ni   • 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,  one cycle) path difference.    The time differ- 
ence  (tv - tr) thus corresponds to l/24 of a cycle at 18 mcps. 

y     * 
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1

The length L is about 0.65 inch so the result on solving the above equa­

tion for k is
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 tl’.ere were any preferential orientation of the crystals in the 
steel, it was less than the 2!% minimum orientation which could bo 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 
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.

CONCLUSIONS AM) RECOMENDATIONS

1. Both the elastic hysteresis and the Rayleigh scatteri^ are re­
duced by the awtenitizing and quenching process and by tempering. It is 
probable that the reduction in the elastic hysteresis loss is caused by 
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 
voluHK, 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 th* ultrasonic data 
and the hardness or breaking energy of the specimens.    In particular,  the 
raw data on longitudinal wave attenuation (equivalent to the corrected data 
of Table VIII since the correction is the sane for all blocks at a partic- 
ular frequency) show no correlation with the strength parameters.    Since 
the longitudinal wave attenuation measurements are the only ones practical 
to make on a production line,   it ia not possible to develop an industrial- 
scale ultrasonic test for hardness or breaking energy when the variations 
in these quantities arise from temper-embrittleraent.    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 mrtensite,  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 cryatallites 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 spocirnen.    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 
[HO] direction of its crystallites aligned, preferentially along the swaging 
axis and the   [llo] 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   (llO] direction 
of its crystallites aligned preferentially along the rolling direction and 
their  [llo] directions aligned parallel to the rolling plane.    The frac- 
tional velocity changes leading to the ultrasonic double refraction will be 
a function of the azimuthal angle about the rolling direction when the ul- 
trasonic waves are propagated in a direction perpendicular to the rolling 
direction. 

Propagation normal to the rolling plane will be along the  [lOO] direc- 
tion in the aligned crystallites, and no velocity difference will be observed 
because there is four-fold symmetry.    Propagation perpendicular to the roll- 
ing direction and at an azimuthal angle of about 55 degrees from the normal 
to the rolling plane will be along the   [ill] 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   [llo] direction in the aligned 
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crystallites,  so there will be a velocity difference in this case because 
of the two-fold symiBtry.    The case of propagation along a  [llOl 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  [lOO] or the   [ill] 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

f, mcps
Error in a

Block
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434

ATTENUATION a VERSUS FREQUENCY f

AS-RECEIVED BLOCKS

Longitudinal Waves
Attenuation in decibels per microsecond

0.031

0.206 
0.208 
0. 203 
0.196 
0. 217 
0.197 
0.181 
0. 204 
0.210 
0.206 
0.217 
0. 203 
0. 210 
0.214 
0.187 
0. 221 
0. 210 
0.185 
0.181 
0. 212 
0. 206 
0. 214 
0. 192 
0.190 
0. 210 
0. 212 
0.219 
0.204 
0. 203 
0. 214 
0.201 
0. 206 
0.201 
0.208

0.029

0.303 
0. 298 
0.303 
0.285 
0. 296 
0.296 
0.294 
0.291 
0.276 
0.294 
0.291 
0. 305 
0.285 
0.318 
0.309 
0.280 
0. 289 
0.285 
0.289 
0.284 
0.285 
0.303 
0.294 
0.285 
0.287 
0. 287 
0. 278 
0.280 
0. 266 
0.264 
0. 262 
0. 262 
0.260 
0. 262

0.06

0. 41 
0.41 
0.38 
0.37 
0. 37 
0. 35 
0. 37 
0.37 
0.35 
0.38 
0.33 
0. 37 
0. 33 
0.37 
0. 37 
0.33 
0. 35 
0.33 
0.38 
0.38 
0. 35 
0. 37 
0. 33 
0.33 
0. 33 
0.38 
0. 37 
0.37 
0.35 
0.33 
0. 37 
0. 37 
0.37 
0.35

0.06

0. 55 
0.59 
0.50 
0.49 
0. 49 
0. 49 
0. 53 
0.49 
0.49 
0.57 
0.50 
0.55 
0.50 
0.55 
0. 55 
0.49 
0.50 
0. 52 
0. 57 
0.57 
0.52 
0.52 
0.49 
0.49 
0.49 
0. 57 
0.53 
0. 53 
0.49 
0. 49 
0. 53 
0. 53 
0. 53 
0. 50

0.06

0.88 
0.90 
0.77 
0. 75 
0.77 
0.70 
0.77 
0. 73 
0.73 
0.88 
0.72 
0.86 
0.77 
0.86 
0. 79 
0.72 
0.73 
0.77 
0.88 
0.90 
0.77 
0.81 
0.75 
0.72 
0. 73 
0.88 
0. 79 
0.81 
0. 73 
0.72 
0.77 
0. 77 
0.79 
0. 75

0.06

2.04 
2.08 
1.94 
1.85 
1.88 
1.83 
2.04 
1.88 
1.88 
2.17 
1.85 
2.01 
1.91 
2.11 
1.88 
1.83 
1.88 
1. 91 
2.01 
2.04 
1.88 
1.91 
1.85 
1.83 
1.83 
2.11 
1.94 
1.88 
1.83 
1.80 
2.01 
2.04 
2.01 
1.97

(continued)
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TABLE I (continued) 

f, mcps 5 7 9 10 12 15 

Error in a 0.031 0.029 0.06 0.06 0.06 o.(?<? 

Block 

435 0.192 0.258 0.35 0.49 0.73 1.68 

436 0.201 0.268 0.^7 0.50 0.75 1.88 
437 0.212 0.270 r.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 0.39 0.57 0.86 2.14 

440 0.212 0.289 0.39 0.57 0.88 ?.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 0.35 0.52 0.77 2.01 
444 0.221 0.233 0.38 0.55 0.84 2.08 
445 0.203 0.256 0.39 0.59 0.88 2.08 

446 0.214 0. 278 0.38 0.53 0.84 2.08 
447 C. 201 0.241 0.35 0.50 0.77 1.97 

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 0.77 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 
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TABLE II 

METALLOGRAPHIC DATA 

AS-RECEIVED BLOCKS 

Austenitlc 
Grain Size 

Block AS™ Pearlite Ferrite Banding Stringers 
401 5-6 fine-coarse no moderate yes 
403 5 fine-coarse no slight yes 
407 5-6 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 
426 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 5-6 fine-coarse no pronounced yes 
455 5-6 fine-coarse trace pronounced yes 

TABLE III 

HOCKWELL C HARDNESS 

AS-RECEIVED FLOCKS 

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 a VKRSUS FREWENCY f 

AU3TKNITIZED BLOCKS 

Longitudinal Waves 
Attenuation in decibels per microsecond 

5 6 7 10 12 15 18 20 27 35 40 45 60 75 Error 
la a 

0.032 0.025 0.021 0.018 0.021 0.020 0.018 0.015 0.013 0.02 0.05 0.06 0.05 0.06 
Block 

0.011 0* 0* 0.014 0.007 0.044 0.042 0.056 0.19 0.26 0.37 0,48 1,09 2.19 401 
402 0.015 0 0 0.006 0.000* 0.041 0.048 0.062 0.19 0.29 0.46 0,64 1,39 2.60 
403 0.000* 0 a 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 0.030 0.046 0.056 0.19 0.26 0.37 0.51 1,15 2.28 
405 0.004 0 0 0.016 0.000 0.043 0.042 0.050 0.18 0.25 0.37 0.49 1,15 2.31 
406 0.000 0 0 0.010 0.000 0.03G 0.040 0.052 0.20 0.27 0.40 0.55 1,34 2.52 
407 0.013 0 0 0.010 O.OOG 0.044 0.050 0.054 0.20 0.27 0.40 0.58 1.37 2,78 
408 0.004 0 0 o.ou 0.002 0.044 0.048 0.052 0.19 0.25 0.37 0.57 1.22 2.56 
409 0.000 0 0 0.01G (1.002 0.038 0.032 0.050 0.18 0.25 0.38 0.57 1.29 2.64 
410 0.000 0 0 0.010 0.000 0.038 0.04C 0.0G4 0.20 0.30 0.46 0.67 1.53 2.90 
411 0.010 0 0 O.Olfl 0.004 0.041 0.048 0.050 0.17 0.25 0.35 0.48 1.18 2,35 
412 0.015 0 0 0.0» 0.009 0.051 0.ÜG1 0.000 0.19 0.27 0.40 0.58 1.39 2,69 
413 0.004 0 0 0.019 0.006 0.032 0.048 0.050 0.18 0.2C 0.40 0.54 1.29 2.64 
414 0.006 0 0 0.018 0.007 0.041 0.058 0.0G9 0.22 0.33 0.49 0.72 1.48 2,86 
415 0.000 0 0 0.024 0.007 0.041 0.048 O.0G2 0.20 0.27 0.43 0.60 1,29 2,69 
41C 0.008 0 0 0.(J18 0.006 0.941 0.050 0.018 0.19 0.25 0.37 0.52 1,20 2.42 
417 0.010 0 0 0.010 0.009 0.0'G 0.0G3 0.054 0.18 0.24 0.37 0.52 1.22 2.42 
418 0.020 0 0.072 o.osn 0.071 0.1G9 0.277 O.:OG 0.24 0.32 0.44 0.60 1.39 2.52 
419 0.000 0 0 0.012 0.007 O.O'fG 0.054 0.054 0.19 0.27 0.42 0.57 1.29 2.56 
420 0.002 0 0 0.019 O.OOG o.o:tf. 0.04G 0.048 0.19 0.29 0.43 0.60 1.39 2,64 
421 0.006 0 0 0.024 0.009 0.049 0.058 0.045 0.17 0.25 0.39 0.55 1.03 2.31 
422 0.008 0 0 0.021 0.002 0.038 0.041) 0.011 0.18 0.25 0.35 0.52 1.07 2.42 
423 0.015 0 0 0.024 0.009 0.036 0.040 0.043 0.20 0.24 0.32 0.49 1.01 2.25 
424 0.002 0 0 0.018 0.000 0.03G 0.039 0.040 0.18 0.23 0.32 0.48 1.03 2.35 
425 0.010 0 0 0.014 0.000 0.030 Ü.039 0.03G 0.17 0.24 0.35 0.48 0.98 2.31 
426 0.000 c 0 0.012 0.002 0.034 0.048 0.04G 0.17 0.29 0.37 0.55 1.18 2,38 
427 0.00G 0 0 0.012 0.000 0.032 0.046 0.041 0.17 0.24 0.35 0,51 1.15 2,31 
428 0.010 0 0 0.023 Ü.00O 0.039 0.052 0.048 0.16 0.24 0.33 0.49 1.13 2,31 
429 0.008 0 0 0.01G 0.000 0.032 0.044 0.046 0.18 0.26 0.35 0.55 1.27 2.42 
430 0.008 0 0 0.02G 0.000 0.039 0.054 0.043 0.17 0.25 0.32 0.51 1.07 2.35 
431 0.000 0 0 0.024 0.009 0.048 0.048 0.050 0.16 0.23 0.31 0.49 1.15 2,25 
432 0.000 0 0 0.016 0.007 0.03G 0.04G 0.052 0.18 0.25 0.37 0.54 1.15 2,52 
433 0.000 0 0 0.021 0.0U7 0.041 0.046 0.050 0.17 0.23 0,35 0.49 1.13 2,45 
434 0.008 0 0 0.019 0.007 0.039 0.O4G 0.048 0.17 0.24 0,33 0.52 1.15 2,42 
435 0,306 0 0 0.019 0.014 0.039 0.042 0.048 0.19 0.26 0,37 0.55 1,22 2.52 
436 0.004 0 0 0.012 0.000 0.034 0.042 0.046 0.25 0.40 0.58 0,86 1,43 2.90 
437 0.000 0 0 0.014 0.000 0.034 0.040 0.038 0.18 0.25 0,37 0,52 1,13 2.52 
438 0.000 0 0 0.012 0.000 0.03G 0.042 0.048 0.23 0.35 0.52 0,67 1.53 2.82 
439 0.000 0 0 0.010 0.000 0.03C 0.046 0.052 0.24 0.35 0,47 0,68 1,51 2.86 
440 0.004 0 0 0.012 0.004 0.034 0.044 0.056 0.18 0.27 0.37 0,54 1,18 2.52 
441 0.000 0 0 0.010 0.000 0.039 0.040 0.045 0.22 0.35 0.50 0,67 1.37 2.74 
442 0.002 0 0 0.014 0.000 0.034 0.039 0.046 0.17 0.25 0.38 0,52 1,11 2.25 
443 0.022 0 0 0.024 0.004 0.041 0.050 0.041 0.18 0.24 0.35 0,51 1,05 2.19 
444 0.008 0 0 0.00G U.C02 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 0.046 0.18 0.27 0.37 0,52 1,22 2.45 
446 0.020 0 0 0.014 0.000 0.044 0.044 0.043 0.18 0.25 0.33 0.51 1.05 2.42 
447 0.013 0 0 0.016 0.000 0.038 0.044 0,041 0.18 0.25 0,38 0.51 1.18 2.31 
448 0.013 0 0 0.014 0.004 0.036 0.044 0.040 0.19 0.25 0.38 0,51 1.15 2.42 
449 o.oie 0 0 0.019 0.000 0.041 0.042 0.041 0.18 0,23 0.35 0,49 1.09 2.25 
450 0.002 0 0 0.019 0.000 0.038 0.046 0.041 0.19 0.25 0.44 0,52 1,24 2.52 
451 0.011 0 0 0.019 0.004 0.044 0.046 0,041 0.17 0,22 0.33 0.49 1.07 2,28 
452 0.011 0 0 0.016 0.000 0.039 0.042 0.041 0.16 0.23 0,33 0.49 1,15 2.28 
453 0.010 0 0 0.028 0.007 0.070 0.072 0,088 0.24 0.35 0,55 0,67 1,56 2.82 
454 0.151 0 0 - 0.117 - ■ • • 0.71 0,71 0,88 1.82   4,08 
4SS 0.131 0 0.43 0.296 • 0.366 0,387 0.653 - • - • - 

*Th« atUnuatloa alDiu tin diffraction corroctioa wai Motive, thtretor* It wai sot «qual to loro. 
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TABLE V 

METALLOGRAPHIC DATA 

AUSTENITIZED BLOCKS 

Block Martensite Bainite Carbide 
1 

Stringers 

410 98^ 2# trace many 
425 97% 3% trace many 
436 lOVf, 0 fine 

throughout 
many 

443 97% 3$ fine 
throughout 

many 

TABLE VI 

Block 

401 
402 
403 
404 
405 
406 
407 
408 
409 
410 
411 
412 
413 
414 
415 
416 
417 
418 
419 
420 

ROCKWELL C HARDNESS 

AUSTENITIZED BLOCKS 

AVERAGE OF FOUR POINTS 

Hardness 

63.3 
59.9 
60.5 
60.7 
60.0 
60.1 
59.5 
59.6 
60.3 
59.9 
60.2 
60.2 
60.3 
59.8 
60.3 
60.2 
60.3 
60.6 
60.3 
60.5 

Block 

421 
422 
423 
424 
425 
426 
427 
428 
429 
430 
431 
432 
433 
434 
435 
436 
437 
438 
439 
440 

Hardness 

60.4 
60. 
60. 
60. 
60. 
60. 
60.8 
60.6 
60.3 
60.7 
60.5 
60.6 
60.5 
60.4 
60.2 
60.4 
60.5 
60.5 
60.4 
60.4 

Block Hardness 

441 60.2 
442 60.2 
443 60.1 
444 60.2 
445 60.4 
446 60.4 
447 60.3 
448 60.7 
449 60.7 
450 60.6 
451 60.4 
452 60.4 
453 42.6 
454 43.2 
455 45.5 
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TABLE VII 

TEMPERING CONDITIONS 

ONE HOUR TEMPER 

Tempering 
Temperature, 

Deg Cent 

Coolin« 

Water 
Quenched 

Furnace 
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 IX 

ATTI-miATION A a LOST ON TI-MPKRING 

Lon{;itudinal V/avea 

Attenuation in Decibels Per Microsecond 

f. .cP ■ 10 12 15 18 20 27 35 45 fid 75 

Block TeBp.* Quench" 

401 . *. — — _ _ _ „ — m — ^ 
402 425 Wa 0 0 0.028 0.033 0.044 0.1G 0.13 0.39 0.85 1.09 
103 425 Wa 0.013 0 o.o:i8 0.03G 0.045 0.19 0,11 0.33 0.73 1.21 
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 0 o.o:'5 0.040 0.039 0.17 0.13 0.32 0.71 1.05 
406 450 Wa 0.005 0 O.O:M 0.03G 0.039 0.18 0,15 0.36 0.90 1.09 
407 450 Wa 0.004 0.00G o.o;i5 0.045 0.047 0.19 0.15 0.35 0.90 1.37 
408 450 Fu 0.014 0.002 0.030 0.040 0.045 0,17 0,13 0.32 0.77 1.13 
409 450 Fu 0.002 0.002 0.029 0.030 0.047 0.1G 0.13 0.38 0.85 1.33 
410 475 Wa 0.018 0 0.0J4 0.042 0.059 0,18 0,15 0.47 1.03 1.42 
411 475 Wa 0.013 0.002 0.035 U.04(l 0.043 0,14 0,15 0.29 0.70 1.23 
412 475 Fu 0.015 0.009 0,030 0.050 O.O.'J 0.19 0.15 0.37 0,99 1.43 
413 475 Fu 0.01G 0 0.0-4 n.O'io 0.045 0.14 0,12 0.34 0,82 1.45 
414 500 Wa 0.001 0.002 O.Ci;;5 o.nsi 0.050 0,17 0.1G 0.49 0.94 1.40 
415 500 Wa 0.014 0.007 0.03? 0.03'.) 0.053 0.18 0.14 0.41 0.79 1.47 
41G 500 Fu 0.004 0.00G 0.032 0.0'IG 0.041 0.14 0,13 0,34 0.85 1.28 
417 500 Fu c 0.002 0.033 0,054 0.047 0.1G 0.12 0,35 0.75 1.20 
418 525 Wa 0 0 C 0.034 0.043 0.14 0,19 0,42 0.97 1.24 
419 525 Wa 0 0.007 o.02r; 0,053 0.049 0.17 0,15 0,42 0.94 1.25 
420 5?. 5 Fu 0.009 0.0OG 0.023 0,031 0.037 0.1G 0.17 0,41 0.94 1.40 
421 525 Fu 0.014 0.009 o.crj 0,049 0,042 0.12 0.16 0,40 0.66 1.22 
422 550 Wa 0.005 0 0.032 0.041 0,032 0,13 0.14 0,37 0.73 1.33 
423 550 Wa 0.007 0.006 0,020 0,031 0,03G 0,20 0,15 0,35 0.67 1.01 
424 550 Fu 0 0 0.033 0,030 0,040 0,15 0,13 0,34 0.61 1.18 
425 550 Fu 0 0 0.02r, 0,034 0.035 0,16 0.16 0,35 0.60 1.24 
426 575 Wa 0 0 0,030 0,039 0.041 0,12 0.19 0,30 0.84 1.24 
427 575 Wa 0 0 o.oin 0,029 0.032 0,16 0.14 0,3G 0,75 1.09 
428 575 Fu 0 0 0,033 0.050 0.048 0,12 0.15 0,32 0.73 1.17 
429 575 Fu 0.00G 0 0.029 0,042 0.045 0,15 0.1G 0.40 0.92 1.14 
430 600 Wa 0.009 0 o,02<; 0,039 0,032 0,17 0,15 0.33 0.63 1.21 
431 600 Wa 0.010 0.002 0,0'i0 0,043 0,039 0,15 0,13 0.3G 0.81 1.31 
432 600 Fu 0 0.007 0.030 0.039 0.049 0.1G 0,1G 0.3G 0.75 1.21 
433 600 Fu 0.007 0.007 0,01(1 0,044 0,049 0,16 0,14 0.34 0.78 1.38 
434 625 Wa 0.005 0.002 0.020 0,039 0,037 0.13 0.12 0.34 0.71 1.23 
435 625 Wa 0 0.001 0.033 0,033 0.045 0.15 0.15 0.41 0.84 1.38 
436 625 Fu 0 0 0,034 0,035 0.048 0.22 0.29 0.71 1.06 1.85 
437 625 Fu 0.002 0 0,030 0,03G 0.038 0,1G 0.15 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 Wa 0 0 0,030 0.041 0.04G 0.19 0.24 0.51 1.06 1.60 
440 650 Fu 0 0.004 0,030 0.040 0.055 0.13 0.15 0.39 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 Wq 0.004 0 0,030 0.022 0.035 0.13 0.15 0,35 0.76 1.20 
443 675 Wa 0.010 0 0.038 0.04G 0.030 0.16 0.13 0.37 0.60 1.10 
444 675 Fa 0 0.002 0.02G 0.030 0.022 0.16 0.20 0.51 0.92 1.41 
445 675 F«l 0 0 0.031 0.031 0.039 0.13 0.16 0.38 0.82 1.23 
448 700 Wa 0 0 0.033 0.031 0.032 0.17 0.14 0.38 0.6S 1.16 
447 700 Wa 0 0 0,029 0.019 0.027 0.12 0.08 0.28 0.60 1.24 
448 700 Fu 0.002 0.002 0.030 0.035 0.035 0.18 0,14 0.34 0.71 1.42 
449 700 Fu 0 0 0.025 0.037 0.040 0.16 0.13 0.34 0.62 1.13 
450 725 Wa 0 0 0.020 0.028 0.025 0.17 0.10 0.34 0.84 1.06 
451 725 Wa 0 0 0.014 0.008 0.009 0.09 0.03 0.30 0.53 0.77 
452 725 Fu 0 0 0.033 0.027 0.026 0.09 0.10 0.31 0.70 0.95 
453 - 0.009 0.007 0,059 0.061 0.077 0.17 0.23 0.49 [1.12 | 1.70 

'Traparing toaparature in degrees Centigrade 
••Quenching aethod:    Wa ■ Water, Fü ■ Furnace 
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TABLE X 

ATTENUATION a VERSUS FREQUENCY f 

TEMPERED BLOCKS 

Transverse Waves 

Attenuation in Decibels Per Microsecond 

f, wept 
Error in a 

7 10 18 21 30 35 54 63 90 

0.034 0.027 0.047 0.045 0.08 0.08 0.08 0.08 0.08 

Block T«p.' Qu«nch" 

401 , , 0.073 . 0.157 0.239 ^ 0.52 . m . 
402 425 fa 0.016 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 • . 
40S 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 0.53 . 
407 450 Wa 0.028 0.050 0.075 0.146 0.35 0,33 0.32 1.83 . 
408 450 Fu 0.046 0.018 0.073 0.118 0.24 0.20 0.97 1.57 1.8S 
409 450 Fu 0.037 0.052 0.138 0.188 0.27 0.28 0.96 1.42 
410 475 Wa 0.028 0.162 0.111 0.106 0.34 0.33 • 1.75 0.82 
411 475 Wa 0.040 0.037 0.083 0.172 0.24 0.32 1.14 • . 
412 475 Fu 0.030 0.04G 0.075 0.156 0.28 0.29 1.02 1.40 • 
413 475 Hi 0.014 0.040 0.086 0.126 0.35 0.26 1.21 1.42 . 
414 500 Wa 0.014 0.022 0.079 0.198 0.35 0.32 1.10 0.81 6.2S 
415 500 Wa 0.015 0.052 0.094 0.120 0.35 0.25 1.84 1.49 2.31 
416 500 ni 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 Wa 0.038 0.077 n.131 0.132 0.32 0.21 0.94 0.57 . 
419 525 Wa o.oie 0.117 0.067 0.114 0.25 0.27 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 0.026 0.016 0.060 0.102 0.31 0.25 0.65 1.28 1.93 
422 550 Wa 0.022 0.016 0.090 0.134 0.35 0.28 0.97 1.75 1.96 
423 550 Wa 0.018 0.071 0.086 0.084 0.27 0.25 1.04 1.28 • 
424 550 F\i 0.018 0.028 0.079 0.124 0.31 0.22 1.31 1.44 1.51 
42S 550 Hi 0.018 0.022 0.056 0.196 0.29 0.31 1.04 - 1.58 
426 575 Wa 0.012 0.052 0.090 0.100 0.32 0.27 1.08 1.75 • 
427 575 Wa 0.020 0.017 0.119 0.116 0.28 0.21 0.92 1.28 2.34 
428 575 F\i 0.009 0.024 0.069 0.132 0.33 0.25 1.36 1.38 2.16 
429 575 n. 0.020 0.020 0.077 0.106 0.28 0.26 1.06 l.o8 - 
430 600 Wa 0.007 0.036 0.103 0.241 0.39 0.33 • - 2.31 
431 600 Wa 0.025 0.065 0.077 0.112 - 0.31 0.94 1.42 1.68 
432 600 Fu 0.023 0.014 0.066 0.141 0.34 • 1.10 1.67 1.11 
433 600 Fu 0.022 0.016 0.052 0.134 0.33 0.34 0.92 1.49 1.51 
434 625 Wa 0.051 0.012 0.065 0.130 0.35 0.26 1.08 1.49 • 
435 625 Wa 0.022 0.009 0.065 0.118 0.33 - 1.04 - • 
436 625 hi 0.016 0.103 0.034 0.128 0.35 0.33 0.89 1.12 • 
437 625 Hi 0.004 0.030 0.075 0.139 0.31 0.27 1.14 1.08 1.63 
438 650 Wa 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 1.85 
440 650 Ri 0.012 0.028 0.107 0.273 0.28 0.29 1.33 1.90 - 
441 650 F* 0 0.022 0.060 0.180 0.31 0.26 0.90 1.02 • 
442 675 Wa 0.018 0.025 0.090 0.185 0.32 0.32 0.97 • 1.85 
443 675 •a 0.016 0.020 0.069 0.139 0.39 0.29 0.79 1.52 1.22 
444 675 Hi 0.012 0.020 0.070 0.1S0 0.39 0.29 1.12 - 1.24 
445 675 Ta 0.015 0.088 0.081 0.112 0.33 0.27 1.02 1.7S 1.43 
446 700 Wa 0.026 0.071 0.097 0.237 0.31 0.46 0.92 - • 
447 700 Wa 0.026 0.037 0.081 0.243 0.31 0.26 1.14 1.42 • 
448 700 F\i 0.022 0.039 0.081 0.120 ■ 0.29 1.00 1.64 - 
449 700 Fu 0.026 0.046 0.119 0.168 0.34 0.31 1.26 1.69 1.86 
450 725 Wa 0.101 0.020 0.088 0.174 0.34 0.24 0.90 1.12 1.S6 
451 725 Wa 0.034 0.040 0.136 0.280 0.32 0.63 1.19 1.54 ■ 

452 725 ni 0.020 0.028 0.084 0.146 0.33 0.34 1.10 .97 - 
45? - 0,926 0,0?0 0,101 0.130 • 0.31 1.47 1.83 ..•- 
'Tnporing tMporatur« In dvgrMi Ontiqrad* 

"Quonchinq Mtbod:    Wa - Wator, F\i ■ Furnac« 
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TABLE XI 

VELOCITY v VERSUS FREQUENCY f 

TEMPERED BLOCKS 

Longitudinal Waves 

f,  mcps 
 -| 

18 54 

Error 0.0023 0.0048 

Block Temp. * Quench** 

406 450 'Ha 0.2319 0.2315 
408 450 Fu 0.2320 0.2308 
426 575 Via 0.2322 0.2334 

428 575 Fu 0.2326 0.2346 
446 700 IVa 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: V.'a = '.Vater, Fu = Furnace 

TABLE XII 

VELOCITY 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 
408 
426 
428 
446 
448 

450 
450 
575 
575 
700 
700 

Wa 
Fu 
Wa 
Fu 
Wa 
Fu 

j 

0.1263 
0.1264 
0.1265 
0.1270 
0.1273 
0.1275 

0.1260 
0.1265 
0.1270 
0.1275 
0.1276 
0.1276 

0.1256 
0.1261 
0.1258 
0.1270 
0.1271 
0.1269 

0.1273 
0.1264 

0.1271 
0.1270 

Velocity is given in inches per microsecond. 
♦Tempering temperature in degrees Centigrade 

♦♦Quenching method:     Wa = Water,  Fu = Furnace 

-45- 



TABLE XIII 

TRANSVERSE WAVE IWERFERENCE PARAMETERg 

TEMPERED BLOCKS 

j = First, second ...  interference U , = echo at which it occurs 
!—        ■ 1 1 —7^1 

t. mop» Block T«p.* Qunob** J -1 2 4       5       6 7     AT«10« 
 I  

7 401 «. - 8 25 43 10.17 

10 404 
405 
406 
407 
411 
412 
416 

425 
425 
450 
450 
475 
475 
500 

ru 
Wo 
«a 
fa 
ru 

9.5 

9.5 

5.5 

■ 

23 

17 
16 •              •               • 

4.94 
6.70 
6.31 
4.94 
8.13 
9.71 
5.96 

19 401 
402 
406 
407 
406 
410 
413 
415 
416 
419 
421 
430 
438 
440 
449 

425 
450 
450 
4S0 
475 
475 
500 
500 
525 
550 
600 
650 
650 
700 

fa 
fa 
fa 
Fu 
fa 
Fu 
fa 
F\i 
fa 
f\i 
fa 
fa 
Fu 

10 
7 

12 
11 
14 
17 
16 
24 
15 
13 
12 
17 
40 

19 
23 

27 
36 
26 
28 
20 
27 

•              •               • 

29     37       - 
25     32     40 
33     44       - 

38     48     SI 
50      - 
36     46 

28     35     4! 
35     45 

12.43 
3.61 
6.34 

45 7.29 
5.48 
4.52 

69 4.96 
3.47 
6.27 
5.21 

t 49 6.69 
5.00 
1.93 
2.19 
1.63 

21 402 
404 
409 
409 
421 
447 
451 

425 
425 
450 
450 
525 
700 
725 

fa 
Hi 

ni 
Hi 
fa 
fa 

19 
22 
13 
18 
13 
8 

30 

22 

22 
15 

31 
17     24 

3.72 
•       -          3.27 

5.00 
-       -          3.72 

5.01 
.       .          9.14 

2.49 

30 404 
405 
406 
407 
411 
412 
447 

425 
425 
450 
450 
475 
475 
700 

Hi 
F\i 
fa 
fa 
fa 
f\i 
fa 

10 
7 
8 
8 
6 
6 
5 

11 

14 
11 

10 

15      - 

4.99 
- -          7.09 
.       .          6.50 
.       ■          S.64 

7.88 
.       .          8.30 
- -          7.89 

35 405 
408 
409 
411 
421 
427 
440 
447 
450 
451 

425 
450 
450 
475 
525 
575 
650 
700 
725 
725 

ni 
ni 
fa 
Tu 
fa 
ni 
fa 
fa 
fa 

6 
• 

8 
9 
9 

10 

9.70 
- -          4.47 
.       -          4.47 
.       .          6.70 

4.94 
- •          4.47 
.       -          3.73 
.       .          3.90 
.       •          1.91 
.       .          2.24 

•TW^rUq tMparatur« la 4««r*M CMtifrofe 
•*q«MekU9 Mtkod: fa - fat«r, ft ■ FarMM 
"Awap »«IM «f «H ••*•• ••l*t«a kr J- 
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TABLE 

ROCKWELL C 

XIV 

HARDNESS 

TEMPERED BLOCKS 

AVERAGE OF FOUR POINTS 

Block Te»p. QlMBch" Hardnas« Block Te.p. QMBch" 

.... 

Hardne» Block Te«p. Qucncb" Hardness 

401 . 62.2 421 525 Fu 37.8 441 650 Fu 29.2 
402 425 Wa 48.2 422 550 Wa 39.0 442 675 Wa 31.0 
403 425 Wa 47.8 423 550 Wa 39.2 443 675 Wa 31.0 
404 425 Fü 46.2 424 550 Fu 35.9 444 675 Fu 23.4 
405 425 Fu 46.2 425 550 Fu 36.3 445 675 ni 23.0 
406 450 Wa 46.3 426 575 Wa 37.3 446 700 Wa 27.8 
407 450 Wa 45.7 427 575 Wa 37.2 447 700 Wa 27.0 
408 450 Fu 45.4 428 575 Fu 34.5 448 700 Fü 19.0 
409 450 Fu 46.2 429 575 Fu 34.7 449 700 F\i 20.6 
410 475 Wa 45.0 430 600 Wa 35.6 450 725 Wa 25.3 
411 475 Wa 44.3 431 600 Wa 35.2 451 725 Wa 25.3 
412 475 Fu 43.2 432 600 Fu 32.5 452 725 Fu 16.3 
413 475 Fu 43.4 433 600 Fu 32.4 453 - - 17.8 
414 SOO Wa 42.6 434 625 Wa 34.2 
415 500 Wa 42.5 435 625 Wa 34.0 
416 SOO Fu 41.7 436 625 Fu 30.3 
417 500 Fu 40.9 437 625 Fu 31.2 
418 525 Wa 41.6 438 650 Wa 33.0 
419 525 Wa 41.3 439 650 Wa 32.5 
420 525 Fu 37.8 440 650 Fu 28.3 

•Tempering temperature in degrees Centigrade 

••Quenching method:    Wa • Water.  Fu » Furnace 

TABLE XV 

CHARPY RAR IMPACT DATA 

TEMPERED BLOCKS 

Breaking 
Diergy 

Breaking 
Dierqy 

Breaking 
Diergy 

Block Temp! Quenck 
Rooa 
Temp. -60 F Block Temp. Quench' 

Room 
Temp. -SO F Block Te-p! Quench" 

Boo« 
Temp. -60 F 

401 
402 
403 
404 
405 
406 
407 
408 
409 
410 
411 
412 
413 
414 
415 
416 
417 
418 
419 
420 

425 
425 
425 
425 
450 
450 
450 
450 
475 
475 
475 
475 
500 
500 
500 
500 
525 
525 
525 

Wa 
Wa 
F\i 
Fu 
Wa 
Wa 
Fu 
FU 
Wa 
Wa 
Fu 
Fu 
Wa 
Wa 
Fu 
Fu 
Wa 
Wa 
Fu 

10.0 
11.2 

10.6 
11.5 
12.7 
10.9 
10.9 
18.8 
25.4 
16.5 
17.8 
27.2 
27.6 
29.5 
28.7 
36.1 
29.5 
36.1 

5*7 
6.2 

7.0 
8.4 

10.6 
7.5 
8.6 
9.5 

11.5 
9.5 
9.5 

11.8 
12.7 
9.7 

12.4 
13.9 
6.2 

11.8 

421 
422 
423 
424 
425 
426 
427 
428 
429 
430 
431 
432 
433 
434 
435 
436 
437 
438 
439 
440 

525 
550 
550 
550 
550 
575 
575 
575 
575 
600 
600 
600 
600 
625 
625 
625 
625 
650 
650 
650 

«a 
Wa 
f\i 
FU 
Wa 
Wa 
Hi 

Wa 
Wa 
F\i 
n. 
Wa 
Wa 
Tu 
Fu 
Wa 
Wa 
Fu 

45.3 
47.0 
67.9 
43.6 
39.8 
43.6 
57.2 
52.7 
56.7 
76.5 
58.2 
88.7 
63.7 
89.2 

124.8 
106.6 
81.8 

132.2 
117.5 
152.2 

10.6 
17.8 
18.8 
13.0 
13.3 
26.5 
23.6 
14.2 
23.3 
74.1 
58.6 
45.3 
26.5 
57.7 

106.6 
50.1 
34.5 
71.3 
61.4 
67.5, 

441 
442 
443 
444 
445 
446 
447 
448 
449 
450 
451 
452 
453 

650 
675 
675 
675 
675 
700 
700 
700 
700 
725 
725 
725 

Fu 
Wa 
Wa 
Fu 
ni 
Wa 
Wa 
Fu 
Fu 
Wa 
Wa 

152.7 
92.2 

146.8 

146.8 

47.2 

66.0 

44.0 
97.1 

123.9 
99.6 

127.8 
161.8 
74.1 

159.7 
177.5 
101.1 

166.8 
117.0 

•Tempering 
••Quenphiog 

tenperoture in degrees Centigrade 
ithod:    Wa ■ Water. Fu » Furnace 
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TABLE XVI 

Block Temp, QtMneh 

402 425 Wa 
403 425 Wa 
404 425 Fu 
40S 425 Fu 
406 450 Wa 
408 450 Fu 
412 475 Ta 
414 500 Wa 
418 525 Wa 
419 525 Wa 
420 525 Fu 
421 525 Fu 
422 S50 Wa 
424 550 Fu 
426 575 Wa 
428 575 Fu 
430 60Ü Wa 
432 600 Fu 
434 625 Wa 
43S 625 Wa 
436 625 Fu 
437 625 Fu 
438 650 Wa 
439 650 Wa 
440 650 Fu 
442 675 Wa 
444 675 Fu 
446 700 Wa 
448 700 Fu 
450 725 Wa 
4SI 725 Wa 
452 725 Fu 
453 - - 

METALLOGRAPHIC DATA 

THyiPERED BLOCKS 

Grain SiM ASW*** 

Tranivane 

8-9 
8-9 

8-9 
8-9 
8-9 
7-9 
7-9 

8-9 

8-9 
8-9 
8-9 
8-9 
7-9 
8-9 
6-9 

8-9 

8-9 
7-9 
7-9 
8-9 
7-9 
8-9 
8-9 
7-9 

7-9 

Longitudinal 

8-9 
8-9 

8-9 
8-9 
8-9 
8-9 
7-9 

7-10 

8-9 
8-9 
7-9 
8-9 
7-9 
8-9 
8-9 

8-9 

8-9 
8-9 
7-9 
7-9 
7-9 

9 
8-9 
8-9 

7-9 

•T*ap«riB9 t*ap«ratur« in d*gr*u Ontigrod« 
••Quenching Mthod;    Wa-Wat.r, Fu - Furaao« 

Tesparad Martamit« 
daracter 

fin* acicular 
fin« acicular 
fin« acicular 
fin« acicular 
fin« acicular 

fin« acicular 

fin« acicular 
fine acieulai 
fine acicular 
fine acicular 

fin« acicular 
fin« acicular 
fin« acicular 
fine acicular 

carbide« r««olv«d 
carbide« resolved 
carbides resolved 
carbides resolved 

the reiUna diraotlea (tr -STIÄ SJM VÄn^Ä^VÄ on a surlae« par 

••••Etch of Coh««, Hurllch, and Jacob«««. 

Grain Boundary 
^regation*»" 

trace 
trace 

noticeable 
noticeable 

«■all aaount 

saall aaount 

seas evident 
saall aaount 
noticeable 
not.ceable 

saall aaount 
saall aaount 
noticeable 
noticeable 

saall aaount 
saall aaount 
noticeable 
noticeable 

») and 
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TABLE XVII 

REPORT OF SPECTRfr.RAPHTf ANM.Vqiq 

Block EIMWIIU 

Kb Si Cr Mo Al 

401 
402 

.83 

.99 
.26 
.30 

1.20 
1.08 

.09 

.09 
.02 
.02 

403 
404 

1.11 
.98 

.32 

.37 
1.10 
1.15 

.07 

.07 
.01 
.01 

40S 
406 

1.05 
1.00 

.36 

.31 
1.24 
1.38 

.07 

.08 
.01 
.01 

407 
408 

.97 

.98 
.28 
.27 

1.25 
1.19 

.08 

.09 
.01 
.02 

409 
410 

.79 
1.08 

.29 

.32 
1.44 
1.30 

.06 

.08 
.02 
.01 

411 
412 

1.00 
.97 

.32 

.30 
1.30 
1.35 

.08 

.08 
.01 
.02 

413 
414 

1.10 
1.09 

.30 

.33 
1.17 
1.29 

.08 

.08 
.01 
.01 

41S 
416 

1.00 
.92 

.30 

.30 
1.24 
1.15 

.08 

.07 
.02 
.04 

417 
418 

1.03 
1.01 

.35 

.32 
1.04 
1.13 

.05 

.05 
.01 
.01 

419 
420 

.89 
1.08 

.30 

.33 
1.14 
1.17 

.06 

.05 
.02 
.02 

421 
422 

.94 
1.05 

.30 

.35 
1.21 
1.18 

.06 

.05 
.01 
.01 

423 
424 

425 
426 

.92 

.87 
.31 
.32 

1.15 
1.11 

.05 

.06 
.01 
.02 

1.04 
1.00 

.34 

.38 
1.16 
1.28 

.06 

.06 
.01 
.03 

427 
428 

.79 

.96 
.25 
.27 

1.18 
1.17 

.07 

.06 
.03 
.02 

429 
430 

.94 
1.00 

.30 

.31 
1.07 
1.23 

.06 

.06 
.02 
.03 

431 
432 

1.04 
.96 

.33 

.29 
1.17 
1.19 

.05 

.06 
■ 02 
.02 

433 
434 

.84 
1.01 

.25 

.30 
1.17 
1.14 

.05 

.05 
.02 
.01 

435 
436 

1.00 
.91 

.28 

.30 
1.17 
1.15 

.06 

.05 
.02 
.02 

437 
438 

1.02 
1.04 

.30 

.32 
1.17 
1.15 

.05 

.05 
.02 
.02 

439 
440 

1.03 
.93 

.26 

.27 
1.10 
1.18 

.05 

.06 
.01 
.01 

441 
442 

1.07 
1.08 

.26 

.28 
1.11 
1.05 

.04 

.04 
.01 
.01 

443 
444 

.90 

.94 
.21 
.26 

1.14 
1.28 

.06 

.05 
.03 
■ 02 

445 
446 

.98 

.83 
.28 
.26 

1.29 
1.12 

.06 
.05 

■ 03 
.03 

447 
448 

.83 

.88 
.22 
.19 

1.01 
1.17 

.03 

.06 
.02 
.03 

449 
450 

.89 
1.00 

.25 

.23 
1.24 
1.23 

.06 

.04 
.02 
.01 

4SI 
4S2 

.94 

.89 
.21 
.20 

1.23 
1.23 

.06 

.06 
.02 
.02 

453 
454 

.96 
1.00 

.19 

.31 
1.27 
1.19 

.05 

.OS 
.03 
.02 

455 
Special 

1.02 
1.00 

.22 
■ 22 

1.12 
1.16 

.04 

.04 
.02 
.03 
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TABLE XVIII 

COEFFICIENTS IN SERIES EXPANSION OF ATTENUATION 

Block 

401 
402 
403 
404 
405 
406 
407 
408 
409 
410 
411 
412 
413 
414 
41S 
416 
417 
418 
419 
420 
421 
422 
423 
424 
42S 
426 
427 
428 
429 
430 
431 
432 
433 
434 
435 
436 
437 
438 
439 
440 
441 
442 
443 
444 
445 
446 
447 
448 
449 
450 
451 
452 
453 
454 
455 

Ccwff. 

Mult, by 

T«ap. 

425 
425 
425 
425 
450 
450 
450 
450 
475 
475 
475 
475 
500 
500 
500 
500 
525 
525 
525 
525 
550 
550 
550 
550 
575 
575 
575 
575 
600 
600 
600 
600 
625 
625 
625 
625 
650 
650 
650 
650 
675 
675 
675 
875 
700 
700 
700 
700 
725 
725 
725 

QitMek 

•a 

ffa 
fa 

ru 
«a 
«a 
ni 
ru 
Wa 
Wa 

ru 
«a 
Wa 
ni 
F\i 
Wo 
Wa 
Hi 
Hi 
Wa 
Wa 
Fu 

Wa 
Wa 
ni 
n» 
Wa 
Wa 
f\i 
F\i 
Wa 
Wa 
F\i 
Fu 
Wa 
Wa 
Fa 
Fa 
Wa 
Wa 
Fa 
F\J 
Wa 
Wa 
Fu 

Hot-nallad 

Longitudinal 

10 ■2 

2.38 
2.46 
2.05 
2.06 
2.13 
'.96 
l.tC 
1.99 
l.RB 
2.00 
1.96 
2.25 
1.90 
2.09 
2.36 
1.94 
1.96 
1.80 
2.29 
2.33 
2.10 
2.28 
1.93 
117 
1.96 
2.14 
2.13 
228 
1.94 
1.94 
1.81 
L87 

1.69 
1.77 
1.98 
2.00 
2.10 
2.10 
1.98 
2.04 
1.68 
1.65 
1.87 
2.18 
1.94 
1.6S 
1.70 
1.81 
1.75 
1.69 
2.13 
1.89 
1.93 
1.92 

10* 

3.26 
3.32 
3.12 
2.96 
2.99 
2.93 
3.34 
3.02 
3.06 
3.61 
2.97 
3.24 
3.12 
3.46 
2.94 
2.94 
3.03 
3.13 
9.24 
3.29 
3.01 
3.02 
3.00 
2.97 
2.94 
3.65 
3.12 
2.17 
2.95 
2.69 
3.33 
3.32 

i-.iS 
3.04 
3.09 
3.51 
3.51 
3.87 
3.66 
3.08 
3.39 
3.47 
3.40 
3.45 
3.31 
3.23 
3.08 
3.42 
3.42 
3.13 
3.24 
3.45 
2.96 

AMtMltiMd 
and QuMcbad 
Lonqitudinal 

10" 

5.10 
6.66 
4.96 
5.22 
4.87 
5.68 
5.18 
4.89 
4.85 
6.51 
4.65 
5.S9 
4 38 
7.24 
5.47 
4.98 
5.01 
8.58 
5.59 
6.04 
4.82 
4.23 
4.20 
3.72 
3.81 
5.29 
4.72 
4.42 
5.26 
4.20 
4.54 
4.49 
4.06 
4.35 
4.91 
1.69 
4.21 
7.49 
7.10 
4.72 
8.92 
5.06 
4.80 
S.94 
4.94 
3.99 
5.14 
4.69 
4.58 
S.18 
4.18 
4.49 
8.16 

10' 

5.77 
6.80 
6.83 
6.05 
6.22 
6.78 
7.65 
6.98 
7.28 
7.80 
6.42 
7.32 
7.27 
7.45 
7.26 
6.55 
6.56 
6.02 
6.86 
7.07 
6.13 
6.62 

6.34 
34 

6.26 
9.32 
6.55 
6.43 
6.14 
9.91 
9.90 
9.97 
8.96 
7.16 
9.95 
7.33 
7.51 
6.97 
7.10 
5.99 
5.92 

in 
9.89 
9.19 
9.57 
8.08 
9.92 
8.24 
6.24 
7.17 

Trap«r«d 

Leoqitudinal 

10' 

5.23 
3.80 
4.21 
3.73 
4.13 
4.70 
4.97 
2.89 
4.04 
3.77 
3.98 
3.59 
4.77 
4.50 
3.04 
4.16 
5.70 
3.71 
4.05 
2.94 
2.71 
3.02 
3.22 
2.59 
3.29 
4.17 
3.44 
3.60 
3.79 
2.16 
4.03 
2.80 

iM 
2.37 
3.84 
3.80 
3.99 
3.41 
3.25 
2.32 
3.19 

10" 

3.34 
4.92 
3.09 
3.14 
4.99 
5.70 
3.93 
3.43 

2.33 
2.28 
1.91 
2.04 
2.24 
1.97 
1.89 
2.45 

50 
99 
91 
29 
31 

1.92 
2.12 
1.94 
1.90 
2.02 
2.07 
1.93 
2.00 
1.90 
1.92 
1.99 
1.92 
1.57 
1.92 
1.95 
1.7$ 
1.99 
1.93 
1.9S 

Ul 
2.09 
1.93 
2.02 
2.00 
1.99 
2.11 
2.19 
1.95 

TrauwrM 

W 

1.91 
1.91 
l.N 
1.99 
1.94 
8.11 
3.39 
2.19 

3.37 

2.33 
4.09 
6.91 

9.91 
7.88 

11.07 
10.79 
9.39 
9.91 
9.97 
4.10 
9.79 
4.89 
5.39 
8.52 
7.38 

5.40 
5.94 
9.37 
4.17 

9.47 
9.76 

9.19 
9.99 
9.99 
7.90 
9.94 
7.79 

5.98 

8.37 

7.99 

7.94 
7.82 

12.40 
5.81 

W 

9.27 

8.80 
8.42 
8.37 

9.49 
9.59 
1.94 
7.21 
5.57 
4.87 
0.71 
8.77 
9.7« 
S.«J 
9.75 
9.07 
7.15 

9.01 
8.08 
8.53 

10.07 

6.86 
7.11 

4.18 
4.35 
8.37 
7.61 
5.38 
3.86 

8.94 

8.68 

8.34 

9.82 
4.32 
5.15 

10.08 

•TMfwrlnq tcaparatur* in dtqram Ontigrad« 
"QuMchlnq Mthod:    Wa ■ WaUr. Fu ■ Furnac« 
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TABLE XIX 

RATIO OF TRANSVERSE TO LONGITUDINAL 
RAYLEIGH SCATTERING COEFFICIENTS 

TEMPERED BLOCKS 

Bleek T-P! (***" a4t/a4t Block w! q—«k" ait/ail Block 
• 

Imp. QMMk V«^ 
405 
407 
408 
40« 
412 
413 
414 
415 
416 
417 
416 
419 

425 
450 
450 
450 
475 
475 
500 
500 
500 
500 
525 
525 

•a 
ni 
FVi 
FNi 
Ta 
la 
Wa 
ni 

fa 
la 

4.54 
4.51 
4.48 
2.60 
3.36 
2.92 
0.80 
3.96 
2.63 
2.41 
0.44 
4.34 

420 
421 
422 
423 
424 
428 
427 
426 
429 
433 
434 
436 

525 
525 
550 
550 
550 
575 
575 
575 
575 
600 
675 
623 

Ri 
•a 
■a 
n> 
•a 
•a 
Fü 
Ri 
ru 
Wa 
Ri 

4.70 
8.07 
4.38 
3.80 
3.72 
4.69 
3.66 
3.40 
5.44 
3.71 
4.00 
1.99 

437 
438 
438 
440 
441 
443 
445 
447 
449 
450 
451 
452 

825 
650 
650 
650 
850 
875 
675 
700 
700 
725 
725 
725 

•a 
•a 
Ftt 
Ri 
Wa 
ni 
la 
ni 
la 
la 
ft 

2.38 
4.15 
3.81 
2.78 
1.83 
3.58 
4.53 
3.32 
4.36 
2.82 
2.44 
4.22 

•TMporlng toaporatur« In doqrM« Contlqrado 
••Quonebldiq Mthed:    la ■ loUr, Tu ■ Furnao« 

TABLE XX 

J FRACTIONAL VELOCITY CHANGES 

Block T-p! Q—ck" 

A»/T  » 104 

■ - 0 ■ ■ 1 ■ - 2 .-3 ■ -4 

402 425 la 11 
21 

2.61 
3.72 

49.6 
40.9 

54.8 
48.4 

101.8 
51.3 

107.0 
58.0 

404 425 ni 10 
21 
30 

4.94 
3.27 
4.66 

68.5 
40.7 
26.0 

98.8 
48.4 
36.4 

183.0 
85.5 
57.2 

182.0 
92.9 
67.6 

405 425 Ta 10 
30 
35 

6.70 
7.06 
6.70 

86.8 
24.0 
20.0 

10O.0 
38.3 
33.4 

181.0 
54.6 
46.8 

184.0 
70.2 
60.3 

406 450 la 10 
18 
30 

6.31 
6.34 
6.50 

87.0 
45.5 
24.4 

100.0 
58.4 
38.0 

180.0 
97.5 
54.6 

183.0 
110.0 
70.2 

408 450 ht 10 
21 
35 

5.48 
5.00 
4.47 

46.7 
39.4 
22.4 

57.4 
49.1 
31.2 

99.2 
84.8 
49.2 

110.0 
83.7 
58.1 

■Toaporlnq tMporatur» In doqrooi Ontlqrad« 
"Qumehlnq Mthod:   la • lator, F\i ■ Furnac« 
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