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INTRODUCTION
Ultrasonic wave propagation in materials such as steel is well understood because of the development in ultrasonic non-destructive testing (NDT). Ultrasonic NDT is routinely used in the primary metal manufacturing industry
to detect various types of defects [1]. In some cases, steel is elaborated to have speciﬁc thermo-mechanical properties
in order to target an application. Consequently, the composition and the treatments are combined to obtain the desired
properties. For small volumes ingots, cast methods, forging and heat treatment are well known and mastered [2][3].
However, for large-sized ingots, various complications may occur due to their large dimensions [4]. For example,
during quenching treatment, the core temperature is always higher than the rest of the ingot. This aﬀects the cooling
rate and the physical properties of the steel. It is possible to have an ingot with a martensitic predominant component
at the surface with a tetragonal-centered structure (TC), whereas the center will mainly be bainite and pearlite with a
centered cubic (CC) structure [5]. Other modiﬁcations can be induced during the forging process, macrosegregation
and heating can impact ﬁnal mechanical properties of the ingot [6]. The aim of this study is to analyse the inﬂuence
of the mechanical and metallurgical parameters on the propagation of ultrasonic longitudinal and transversal waves.
Youngs modulus, Poisson ratio, density, grain size, and microstructure will be considered and analysed.

MATERIALS
The material used for this experiment was a medium carbon low alloy steel with the nominal composition of Fe0.35C-0.99Mn-0.5Ni-1.86Cr-0.149V (wt.%). After casting and solidiﬁcation, the block was forged in a parallelepiped
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shape to reach the dimensions of 102x127x254 cm3. After this process, it was heat treated with a quench and a
tempering. Then, the 40-ton ingot was cut following its longitudinal axis in a 2 cm thick slice which was finally
dividedinto875parallelepipedicsamplesof2x4x7cm3thatwillbeusedinthisstudy(Fig1).
Theknowledgeofthepropertiesandtheelaborationofthistypeoflargesteelingotrepresentsamajorchallenge
to the manufacturers. Their aim is to manufacture blocks that are homogeneous and with no ﬂawsa bovea critical
size.Manyfactorscaninﬂuencetheﬁnalresult.First,whilecastingandduringthesolidiﬁcationprocess,themetal
is in its liquid form. This phenomenon generates chemicals heterogeneities due to the large size of the ingot. The
causeofthisheterogeneityisrelatedtothemovementoftheliquidduringthesolidiﬁcation.Duringfreezing,some
elements have a lower solubility in the solid than in the liquid phase. This leads to a continual enrichment of the
liquid in those elements and a lower solute concentration in the primary solid (Fig 2). A recent chemical
compositionstudy[4]oftheingotusedinthisstudyrevealedtworegionsofpositiveandnegativemacrosegregation.
This previous publication also showed that the C and Cr concentrations were the most dominant in the
macrosegregation. It alsoappeared that the macrosegregation only had a small impact on the microstructure type
and the hardness properties. The second important parameter of the elaboration of this type of ingot is the grain
size. The block was forged in an open die forging process, quenched and tempered. The first treatment was a
mechanical treatment that reduces the volume of the ingot and the size of the grain. A previous study gave a
predictionmethodofthegrainsizeforopendieforgingthatwastestedonaningotforgedfrom700mmto500mm
diameter [7]. The result showed that the real-timemeasurementofthetemperaturewasanimportantparameterfor
thegrainsizeprediction.However,anexcellentcorrelationbetweenmodelandtheexperimentaldatawasfound.This
study confirmed that the grain size after forging is expected to be lower than 70 μm. In this study, the ingot was
forged following the same process and then quenched to stop the grain growth induced by the high temperature.
Finally,atemperingisappliedtohomogenisetheblockandrelease the strength. During tempering, the size of the
ingot has a strong impact because the convection takes more time relative to a small volume ingot. The core
temperature stays higher than the surface temperature such that themicrostructureofthematerialismodified.This
phenomenoninducesalongertemperingatthecoreincomparisontothesurface.Itisthenpossibletoexpectgrain
sizetogrowandmechanicalparameterstobemodified.
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PROPAGATION OF ULTRASONIC WAVES IN STEEL
Ultrasonic NDT is commonly used in the steel manufacturing industry. This method is popular for its capacity
to characterise the material without aﬀecting its properties. In most inspections, transducers are used to detect cracks
and other ﬂaws. Some recent studies have shown that more information could be extracted from those measurements.
For example, the attenuation of ultrasonic waves is related to the grain size in austenitic phase [8]. This method
enables the measure in real-time of the grain growth by laser-ultrasound. Another study from Young [9] showed
that the attenuation coeﬃcient of ultrasonic wave was a function of the heat treatment of the material (quenched,
tempered, post weld heat treatment). It was therefore possible to predict the fracture appearance transition using the
ultrasound measurements. Finally, another study investigated the velocity of ultrasonic waves in austenitic stainless
steel. This work done by Palanichamy [10] proposed a method to estimate grain size in this type material. It showed an
excellent correlation between grain sizes determined by wave velocity measurement compared with the metallography
estimation, especially for shear waves.

METHOD
Asdetailedinthepreviouslysection,theNDTcharacterisationofthediﬀerentparameterslikegrainsizeormicrostructureofingotsrepresentsanimportantissueforthesteelindustry.Inthepresentcase,theblockwaschemically
heterogeneousduetoitsmacrosegregation;thegrainsizewasexpectedtovarybetweenthecoreandthesurfaceand
thephasewassupposedtovaryfrommartensitictobainite.Samplesweretakenfollowingthedepthsymmetricallyto
theverticalaxisoftheingotattwodiﬀerentheights.Theaimofthisstudyistoobservethevariationsdependingon
thedepth,thepositionofthemacro-segregationandconfirmtheassumedsymmetryaxisoftheingots.Theselected
samplesareshownontheingotschematicinFig3.
Measurements are made in pulse-echo mode using 2.25 MHz longitudinal and shear transducers. The time of
ﬂight was determined by cross-correlation of two back wall reﬂections. The dimension of the block was cut to a
precision of ±0.01 mm for a thickness machined of 38.9mm. This variation represents an uncertainty of ±3.5m.s−1
on the velocity measurement. On the other hand, the diﬃculty was to avoid the presence of border eﬀects due to the
small dimensions of the samples. Indeed reﬂections from other modes appeared in the measurement. For this reason,
a modal identiﬁcation was performed using CIVA simulation software. The entire set of samples was measured under
the same temperature and humidity conditions in order to minimise the variation of external factors. The measurement
campaign was repeated three times to conﬁrm the repeatability.
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VELOCITIESMEASUREMENTS
TheresultsoflongitudinalandshearvelocitymeasurementareprovidedinFig4
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Firstly,itispossibletoseethaterrorslinkedtostandarddeviationareverylow.Intheset1,velocitiesareclosewith
a variation of less than 3 m/s that is the measurement uncertainty. In set 2, there is a global growth but the most
notable information is the gap between the sets. In order to explain those variations, the phase, and the grain size
weredeterminedwithmetallurgicalstudies,thechemicalcompositionwasanalyzed,andmechanicalparameterslike
YoungModulusweremeasuredbymicrotensiletests.

METALLURGICAL STUDY
The metallurgical study was made on samples used for ultrasonic velocity measurements. The two samples
presented in ﬁgure 5, were taken at diﬀerent depth in the ingot; one near the surface and the other one in the center of
the ingot.
The composition was around 99% of bainite and 1% of austenite. The metallographic study revealed that the
grain size varied between 70 μm at the surface to more than 700 μm at the core of the ingot. The results were similar
for both sets of samples, such that the velocity gap could not be explained by a grain diﬀerence. This result were
conﬁrmed by the work S. M. Chentouf [11] on the same block.
From 5 it is also possible to note that no signiﬁcant variation can be observed between samples from a given
set. As previously demonstrated, the grain size was mainly a function of the depth; this implied that ultrasonic wave
velocity did not depend on the grain size in bainitic steel and that the block can be considered homogeneous along its
transverse axis.
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INFLUENCE OF DENSITY
Considering that the material was locally homogeneous and isotropic with Young modulus and Poisson ratio
constant, the equations below can be used to calculate empirical density from chemical composition:


E(1 − )
E
VT =
(1)
VL =
ρ(1 + )(1 − 2)
2ρ(1 + )
Considering that Young’s and Poisson’s ratio are constant, they are isolated in a global variable supposed constant
such that the velocity of the longitudinal wave become a function of the density. Thanks to a previous study from
our team [11] the composition of the 875 samples was measured and its possible to compare it to the theoretical
composition given by the datasheet. Fig 6 represents the carbon concentration:
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This map conﬁrms that the chemical heterogeneity linked to macro segregation exists. The ﬁrst observation is
that density is diﬀerent from datasheet value. It is also possible to see that the density remains almost equal in set 1
whereas in set 2 density decreases from the surface to the center. Associating those measurements and the formula 51
for the literature [12], local empirical density can be found:

090002-5

ρ = 7875.96 − 0.2970T − 5.6210−5 T 2 + (−206.35 + 0.00778T + 1.47210−6 T 2 )Cc +
(−8.58 + 1.22910−3 T + 0.85210−7 T 2 + 0.018367Ccr )Ccr + (−0.22 + 0.4710−3 T
−3

−7

(2)

−1.85510 T − 1.85510 T + 0.104608Cni )Cni − 36.86C si − 7.24Cmn + 30.7Cmo
2

It is then possible to calculate the velocities using empirical density calculated from the chemical composition.
Comparisons with the ultrasonic measurements are provided in Fig 7 for longitudinal and shear waves.
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AsseeninFig7thetrendisrespectedforthesamplesfromthesameset,butthegapof10m/sbetweenthetwo
groups cannot be explained by the density calculated using the empirical chemical composition. It is therefore
possibletosaythatthechemicalcompositionaﬀectsultrasonicmeasurementbutinthiscase,itisnotpossibletouse
the homogeneous hypothesis. By deduction, the hypothesis saying that Young’s modulus and Poisson’s rfation are
constantiswrong.Fromthepreviousequations,usingthedensityobtainedfromtheempiricalchemicalcomposition,
asystemof2equationsand2unknownsisobtained.Bysolvingthesystem,itispossibletoﬁndestimateofYoung’s
modulusandPoisson’sratio.Inordertoidentifywhichparametercanexplainthevelocitygapbetweenthesetsthe
velocitiesareﬁrstcalculatedwhilemaintainingPoisson’sratioconstant.Thecalculationisthenrepeatedbutwitha
constantYoung’smodulus.
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As it is possible to see in Fig 8 when the Young’s modulus was constant, the calculated velocities did not
agree withtheexperimentalmeasurements.WhereaswhenthePoisson’swasconstant,anexcellentagreementwas
observed.Fromthoseobservations,itispossibletosaythattheYoung’smoduluswastheparameterthatdominates
theevolutionofthelongitudinalandtransversalvelocitieswhereasthePoisson’sratiohadminimalimpact.
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TENSILE TEST
ToconﬁrmthisimportantresultsmicrotensiletestswereperformedonthesamplesandtheYoung’smodulus
measuredwascomparedtothevaluescalculatedbysolvingtheprevioussystemofequtionswithdensitiescalculated
fromchemicalcomposition.Thesampleswerethesamethatwereusedforultrasonicmeasurements.Forconfidentialityreasons,resultsaregiveninpercentageandcanbefoundinFig9.
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An excellent agreement was observed so those measurements conﬁrmed the values found using empirical data
and ultrasonic velocities. The hypothesis that the Young’s modulus was responsible for the velocity gap was conﬁrmed.

CONCLUSION
This study has shown that the velocity appears to be independent of grain size in large size forged ingot of
high strength steel mostly composed of bainitic steel. Indeed, no signiﬁcant variation was observed between the
samples from the surface to the core of the ingot. The metallographic study revealed that the grain size varied from
70 μm at the surface to more than 700 μm at the core. This paper then showed that density measured from the
chemical composition only lightly inﬂuenced the ultrasonic bulk velocities. However, the major player on ultrasonic
bulk velocities was identiﬁed as the Young’s modulus. The variation of Young’s modulus observed in the ultrasonic
velocities was conﬁrmed by micro-tensile testing.
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