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Nonlinear ultrasonic parameter in quenched martensitic steels
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We have determined the nonlinear ultrasonic param@tend the ultrasonic longitudinal phase
velocity v, for a series of martensitic steel specimens which varied in carbon content. The
specimens were measured in the as-quenched state to ensure that the carbon was present primarily
as an interstitial in the martensit@.increased monotonically with carbon content and hardness over

the range 0.10—0.40 mass %(89.0—-57.5 Rockwell C hardnessiowever,y, remained virtually

the same for all specimens. Therefore we conclude ghiatsensitive to microstructural variations
between the specimens, but is not. X-ray diffraction experiments indicate that the dislocation
density in the specimens is large- (0'*-10"9cn?) and increases with increasing carbon content.
These results support the hypothesis that the observed increage can be attributed to
dislocation-related effects in the specime0021-8978)01009-3

I. INTRODUCTION tional tempering. The specimens were stored at room tem-
In past decades, nonlinear ultrasonic techniques hav%erature during the measurement perioalighly 1 month.

been used most commonly to determine the third-order elas- Spemmetnlrrcl;&gostructgfr_e vl/.as ex_lri\rr]‘mneq using ahllght mi-
tic moduli of single crystalgfor reviews see Refs. 1 and.2 Croscope & magnification. € micrographs are

Interest in nonlinear ultrasonics in recent years, however, ha%hOWn in Fig. 1. They reveal that all three specimens pos-

focused mainly on its applications for engineering materialsfsessed a uniform lath martensite structure. The average mar-

For example, nonlinear ultrasonic properties have bee}]ensite packet length varied from specimen to specimen, but

found to correlate strongly with mechanical properties suc as within the range from 5 to 26m for all specimens. The

as adhesion of compositdsprecipitate hardening in micrographs also indicate little or no evidence of retained
aluminum? and diffusion bond integrity in coppérMuch ~ 2ustenite or second-phase formation.

work remains before the full potential of nonlinear ultrasonic The Rockwell C hardnestHRC) was determined for

methods is fully understood and exploited for such uses. Iﬁhe quenched specimens. Each specimen was cut, and mea-

this paper, we present results of nonlinear ultrasonic experggreme_nts W_?_Le made at sevhera::: Iocanor:cs along thg thickness
ments on another material with industrial applications: mar_tr:mensmn. " def avetrr?ge tarf ness ot a stpec;men .V\(Ijafs
tensitic steels. It is shown that the nonlinear paramgter en computed from this st of measurements. Since indi-

. : ; idual values varied by only the measurement uncertainty
gsgﬁgg:dsgg?géllon the presence of dislocations in th +1 HRO), we concluded that the hardness of each speci-
men was uniform. The values in Table | show that the hard-
Il. SPECIMEN PREPARATION ness range_zd from 39.0 HRC to 57.5 HRC. A plot_ of hardness
as a function of mass percent carbon, shown in Fig. 2, re-
Using three types of ste€B310, 4320, and 4340we  veals that the hardness increased monotonically with carbon
fabricated specimens in which the mass percent of carbooontent over the range studied.
varied from 0.10% to 0.40%. The carbon content of each
specimen, determined by optical emission spectroscopy, is
listed in Table | along with other specimen characteristics
Specimens ranged in cross section fromx30 to 60x 60 Il ULTRASONIC PROPERTIES
mm and were approximately 19 mm thick. The specimend\. Longitudinal velocity

were prepared by "soaking” them at about 100 °C above  po |ongitudinal phase velocity, was measured in

their critical temperature, that is, the temperature at Whidbach specimen using an immersion, pulse-echo superposition
ferrite first begins to form from austenite upon cooling. Thetechniqu8'7 with an uncertainty oft0.1%. The experimen-
specimens were soaked fb h and then rapidly quenched to

room temperature by immersion in an agitated water bath
with a cooling rate of approximately 100 °C/s. This process
was intended to achieve a martensitic microstructure irfABLE I. Properties of as-quenched steel specimens used in this work.
which the chief difference was the variation in amount of
interstitial carbon. Measurements were performed on the

Steel Mass % C Soaking temperature {°C HardnesgHRC)

specimens in the resulting as-quenched state, without addi- 9310 0.10 900 3981
4320 0.18 885 4351
4340 0.40 870 5751
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FIG. 1. Optical micrographs of quenched steel specini@860x magnifi-
cation. The scale is indicated by the vertical black line in each photograph,
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TABLE II. Ultrasonic results for quenched steel specimens. Values for
and g for each specimen are expressed relative to the vadE:emd,BD for
the 9310 steel specimen.

Steel Mass % C v, (m/9 v Iv? B BI18°
9310 0.10 5853 6 1 5.49:0.33 1
4320 0.18 58746 1.004-0.001 5.710.34 1.04:-0.02

4340 0.40 585%6 1.000:0.001 6.12-0.37 1.11-0.02

specimens. Minor differences in velocity slightly larger than
the experimental uncertainty were measured, but no consis-
tent trend was observed.

B. Nonlinear ultrasonic parameter

The nonlinear ultrasonic parametgrfor each of these
specimens was determined through harmonic-generation
experiment$:2 In the experiments, longitudinal tonebursts at
the fundamental angular frequeney=2mx<9.8 MHz were
generated by a piezoelectric transducer bonded to one side of
the specimen. The transmitted ultrasonic waves detected on
the other side of the specimen contained a displacement
component of amplitudé,; at wy, a component of amplitude
A, at the second-harmonic frequencwg and so on. The
waveforms were detected using a path-stabilized Michelson
interferometer(laser wavelengthh =1064 nn). Our inter-
ferometric detection techniques have been described in detail
elsewheré Michelson interferometry provides a straightfor-
ward means to measure the fundamental and harmonic com-
ponents, since the absolute ultrasonic displacements are re-

6000
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.
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which corresponds to 1@m. (@) 9310 steel(0.10% Q, (b) 4320 steel
(0.18% Q, (c) 4340 steel0.40% Q.

tal values forv, in the as-quenched specimens are given in
Table Il and plotted in Fig. @). Table Il also indicates the
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age velocity {, =5861 m/3$ of all three specimengb) Nonlinear ultrasonic
parametes for the same specimens. The data are normalized to the value of

FIG. 2. Rockwell hardness as a function of nominal carbon content for the8 for the 9310 specimend°=5.49+0.33). The broken line represents a

as-quenched specimens. The broken line is a linear least-squares fit.

linear least-squares fit to the data.
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lated directly to the accurately known laser wavelength. Th@ABLE lll. X-ray diffraction results for quenched steel specimens.
detected waveforms were digitally processed using simple
frequency-notch filters to obtain the displacement amplitudes
A; andA,. 9310 0.10 3.80.2 6.1+0.6
Given the fundamental and second-harmonic amplitudes, 4320 0.18 3.30.2 7.8:0.8
the magnitude of the nonlinear paramegewas determined 4340 0.40 4606 1504
through the relationshfp

Steel Mass % C € (1079%) N (10'Ycm?)

_ 8uiA,

2 2’

|8l

oY)

Preliminary diffraction-line-broadening analysis indi-
cated an insignificant anisotropy effect, and only the isotro-
wherez is the specimen thickness. For each specimen, se\sic |ine-broadening parameters were refined using the Ri-
eral amplitude pairsA;, A;) were obtained using stepped etyeld program. Results showed that size-related effects
attenuators to vary the input power. Typicall;~2-6 nm.  caysed negligible broadenin@he estimated minimum size
The least-squares-fit slope of the lide vs A7 was then  of coherently diffracting domains was approximately 300
calculated and used with E€f) to obtain the value fof3| in  nm) This fact confirmed that transformation twinning in the
the specimen. Next, a correction factor that accounted foépecimens was negligible, as expected for pure lath marten-
diffraction of the fundamental and second-harmonic wévessite Therefore, we concluded that all broadening was strain-

was calculated for each specimen. The experimental valuggjated. Using the full width at half maximum of the refined
were multiplied by these factors to obtain the final values ofiffraction line and correcting for instrumental line
|8l broadening?® we estimated the straia for each specimen.
The experimentally determined values|@f are given  Taple 11l shows that values foe were relatively large—in
in Table II. (For ease of notation, we will refer {@| simply  tne range 3—-% 10 3.
as 8 throughout the rest of this papeiThe absolute values There are two possible sources of strain-related line
of B possessed an estimated uncertainty*d%. A large  proadening in martensite: interstitial carbon atoms and dislo-
portion of the uncertainty originated from common sourcesations. In an isotropic, elastic-continuum misfit-sphere
such as oscilloscope gain. Therefore, it was possible t0 regpproximation'® carbon atoms cause an overall expansion of
duce the experimental uncertainty t02% for a series of tne host lattice. In addition, the distortion of the host lattice
specimens by expressirggjin terms of relative values. Table in the vicinity of the carbon atoms produces an inhomoge-
Il shows the values o8 relative to the valugg® for the 9310  neous(local) strain that contributes to the diffraction line
steel specimen. broadening. However, we think that the contribution from
The relative values fop are plotted versus carbon con- jnterstitial strain is relatively small in our specimens for sev-
tentin Fig. 3b). The graph reveals that varied significantly  era| reasons. First, the concentration of interstitials is rela-
from specimen to specimen, even though the uncertainty fojively low in these steels. Second, the radial component of
B was over ten times larger than that for. Furthermore  strain decreases as the third power of distance from the car-
increased monotonically with carbon content. For examplepon atomt’ so the effect is highly localized. Third, similar
an increase i3 of 11% from the 0.10% C to the 0.40% C effects in Al-Si alloys are smaif Therefore the contribu-
specimen was measured. Comparison of Figal 8nd 3b)  tjon of interstitial strain is thought to be relatively small and
makes it clear thaB is much more sensitive to microstruc- masked by dislocation-related strain effects, which are sub-
tural differences between the specimens tham is stantially greater.

Strictly speaking, Eq(1) should include a correction High dislocation densities are expected in lath marten-
factor’ to account for ultrasonic attenuation of the fundamen-gjte  since the Bain distortion is accompanied by dislocation
tal and second harmonic components. Attenuation measurgtip that relieves the transformation strafirhe dislocation
ments were not performed on these specimens. Howevegjip is along{111 fcc planes, which is is equivalent {011}
previous studies in quenched marteriSité suggest that at- pec slip shear. In the isotropic approximation, neglecting

B by only a few percent at most. Moreover, assuming thagjisjocation densityN is given by

the attenuation is approximately the same for all specimens,

. . 2
the relative values oB would remain nearly unchanged.

€

N=k?. (2
Heree is the strain calculated from diffraction line broaden-

To obtain further microstructural information, x-ray dif- ing, and the constark=14.4 assumint that the Burgers
fraction experiments were performed on the specimens. Difvectorb=a/2 [111].
fraction line-broadening analysfscan be used to quantify The values forN calculated from Eq(2) are given in
structural defects related to both sizgstacking and twin Table Il and are plotted as a function of carbon content in
faults, low-angle and high-angle boundajiasd strain(dis-  Fig. 4. For these specimen$] was in the range 6-15
locations and point defedteffects. Observed x-ray diffrac- X 10%cr?. This is consistent with typical estimates Mf
tion patterns were modeled with a Rietveld-refinement~10'-10 /cn? in quenched martensite. Equation (2)

programt314 gives an upper limit foN, since the line broadening due to

IV. X-RAY DIFFRACTION EXPERIMENTS
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20 ' ' ' ; sumptions, nonlinear terms were added to the Granato—
- Liicke theory of pinned dislocatiot$,and equations were
- derived to predict the amplitude of the second harmonic. In
- terms of the nonlinear parametg; the model predicted a
dislocation contribution tg that was linear in botiN ando
- and depended on the fourth powerlaf B«NL%o.
. We think that this mechanism, namely harmonic genera-
0 . . . . tion by dislocations under stress, can be used to interpret our
000 010 020 030 040 050 results. The quenched lath martensite specimens contain in-
mass percent C ternal stresses associated with very large dislocation densi-
_ _ e , _ _ ties and interstitial carbon. The dislocation networks produce
FIG. 4. Dislocation densitil in the specimens obtained from x-ray diffrac- |0 range internal stress fields which are particularly strong
tion line-broadening experiments. A linear least-squares fit to the data is . . ) .
indicated by the broken line. close to the dislocation core. Coupled with the locally high
strain fields of interstitial carbon atoms, these internal
stresses create an asymmetric, nonlinear stress-strain relation
local strain variations by interstitial carbon was neglectedin the vicinity of the dislocations. It is this asymmetry that
Moreover, some dislocation pileup is expected due to th@nables second-harmonic generation by dislocafi®ns.
high dislocation density. Nevertheless, Fig. 4 shows Mhat Existing the()rﬁs’26 does not encompass many features
increases monotonically with carbon content in the speciof the quenched steel system. For instance, the theory con-
mens. This behavior is expected from the mechanism of Baigidered only the case of uniaxial applied stress in single crys-
transformation and is in agreement with previoustals. Several simplifying assumptions were also made. For

N (10"/cm?)
> o
\
AY

(8]
T
\
L

experiments? example, a single loop length was used to describe the
system, which is clearly not appropriate to the steel speci-
V. DISCUSSION OF RESULTS mens. The theory can therefore be used only for qualitative

interpretation of our results. With this in mind, we find that
the monotonic increase iB with N indicated in Fig. 5
roughly agrees with the linear relationship predicted by the
theory. Furthermore, the theory can be used to calculate the
approximate magnitude of the effect. With realistic values of
dislocation and material parameters in the steels, our order-
of-magnitude estimates based on the equations of Hikata
et al. indicate that dislocation—stress interactions could pro-
duce sufficient second harmonics to incre@sby observed
amounts. Therefore, we think that our results are consistent
)\(vith the model of Hikateet al. for second-harmonic genera-

i

Examination of Figs. &) and 4 suggests a relationship
betweenB andN, since both exhibit a correlation with car-
bon content. This is confirmed in Fig. 5, which shows the
values of 8 obtained in harmonic-generation experiments
versus the x-ray diffraction values fdt+. The figure clearly
indicates thapB increases monotonically with the dislocation
densityN.

Insight into this relationship can be found by examina-
tion of previous work on harmonic generation by disloca-
tions. Hikata and co-worke?$?* showed that in single-
crystal aluminum, second-harmonic generation was ver
sensitive to dislocations acted upon by applied or interna ) .
stresses. Although initial experiments investigated the effect Further_work IS nee_ded fo develop a more syst_ematlc
of external(applied stresses on harmonic generatidmater understanding of the microstructural mechanisms which ac-

experiment¥ showed that internal stresses created by plastigOunt for the observed _behawo.r. More complet(_a understand-
deformation produced similar effects. ing requires more specimens with a greater variety of carbon

The experimental results of Hikatat al. were inter- content. With additional specimens, th(_e functional depen-
preted using a model for second-harmonic generation of Ionc_ience ofg on .N could be bgtt_er QeFermlned. Moreoiver,' as
gitudinal waves by bowed-out dislocatiofi2® The model noted by previous author;, it is difficult to usellong|tud|n'al
assumed a network of dislocations of dendityand loop segond-harmpnlg generation megsurements to mterprgt d'.SIO'
length L, acting under an applied stress With these as- cation b_ehaV|or in greater deta|l_ than th_e s_em|quant|tat|v_e

nature discussed above. The lattice contribution and the dis-
location contribution in general cannot easily be separated.

ion by dislocations under stress.

1.20 ‘ - - More complete information might therefore be obtained
through investigation of other nonlinear effects such as third-
{10l —+— harmonic generatidA or harmonic generation of trans-

versely polarizedsheay waves?® Nonetheless, the results
presented provide an example of how nonlinear ultrasonic
1.00 + . methods can provide microstructural information beyond
that available with standardinear ultrasonic methods.

B/p°
&
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N (10" VI. SUMMARY
FIG. 5. Normalized nonlinear paramet@rvs dislocation densitiN deter- We have_ eve_lluated the nonlir_1ea_r ultrasonic parameter _
mined from x-ray diffraction experiments. and the longitudinal phase velocity in quenched steel speci-



4588 J. Appl. Phys., Vol. 83, No. 9, 1 May 1998 Hurley et al.

mens with varying carbon content. High-precision measure-°D. J. Barnard, G. E. Dace, D. K. Rehbein, and O. Buck, J. Nondestruct.
ments showed virtually no change in the longitudinal phase Eval. 16, 77 (1997.

; : : 8E. P. Papadakis, iRhysical Acoustigsedited by W. P. Mason and R. N.
velocity. Although their uncertainty was much larger, Thurston(Academic, New York, 1976 Viol. 12, Chap. 5.

harmonic-generation experiments indicated a noticeable dif7y c Rrenken, S. kim, K. W. Hollman, and C. M. Fortunkeroceedings
ference inB8 from specimen to specimen. A monotonic in-  of the 1997 IEEE Ultrasonics Symposiuedited by S. C. Schneider, M.
crease inB of 11% with increasing carbon content or hard- _Levy, and B. R. McAvoy(IEEE, New York, 1997, pp. 483-488.

8 ;
n ver the ran 10-0.40 m 0 —57.5 HR D. C. Hurley and C. M. Fortunko, Meas. Sci. Techr§).634 (1997).

ess over the range 0. 0 O. 0 mass BE.0-5 . 5. ¢ %A. L. Thuras, R. T. Jenkins, and H. T. O’Neil, J. Acoust. Soc. An173
was observed. X-ray diffraction measurements indicated the(1935).

presence of extremely high numbers of dislocations in theg. p. papadakis, J. Appl. Phy35, 1474(1964).
steels. Furthermore, the dislocation density increased mond*N. Grayeli and J. C. Shyne, iReview of Progress in Quantitative Non-
tonically with carbon content. This evidence suggests that destructive Evaluationedited by D. O. Thompson and D. E. Chimenti

. . . . (Plenum, New York, 1985 Vol. 4, pp. 927-937.
the increase i with carbon content may be attributed t0 125 "¢ "\yarren x-ray Diffraction (Addison-Wesley, Reading, MA, 1959

harmonic generation by increasing numbers of pinned dislo- chap. 13.
cations affected by internal stresses. This interpretation iﬁH. M. Rietveld, Acta Crystallogr22, 151 (1967).
consistent with previous experimental and theoretical work A. C. Larson and R. B. Von Dreele, “General Structure Analysis Sys-

. . . . . . tem,” Los Alamos National Laboratory Report No. LA-UR-86-748, 1988.
on harmonic generation by dislocations in single crystals. 155 g.--"and 1 Ledl')etter Adv X-Rz/ay Xnaas 397 (1995

183, D. Eshelby, Solid State Phy&. 79 (1956.
ACKNOWLEDGMENTS 173, W. Christian,The Theory of Transformations in Metals and Alloys
(Pergamon, London, 19$5Chaps. 6 and 7.
The authors thank C. M. Fortunko, W. L. Johnson, andi#j. G. M. van Berkum, Ph.D. thesis, Delft University of Technology, 1994.
H. M. Ledbetter for useful discussions. They appreciate thé°A. G. Khachaturyan,Theory of Structural Transformations in Solids
assistance of R. L. Santoyo, J. D. McColskey, B. Igarashizog’v"eyv New York, 1983, Chap. 6.

and C. N. McCowan in specimen preparation . K. Williamson and R. E. Smallman, Philos. Mag.34 (1956.
o p prep ) 2R, E. Reed-Hill, Physical Metallurgy PrinciplegVan Nostrand, New

York, 1973, Chap. 18.

IR. E. GreenTreatise on Materials Science and Technology: Ultrasonic 2°P. M. Kelly and M. Kehoe, Trans. Jpn. Inst. MéZ, 399 (1976.
Investigation of Mechanical PropertieAcademic, New York, 1973 2. Hikata, B. B. Chick, and C. Elbaum, Appl. Phys. Le3t.195(1963.
Vol. 3, Chap. 3. 24A. Hikata, B. B. Chick, and C. Elbaum, J. Appl. Phy$, 229 (1965.

2M. A. Breazeale and J. Philip, iRhysical Acoustigsedited by W. P.  ?°A. Hikata and C. Elbaum, Phys. Rel44, 469 (1966).

Mason and R. N. ThurstofAcademic, New York, 1984 Vol. 17, Chap.  2°T. Suzuki, A. Hikata, and C. Elbaum, J. Appl. Ph@§, 2761 (1964).

1. 27A. V. Granato and K. Loke, J. Appl. Phys27, 583 (1956; 27, 789
3S. Pangraz and W. Arnold, iReview of Progress in Quantitative Nonde-  (1956.

structive Evaluationedited by D. O. Thompson and D. E. Chime(Rle- BA, Hikata, F. A. Sewell, and C. Elbaum, Phys. R&&1, 442 (1966.

num, New York, 1994 Vol. 13, pp. 1995-2001. 293, Siriwitayakorn, W. G. B. Britton, and R. W. B. Stephens, Acusfita

4J. H. Cantrell and W. T. Yost, J. Appl. Phy&1, 2957(19979. 247 (1984).



