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This standard is issued under the fixed designation E 1544; the number immediately following the designation indicates the year of

original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonef indicates an editorial change since the last revision or reapproval.

€' Note—The correct Figure 2 was reinstated in May 2004.

1. Scope 3.1.2.1 Discussior—There are many different techniques
1.1 This practice provides a means for evaluating bottised to avoid termination errors related to electronic delays and

systematic and random errors for ultrasonic speed-of-souni@rmination impedance effects and end interference. One com-
measurement systems which are used for evaluating materiglonly accepted procedure is to make the time measurement
characteristics associated with residual stress and which m&gtween successive echoes instead of using the electrical
also be used for nondestructive measurements of the dynanfiving pulse as the start marker. Reference techniques that use
elastic moduli of materials. Important features and constructiofV0 nearly identical sets of experiments, where one is the
details of a reference block crucial to these error evaluationgéference and the other the unknown and in which the
are described. This practice can be used whenever the precisigffference in time of travel is the output result, cancel out many
and bias of sound speed values are in question. of the errors mentioned aboy#).®

1.2 This standard does not purport to address all of the4
safety concerns, if any, associated with its use. It is the ) . ,
responsibility of the user of this standard to establish appro- 4-1 The physical quantity, speed of sound of a particular

priate safety and health practices and determine the applicaslid, is not a fundamental constant because it depends on
bility of regulatory limitations prior to use. separate measurements of time and distance. It is a computed

value derived from measured values of distance and of time

. Summary of Practice

2. Referenced Documents and is based on assumptions about the elastic material through
2.1 ASTM Standards? which the sound waves travel. Because this quantity is not a
E 650 Guide for Mounting Piezoelectric Acoustic Emissionfundamental property (dependent upon many other variables

Sensors besides time and distance) of any material, a reference standard

E 494 Practice for Measuring Ultrasonic Velocity in Mate- having a specific value of speed of sound is virtually impos-
sible to construct. Thus, questions of accuracy have to be

flals addressed in a different way.

3. Terminology 4.2 The measurement of sound speed depends upon many
3.1 Definitions of Terms Specific to This Standard: factors. Considerations of the uniformity of both the elastic and
3.1.1 path length—length of track along which the sound the density characteristics of the material, of internal scattering,

waves actually propagate. of transducer coupling and loading, of temperature uniformity

3.1.2 time of flight—the measured time interval between the@nd value, of external pressure and stress, and of many other
launching of a sonic input pulse at the start of a path and th@hysical effects that would alter the overall measurement

time of reception of the pulse at the end of the path of travelProcess must be taken into account. Because the speed of
sound is affected by so many physical parameters, the only

available test to evaluate the detrimental influence of these

! This practice is under the jurisdiction of ASTM Committee E-28 on Mechanical higher order variables is to examine their combined effects on
Testing and is the direct responsibility of Subcommittee E28.13 on Residual Stress . L
Measurement. measured speed of sound values as it relates to the definition:
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4.2.1 This defining equation for the sound spéédstates a  of sound, V, is constant for the different path lengths as
constant relationship between path lengthand time of flight, determined in such a gage block experiment is a necessary
t, and is applicable primarily to methods in which the time iscondition for the confirmation of system performance to have
measured directly?). a lack of bias. The described gage block has six path lengths,

4.3 Several different methods of measuring speed of soundlthough a reference gage block for this purpose need not be
exist. A number of these are itemized in Practice E 494limited to such a geometry. (Another geometry that is easier to
(McSkimin details many ingenious methods in R€f)).  manufacture is a rectangular parallelepiped with three dis-
Regardless of the method used to calculate the sound spetdctly different dimensiong2). Polyhedra of parallel opposite
from two measurements, the intent is to determine this consides would also be appropriate.)
stant,V, that represents the transport of the elastic potential 4.6 Any gage block used for the purpose of checking the
function and related parameters through the solid body. process of sound speed measurement must have uniform elastic

4.4 This definition is based on the assumption that theand density characteristics throughout the gage block; thus, it
medium that transmits the elastic waves is both homogeneousust be homogeneous and isotropic. Only then can it be
and isotropic. In such a case, a constaftjs the applicable assumed that the speed of sound is uniform and not dependent
property throughout the whole volume and in all directions ofon location and wave direction within the gage block. A
the solid body. To the degree that this assumption holds, (Eq Ihethod for assuring the high uniformity of the block is
and any other analytical description associated with othedetailed.
methods should yield a linear relationship between time of
flight (or other parameters) and path length traversed. (Anothes. Significance and Use
form of this comparison would be for the computed sound 5.1 The use of sound speed values to determine changes in
speed to be a constant for different paths of different lengthshe elastic constants due to applied or residual stress requires
Errors from this linear prediction are associated with errors inthat such measurements be of high precision and low bias. For
the measurement of time of flight (or the other parameters) anghat reason, special evaluation tests to determine a representa-

path length. Deviation of the measured values of sound speefle precision and bias for the specific technique, method, and
beyond the estimated errors in the time measurement and tRguipment setup used are given.

length measurement are connected with the systematic and5 2 Speed of sound is a measure that depends on the
random errors associated with all other unwanted variables churate measurements of |ength of path of travel and transit
non-ideal material, non-ideal measuring technique, and lack &fme or other related parameters such as frequency, etc. Both
control on the many variables of indirect influence. An ex-measurements are subject to certain interpretations and as-
ample of a second order dependence is a nonlinear relationshépmptions and are highly dependent on laboratory expertise.
between time and distance due to diffraction effects aSSOCiate’Fhis practice provides a means of Checking overall technique_
with a finite transducer aperture. 5.3 This practice shall be used when it is necessary to assess
4.5 In order to check a particular sound speed measuringhe systematic and random errors associated with a particular
system or particular applied technique, or both, a stepped gaggeed of sound measurement in a solid medium. It can be used
block, similar to Fig. 1, of very uniform material properties canto check both equipment performance and measurement tech-
be constructed to check the performance of a measuremenjgue for these errors. It can also be used to study inherent
system by examining differences from the predicted lineagrrors in a particular method. It can also be used to assess
relationship of Eq 1. Demonstrating that the calculated speegroposed corrections to sound speed measurements such as the
phase corrections of Papadakss 4).
5.4 The resultant precision and bias determined by the use
SIDE VIEW FRONT VIEW of the described block represents a more ideal situation than the
same measurement performed in practice, in the field. Thus,
L5 the error for the specific field measurement may be larger than
+ indicated by this test. This test represents the best error
L4 condition for a given technique and practice.
|eg—
L3
” - 6.1.1 Construct a glass block of the general shape and size
of Fig. 1 of optical quality glass having at least a medium
1

6. Procedure
L6 6.1 Speed of Sound Test Block Construction

r 1 ¥

J valued stress-optic coefficiel). A stress-optic coefficient in

bl the range of 20 to 40 nm/cm/MPa is desirable and the sample
should be well annealed for a low internal stress state. Adhere
+ to the glass manufacturer's annealing schedule. The dimen-

sions of such a reference glass block can be chosen to

Note 1—Sound speed reference block manufactured of optical qualityypproximate the dimensions and time of flight simulating the
glass of high uniformity. The multiple sound propagation paths are marke%ituaﬂon for which this assurance test is being done
L1 through L6. '

FIG. 1 Sound Speed Reference Block, Optical Glass Note 1—The test block constructed and tested has nominal dimensions

!
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of L1=63.5mm, L2=66.7 mm, L3=69.9 mm, L4=73 mm, L5=88.9 Carry out a temperature measurement of the gage block for
mm, and L6 = 101.6 mm. The step or facet on which the transducer igach ultrasonic measurement and record its value with the
mounted should, of course, be at least as large as the aperture of thgasonic times of flight or phase shift. These temperature
transducer. L o
measurements should be to a precision of 0.1°C.

6.1.2 The glass of this block shall be free of internal stresses 6.2.3.1 Thermally isolate the block from any external heat-
and variations of optical index throughout its volume. Deter-ing or cooling gradients such as local heating due to handling.
mine these two important features by examining the glasgllow a period of 10 min to establish thermal equilibrium after
blank from which the block is to be cut between crossedany thermal disturbance has occurred.
polarizers before the cutting and polishing processes begin. 6.2.4 Correct each sound speed value for thermal expansion
Also, apply this test intermittently during both the grinding andand thermal changes in the elasticity associated with tempera-
polishing processes, and on the completed block. Any signifiture variation occurring between measurements of the different
cant change in optical index or any significant internal stresgath lengths of the set and then plot against the measured path
patterns will show up immediately as a nonuniformity in the|ength.
visual optical field. (A good quality optical glass that is well 6.2.5 If poor precision or significant bias is suspected,
annealed and is uniform in temperature during observation willmeasure and plot several values for each path length. This
show no shadow or dark regions when viewed between crossgstocess will help establish a precision value for this particular
polaroids and the viewing regions will be perfectly uniform. arrangement and path length. In general, make at least five
Any region of shadow is an indication of optical birefringence separate measurements of speed of sound for each path length
associated with variations of uniformity of various physicalto ascertain consistency of the process. From this set of
parameters such as density, internal stress, and temperaturgiasurements a standard deviation can be computed and error
Shadowed regions represent positions where the relative retasounds assigned for each length.
dation differs by at least one-fifth of a wavelength of the 6.2.6 The results for all path lengths can then be examined
illumination used. Such a visual indication should be gI’OUﬂdSor the variation of the measured sound Speed values from a

for rejection of the material blank. single constant value. (The average value might be satisfactory
6.1.3 Grind and polish all surfaces to better than 0.5 um ofor this purpose.)

being flat and each surface shall be cut so as to be parallel t06.2.7 Such a comparison is shown in Fig. 2. This figure
the opposite surface. demonstrates the ability to evaluate precision and bias from a
6.1.4 Block thickness between parallel faces and along theet of measurements. See Appendix X1 for a more thorough
direction of the propagation through this glass block must bejescription of this process. The solid line is the average for all
measured to at least the accuracy appropriate to the desirge data, the dashed lines represent plus or minus one standard
results of the assurance test. deviation (-¥%12009 as computed from the total data set. Each
6.1.5 Thermal expansion for the test block should be knowrjata marker represents one measurement of the speed of sound.
for length correction purposes and, if possible, low thermaEach data set for a single length has an ewondow’ that is
expansion should be a factor in the choice of the materiakepresented by a vertical I” bar. This error, “I”, is centered on

Borosilicate crown glass is a good choice because it has ghe average for that length set and indicates plus and minus one
relatively low thermal expansion.

6.2 Use of This Reference Block to Determine System and
Method Performance for Sound Speed Measurements 5.053
6.2.1 Attach a sending/receiving transducer or transducers
to the various faces of the reference gage block by the means
intended for final use. This might include transducer hoIdersg 6.052
delay blocks, coupling materials of different thicknesses, and +1 std.
acoustic delay lines. Attempt to establish general ultrasonic” 1. i #"i

conditions of the transducer attachment that closely duplicatg& Nt .

the final conditions of use in practice. 2 80517 = { ;
6.2.2 The transducer should be located in the center of thg g % £ E 5

face of the block used for each path length (see Fig. 1). q  [TTTToTTTTTTTTToTTTTTTT o %“"
6.2.3 Measure a value of speed of sound for each path %97 /

length through the reference block. The technique and method ] —1 sta.

for measuring the time of flight being evaluated by this

gualification test should be as near as possible to the technique 6.042 r . . 1 I r

and method that will be used in practice. (The same technique ¢

and method mean using the same transducer, attaching it in the

same way, with the same delay line coupling if used, using the NOTE 1—FOL_Jr different ultrasonic transducers were used and are

same transducer electrical driving equipment, using the sanjgdicated byusllfferent symbols. Two sets of values were taken for each

measuring electronics, making the timing coincidences in th%ransducer. | bgrs are estimated error I|m|t_s f_or all the data of one path

Lo . . ength as determined from the standard deviation of each set. The average

same manner, maintaining the other independent Varlablgs FAlue and the standard deviation of the total data set are shown.

the same state of control, etc.) Accurately measure the various riG. 2 Results of Sound Speed Measurements on a Stepped

path lengths pertaining to the different dimensions of the block. Glass Reference Block

BLOCK LENGTH NUMBER
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standard deviation of that set of measurements. In this case, a7.1.2 Ultrasonic time of flight (or transit time) data (or other
slight but definite bias is displayed and the bias is approximeasured parameters, such as frequency data, for example) for
mately twice the standard deviatio¥sdog and is indicative of  each path length of the reference gage block,

some systematic error in the total measurement system. The7.1.3 Frequency of resonance of the transducer used and the
band of scatter can be characterized by a least squares eririven frequency, if it is applicable to the technique,

analysis and gives a good indication of the accuracy that might 7.1 4 The representative temperature of this run and the

be expected under these ideal circumstances. range of temperature measured during the test,
6.3 Use of the Reference Block to Improve or Trouble Shoot 7.1.5 A list of calculated speed-of-sound values determined
the Measurement System and Techrique from the accurate length for each path as corrected for

6.3.1 This assurance test is useful in evaluating improvetemperature and transit time (or parameters measured) data,

ments made in equipment, measurement technique, and mea-7.1.6 An analysis of these data for scatter around a mean
surement analysis. This can be done by evaluating the speed wlue, and

sound consistency for a new configuration to see if an 7.1.7 Aplot of all the various speed-of-sound values versus

improvement in consistency is obtained. path length.
6.3.2 Measurement equipment that is suspect can be 7.2 A copy of this measurement report should be filed with
checked using this general approach. previous measurement reports so as to develop a history of

6.3.3 Different techniques, such as direct contact or wateperformance of the specific measurement technique.
path delay, can be evaluated for best performance in making a
reliable measurement. 8. Precision and Bias

6.4 Restrictions and Limitations 8.1 Determining the Precision of Each Measurement

6.4.1 This procedure defines a performance standard moreg 1 1 Several measurements of time of flight or appropriate
than a reference standard. Evaluating the behavior of a systegyrameters shall be made for each path length. From each
for measuring the deviation of the speed of sound from &oup of measurements and the path length measurement, a
constant valu.e for different path_lengths |s_the only test concepliandard deviation of the scatter of the computed values of
available. This can help establish the existence and the magpeed of sound can be determined. It is recommended that at
nitude of errors of the measurement. This process also providggast five separate measurements be used for the determination
a bench mark against which other methods can be compared, gf ihis standard deviation.
against which improvements in the technique can be achieved. g 1 5 The values for the standard deviation of the speed of

but not a “sufficient” condition to indicate an accurate speed Otonsistent. (It is suggested that the largest standard deviation
sound measurement; the actual determined value may not R@a|| not be more than twice the smallest for the different

exact. In part, this is demonstrated by the fact that thigengths,)
procedure will not detect the presence of a constant percentageg » Evaluating the Bias Limit

error in either the path length or the time of flight measure- 8.2.1 The best value of speed of sound for each path length

ments. ) . o _ can be obtained by calculating the average of the time of flight
6.4.3 Careful consideration of the possibility of elastic wave,,5,es or appropriate parameters.

interference conditions associated with particular aspects ofthe8 2.2 These best values of the speed of sound for the
test is essential. All techniques assume certain paths of Propg; - -

) . . ifferent path lengths can then be plotted with standard
gation through the solid body. These are the distances ov b 9 P

. . . g eviations determined in 8.1.1 and 8.1.2 as limits of precision
which the speed of sound is calculated. Certain diffraction an f these individual measurements.

scattering effects can alter the effective paths from the apparent8 23 0On a plot of speed of sound versus path lenath. it
paths. An example is the case where the ultrasonic medium h%%o.ul.d be ossliable to igk a constant value for tr?e soundgs 'eed
a geometry in which most of the received signal comes fro P P P

reflections of either imbedded or external surfaces. In this cas hat falls within the range of the individual deviations for each

the effective path may be much longer than the direct path. An n%tit::alt?e r(\jgtgn vgilue 20f (K]e :r?c?iidxif ;ggﬂgéezhltivoprg;f; zfmles
test block should have significant lateral dimensions to aVOiO(I:ases) 9. < (APP
unwanted side wall reflections. '

6.4.4 This procedure evaluates the measurement s stem8'2'4 If this cannot be done, such lack of performance
o > Proce ; g YSt€llicates significant nonlinearity of the measurement technique
under idealized circumstances, that is, by utilizing a very,

) . ! ) ' {o the degree that the averages exceed (fall outside of) the
uniform material. In practice, in the field, the measurement, . .o imi h It indi he limits f hich
system may perform more poorly because of the relatively eviation limits. Such a result indicates the limits for which a

onstant speed of sound can be established and represents a

uncontrolled nature of such a measurement and of the materias X X - .
ench mark against which subsequent improvements in the

involved. technique can be compared.
8.2.5 If a line of constant speed can be drawn, the precision
7. Report o : e
_ _ limits used are a direct measure of the precision of the process
7.1 Report the following results of this test: and an indication of the lower bound of the accuracy of the
7.1.1 Path length based on the block dimension, sound speed determination.
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APPENDIX
(Nonmandatory Information)

X1. EXAMPLES

X1.1 The application of this practice will yield various passed. These data are acquired from a single 15 MHz
conclusive indications ranging from those that totally fail totransducer. The reproducibility of these data was limited only
those that definitely pass the criterion given by the definition oby the setability of the coincidences. Because of this, the
speed of sound (Eq 1). Fig. 2 is an intermediate case. For eaelgsigned error limits are determined by this limit of setability.
path length, the plus and minus standard deviation error limita\s before, the* constant” value assigned was the average value
around the intermediate average of each set of measured dag all the data of all the different length sets. When compared
are indicated. The horizontal line of constant value, as detefjth the observable systematic trend of Fig. 2, there is no
mined by the average value of the total data for all lengthsypious trend in the data of Fig. X1.1. Fig. X1.1 represents a
does not pass through all of the “windows” of the standardyefinite “pass” of the criterion test.
deviation limits. It passes through three sets, comes very close
to passing sets “2” and “5,” and misses “6” by about half the : : .
standard deviation. If the limits were just 50 % larger, thed e>f(ir11i.t3e ‘Eé?lﬁr)e(:}.zoflsthae flgrt;:;rosn t?g;tgﬁze;ﬁidc?s; hct)r\:veua

constant average line would pass all the” windows.” Thus, th':%onstant” value was determined from the average of the total

test is close to being a satisfactory indication of the necessar ta of all path dth ind determined f h
constant relationship between time and distance. The data s gla orafl pains and the errorwindows are determined from the
verage and the standard deviation of the data of each

used for Fig. 2 were purposely chosen to produce a noticeabfe/€" . .
systematic bias. These sets of data involve the use of fodpdividual path length set. The constant line only intersects one

different transducers, each with a different resonance fre€Tor window and a very strong systematic trend to the data is

quency, rise time, and geometry. The data for each transduc@pPVious. The user that gets such a result should be very
are indicated by a different symbol. suspicious about the total measurement method and system,

and needs to do an error study to be more certain of the results.
X1.2 Fig. X1.1 demonstrates a test in which the criterion is
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Note 1—15 MHz transducer with a fast rise time was used. Each data
point represents many data points on the same value. Precision was
limited by the least count and by the setability of the measurement
equipment. Error “I” bars are determined by plus or minus the setability.
Average is for the total set. This demonstrates a definite “pass” to the
necessary criterion of speed of sound = constant.

FIG. X1.1 Results of Sound Speed Measurements on a Stepped
Glass Reference Block
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Note 1—The error “I” bars are determined from the average and the
standard deviation of each path length set. The average is for the total set.
FIG. X1.2 Generated Data Set to Demonstrate a Definite Failure to

the Necessary Criterion of Speed of Sound = Constant
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