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Ultrasonic testing (UT) is typically used for crack and/or flaw detection in many materials. In 
addition, the velocity (and/or attenuation) of the ultrasonic waves can be used to assess the 
microstructure of the material. The work presented in this paper explores the effect of steel 
type/microstructure on ultrasonic wave velocity. A series of heat treatments – ranging from 
water quenching to furnace cooling to obtain a variety of microstructures (i.e. martensite, 
bainite and ferrite + pearlite) - was applied to three grades of steel: L80, 4130 and 5160. For 
each heat treatment, the longitudinal (L80) and shear velocity were measured. Optical 
microscopy and hardness were used to determine the phase(s) present in the steels. In 
addition, wave velocities through the thickness of the as-received L80 steel strip were also 
measured. X-ray diffraction analysis of the as-received L80 samples was conducted to assess 
the magnitude of preferred orientation (texture) in the steel strip. For both the heat treated and 
as-received steels, the measured velocities were compared with predicted velocities 
calculated using either an isotropic or anisotropic methodology. For the heat treated steels, 
the shear velocity decreased appreciably with both a change in microstructure (ferrite to 
martensite) and increasing steel hardness. The predicted values of both longitudinal and shear 
velocity for martensite compared favourably with the measured values. 
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1. Introduction 
A number of studies have been undertaken correlating ultrasonic velocity with 
microstructural features [1-11] in cast iron, steel, stainless steel, and heat treatable high 
strength steels.  The work conducted in this paper focuses on ultrasonic velocity 
measurements made on L80 steel – a low carbon (0.24 wt% C) heat treatable steel used for 
pipe in the oil and gas industry. The L80 steel was examined in the as-received (L80-AR) 
condition (through the thickness) and following specific heat treatments (L80-HT) to 
generate a variety of microstructures phases including martensite, bainite and ferrite + 
pearlite. In addition, ultrasonic velocity measurements were made on two heat treatable alloys 
with carbon contents different than the L80 steel– specifically 4130 (≈ 0.3 wt% C) and 5160 
(≈ 0.6 wt% C) steels. Both alloys were heat treated in manner similar to the L80 steel. The 
effect of phase type (ascertained via optical microscopy and hardness measurements) on the 
magnitude of longitudinal and shear velocities was examined. The measured velocities were 
compared with predicted velocities calculated using either an isotropic or anisotropic 
(Christoffel equation) methodology.  

2.  Background 
The processing of L80 steel for pipe will be briefly introduced followed by a review of 
microstructural factors that effect ultrasonic velocity. In addition, correlations for predicting 
ultrasonic velocities, for isotropic and anisotropic materials, will be presented.  



2.1  L80 steel  
L80 steel is a low alloy heat treatable steel used extensively for pipe in the oil and gas 
industry. The composition of the L80 studied in this work is 0.24 wt% C, 0.99 wt% Mn and 
0.16 wt% Cr. L80 pipe can be manufactured as either seamless or electric resistance welded 
(ERW) pipe where the latter is made from hot rolled steel strip. Following forming, the pipe 
is austenitized, quenched and tempered to the required mechanical properties and then 
ultrasonically inspected. The formation of an entirely martensitic structure during the 
quenching cycle is necessary to ensure that the pipe properties are met in the tempering 
operation. The evaluation of the quenched martensitic microstructure using existing 
ultrasonic systems may be used for quality control purposes.  

2.2  Microstructural factors affecting ultrasonic velocity 
Microstructural factors affecting the velocity [1, 12-16] of an ultrasonic wave transiting an 
elastic material include phase type, grain size, phase anisotropy and crystallographic texture 
(preferred orientation). 

2.2.1 Elastic constants for different phases in steel 
A substantial body of research has been conducted on the effect of steel microstructure (e.g., 
martensite, ferrite and ferrite + pearlite) on ultrasonic velocity, stemming primarily from a 
variation in the elastic constants associated with each phase. The elastic constants for the 
microstructure types typically observed in steel, including ferrite, pearlite and martensite, are 
tabulated in Table 1. It should be noted that pearlite is a lamellar structure consisting of 
ferrite (body centred cubic - BCC) and iron carbide (orthorhombic); thus, the elastic constants 
shown in Table 1 for this microconstituent are deemed as “effective” values. The crystal 
structure for martensite is body centred tetragonal (BCT) due to carbon “trapped” within the 
structure during the quenching operation. However, the degree of tetragonality depends on 
the carbon content of the steel. As the C content is reduced, the c/a ratio (of the BCT 
structure) decreases and at relatively low carbon contents the martensite crystal structure 
approaches a BCC structure. Experimentally determined elastic constants [17] for a 0.5 wt% 
C martensite showed that C11 ≈ C33, C12 ≈ C13 and C44 ≈ C66. The equivalency of each of these 
elastic constants is characteristic of a cubic structure [16].  A cubic assumption for the 
martensite phase will be used in subsequent calculations. 

2.2.2 Phase anisotropy  

Anisotropy in a crystalline structure is defined as a variation in elastic properties with 
direction. For phases exhibiting cubic symmetry, an anisotropy factor (A) can be calculated 
using the following equation: 

         (1) 

where C11, C12 and C44 are the elastic constants defined in Table 1. A value of A = 1 defines 
an isotropic material; while A values >> 1 indicate an increasing degree of inherent phase 
anisotropy. The A values for ferrite, pearlite and martensite are shown in Table 1. 

2.2.3 Grain size effect on velocity 
Grain size [12] can affect the measured velocity in a polycrystalline material via the Snell 
effect (i.e., refraction of ultrasonic waves as they propagate through individual grains with 
different orientations and, hence, elastic properties). The anisotropy inherent in ferrite can 
result in a significant Snell effect (depending on grain size); thus, leading to a longer 
propagation path with a corresponding decrease in apparent velocity.   
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Table 1.  Elastic constants for 1050 steel [17-18] 

Phase C11  
(GPa) 

C12  
(GPa) 

C44  
(GPa) 

A E 
(GPa) 

Density 
(kg/m3) 

v  
(Poisson’s ratio) 

Ferrite 232.0 135 116.0 2.39 211.9 7,851 0.289 

Pearlite 273.4 110.5 82.2 1.01 210.3 7,835 0.288 

Martensite 268.1 111.2 79.1 1.01 203.5 7,709 0.292 

2.2.4 Texture (preferred orientation) of hot rolled steel 
During non-recrystallized hot rolling, texture (preferred crystallographic orientation) can 
develop in a steel strip [19]. Though the specifics of texture development is beyond the scope 
of this paper, it is sufficient to say that specific crystallographic planes and directions can 
become oriented parallel with the rolling face during hot rolling. As L80 steel analyzed in this 
work is produced using a hot rolling process, hence, some degree of preferred orientation can 
exist in this material.  

2.3 Ultrasonic velocity calculations 
Predicted ultrasonic velocities in a crystalline elastic medium were calculated using two 
approaches: an isotropic approach (applicable for isotropic materials) and the Christoffel 
equation [14, 20, 21] (applicable for anisotropic materials and texture).  

2.3.1 Isotropic velocity 
In its simplest form, the velocity of sound in a material can be approximated using the 
following equation: 

           (2) 

where Vo is the generic velocity of sound, E is the Young's modulus and ρ is the density of 
the material. Since shear and compression waves move with differing velocities in a given 
material, further equations are needed. The velocity of a shear wave (Vs-iso) in a material can 
be calculated [14] using:  

                (3)  

where ν is the Poisson's ratio for the material. Similarly, the velocity of a 
longitudinal/compression wave  (VL-iso) can be calculated [2]:  

(4)  

 
2.3.2 Anisotropic velocity – Christoffel Equation  
For an anisotropic material, the Young’s modulus is not a true representation of the material’s 
elastic properties and the stiffness tensor in its entirety must be used instead. The ultrasonic 
velocity equation can be calculated using the Christoffel equation: 

      (5) 

where Cijkl is the stiffness tensor, dj and dl are the wave propagation directions, V is the phase 
velocity of the wave, ρ is the density of the material, δik is the Kroenecker delta function and 
pk is the particle displacement direction. The equation in matrix form [16, 20] is:  
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where λij are functions of Cij - the elements of the stiffness tensor in the Voigt notation. For a 
cubic crystal structure (e.g., ferrite) the stiffness tensor is simplified into three components, 
C11, C12 and C44 and thus λij can be calculated from C11, C12 and C44 and the cosine of the 
wave direction with respect to the x, y and z axis. For example,  

(7) 

where l, m and n are the directional cosines and are defined by l = cos(θ1), m = cos (θ2) and n 
= cos (θ3) where θ1, θ2 and θ3 are the angles which the directional vector makes with the x, y 
and z axes of the cubic system. These angles are illustrated in Figure 1a for the [110] 
direction.  

The three (3) real roots of the determinant of Equation (6) (described by a cubic function of 
V2) are calculated and correspond to three ultrasonic velocities [21], two shear modes (Vs1 
and Vs2) and one longitudinal (or compression) mode (VL). The difference between velocity 
modes is related to the particle displacement axis relative to the wave propagation direction. 
For example, for a wave propagating down the z-axis of a material, the wave is a longitudinal 
wave if the particles are displaced along the z-axis. For a shear wave, particle displacement is 
perpendicular to the travel direction (i.e., along either the y axis or x axis as shown in Figure 
1b [21]). For an isotropic material there is no difference in properties along the x or y axis; 
hence, the two shear velocities are the same. However, for an anisotropic material, the 
properties are not necessarily the same along the x or y axis. Therefore, the magnitude of the 
two shear velocities can differ depending on the particle displacement direction relative to the 
propagation direction. Where applicable, the particle displacement parallel with the rolling 
direction is defined as Vs1 and particle displacement transverse to the rolling direction is 
defined as Vs2.  

 

 

  
        

 

Figure 1a.  Directional cosines                           Figure 1b.  Shear wave particle displacements 

2.3.4 Calculated ultrasonic velocities 
The calculated Isotropic velocities (Equations 3 and 4) – labelled VS-iso and VL-iso - for ferrite, 
pearlite and martensite are shown in the Table 2. Also, included in Table 2 are calculated 
velocities for specific crystallographic directions (i.e. [100], [110] and [111]) obtained using 
the Christoffel equation (Equation 6).  These specific Directional velocities are labelled     
VL-dir, VS1-dir and VS2-dir. The Average velocity values (VL-avg, VS1-avg and VS2-avg) shown in 
Table 2 are obtained by averaging the specific directional velocities (Equation 6) over a large 
number of (equally favorable) crystallographic directions. The Average longitudinal and 
shear velocities were calculated using the following equation:  

(8) 
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where, Vavg is the velocity of interest (i.e., VL-avg, VS1-avg and VS2-avg), Vi is the longitudinal or 
shear velocity for a specific direction (from Equation 6), ϕi is the texture weighting factor 
(ϕi= 1 for no texture) and N is the total number of directions considered. For the purpose of 
this work, N corresponds to the sequential stepwise (∆θ = 5°) manipulations of θ1, θ2 and θ3 
through all angles (see Figure 1a) in the crystallographic cell. Equation (8) assumes the 
effects of Snell refraction are negligible and that (as stated earlier) martensite approximates a 
cubic structure. It is observed (Table 2) that the predicted velocities (Isotropic, Directional 
and Average) for either pearlite or martensite are virtually identical.  Due to this similarity, 
only the Average calculated values will be used in subsequent comparisons with measured 
velocities in both of these phases.   

Table 2.  Predicted velocities for ferrite, pearlite and martensite 
 Ferrite (m/s) Pearlite (m/s) Martensite (m/s) 

Isotropic    
VL-iso   5939 5915 5896 
VS-iso  3235 3228 3196 

Directional VL-dir  VS1-dir VS2-dir VL-dir  VS1-dir VS2-dir VL-dir  VS1-dir VS2-dir 
[100] 5436   3844 3844  5910  3238  3238  5902   3202 3202 
[110] 6177 2486  3844 5914 3232  3238 5906  3194 3202 
[111] 6405  3007 3028 5915  3234 3234 5907  3197 3197 

Average     
VL-avg  6161 5914 5906 
VS1-avg  2823 3233 3196 
VS2-avg  3605 3236 3200 

3. Experimental Testing and Results  
The 4130, 5160 and L80 steels (except L80-AR) were heat treated by first austenitizing the 
structure (at T > 850°C) followed by 4 different types of cooling to room temperature, i.e., 
water quenching (WQ), quenching in 200°C oil (OQ), air cooling (AC) and furnace cooling 
(FC). A decreasing cooling rate (WQ → FC) results in the formation of different 
microstructures (martensite → bainite → fine and coarse ferrite + pearlite). Following the 
heat treatment, the steel samples were prepared for ultrasonic testing using a standardized 
surface preparation [21].  

For the 4130 and 5160 samples, ultrasonic examination was conducted using a 15 MHz GE 
0o shear wave transducer and a Krautkramer USN58L pulser/receiver. For the L80 samples,  
an Olympus 10 MHz 0o incidence shear and longitudinal wave transducers were used with a 
Socomate USPC7100LA pulser/receiver. The ultrasonic signals were recorded using the 
proprietary Socomate software and a custom coded Labview application to take advantage of 
the full accuracy of the equipment. The measured ultrasonic signals were converted to 
velocity values based on the thickness of the steel sample and the time for wave propagation 
through the sample [21]. For the 4130 and 5160 steels, only VS1 was measured while for the 
L80 steel (both as received and heat treated) all three velocities (i.e., VL, VS1 and VS2) were 
determined. For the L80 steel, the transducer was aligned with the rolling direction of the 
steel for VS1 and perpendicular to the rolling direction for VS2. Following ultrasonic velocity 
measurements, optical microscopy and hardness testing were done on each sample to verify 
the phase(s) present in the steel. Specific details regarding the preparation, heat treating, 
ultrasonic testing, hardness, optical microscopy and X-ray diffraction (L80-AR) of the L80, 
4130 and 5160 are available in [21].   

Unlike the heat treated samples, the L80-AR strip was sectioned horizontally (relative to the 
rolling face) into 1 mm thick test samples at different locations through the thickness of the 
steel strip. The location of each sample is represented by its distance below the top surface of 
the strip (e.g., S1 is from a position in the strip 1 mm below the surface).  



3.1  Heat Treated L80, 4130 and 5160  
 Representative heat treated samples of L80, 4130 and 5160 were examined using 
optical microscopy followed by UT velocity  and hardness testing. 
3.1.1 Optical Microscopy of heat treated L80, 4130 and 5160 steels 

The microstructure observed for the WQ, OQ and AC L80 samples are shown in Figures 2a, 
2b and 2c, respectively. The microstructures are martensite, bainite and ferrite + pearlite, 
respectively. Optical microscopy analysis was also undertaken for the 4130 and 5160 steels 
and similar microstructures for the WQ condition and the AC condition were observed.  

  

 

 

 

 

 Figure 2a. – L80 WQ        Figure 2b. –L80 OQ           Figure 2c. – L80 AC 

3.1.2 Heat Treated L80, 4130 and 5160 steel ultrasonic velocities and hardness  

The average values and standard deviation (S.D.) for VL, VS1 and VS2, Vickers hardness and 
the observed microstructure for the L80-HT steel are shown in Table 3.  The VS1, Vickers 
hardness and observed microstructure for the heat treated 4130 and 5160 steels are shown in 
Table 4.  

Table 3. Velocity, hardness and microstructure for heat treated L80-HT steel 

Sample VL (S.D.) 
(m/s) 

VS1 (S.D.) 
 (m/s) 

VS2 (S.D.)  
(m/s)  

Hardness (S.D.) 
 (HV) 

Microstructure 

L80-HT      
WQ 5916 (29.5) 3215 (16.8) 3215 (16.4) 513 (3.5) Martensite 
OC 5908 (3.2) 3235 (3.2) 3249 (3.2) 306 (0.6 Bainite 
AC 5897 (5.7) 3261 (2.0) 3276 (3.2) 178 (1.5) Ferrite + Pearlite 
FC 5896 (0.6) 3254 (3.2) 3266 (4.4) 140 (2.0) Ferrite + Pearlite 

Table 4. Velocity, hardness and microstructure for the heat treated 4130 and 5160 steel 
Sample VS1  

(m/s) 
Hardness  

(HV) 
Microstructure 

4130    
WQ 3172 566   Martensite 
AC 3209 258 Ferrite + Pearlite 
FC 3212 163  Ferrite + Pearlite 

5160    
WQ 3157 702  Martensite 
AC 3288 387 Ferrite + Pearlite 
FC 3200 290 Ferrite + Pearlite 

3.2  As Received (AR) L80 through thickness analysis 
As stated earlier, thin samples of L80 steel were taken at various distances below the rolling 
surface to assess the variation in ultrasonic velocity through the thickness of the as-received 
L80 steel strip. Optical microscopy and X-ray diffraction (XRD) was also undertaken. 



3.2.1 Optical microscopy of L80-AR steel 
The optical images taken of the L80 strip for the top surface (Figure 3a) and centerline 
position (Figure 3b) show that the as-received L80-AR strip consists primarily of 
proeutectoid ferrite and pearlite.   

 

 

 

 

 

       Figure 3a.   L80 near the top of the strip     Figure 3b.  L80 at the centerline 
3.2.2 X-ray diffraction 
Quantitative X-ray diffraction (XRD) was undertaken on each through thickness L80-AR 
sample as a means to quantify texture (i.e., preferred orientation). The XRD pattern for L80-
S1 is shown in Figure 4. For a completely random grain orientation, the relative intensities of 
the (110), (200) and (211) ferrite diffraction peak intensity should be 100, 20 and 30.  
However, the relative peak intensities observed in Figure 4 are 100, 12.1 and 16.6. This 
difference in peak intensity ratio indicates that the ferrite in the L80 exhibits some 
preferential orientation.  Iron carbide (Fe3C) is not detected in the XRD pattern due to the low 
weight fraction present in the L80 steel.  Similar XRD patterns were observed for all other 
through thickness L80 samples.  

 

 

 

 

 

Figure 4.  X-ray Diffraction pattern for L80 Sample 1 

3.2.3  L80-AR steel ultrasonic velocity 
The measured VL, VS1 and VS2 values and XRD intensities for L80-AR are shown in Table 5.  

Table 5. Ultrasonic velocities and diffraction intensities for the as-received L80 steel 

Sample VL  
(m/s) 

VS1  
(m/s) 

VS2  
(m/s) 

XRD  
(peak intensities) 

1 5912 3279 3245 100/12/16 
2 5904 3281 3256 100/14/18 
3 5899 3274 3243 100/14/17 
4 5904 3291 3255 100/13/19 
5 5904 3291 3265 100/16/20 
6 5904 3284 3246 100/15/18 
7 5899 3282 3249 100/13/17 
8 5894 3291 3252 100/12/17 
9 5899 3276 3243 100/11/15 



4. Discussion 
The veracity of the ultrasonic velocity measurements obtained in this work are evaluated by a 
comparison with literature values of velocity for martensite. A comparison with predicted 
velocities values (Table 2) for the appropriate microstructure is also made. In addition, the 
velocity measured as a function of hardness/microstructure is analyzed. The measured 
velocities of the L80-AR steel are evaluated in the context of through thickness variation and 
are compared to both the using Isotropic and Average predicted velocities. 

4.1 Measured velocity comparison with literature values 
A comparison of the velocities measured in this work with literature values [1, 5, 6, 22-27], 
for martensite (longitudinal (VL) and shear (VS)), are shown in Figures 5a and 5b, 
respectively, as a function of nominal steel carbon content. The measured velocities (VL and 
VS) are comparable to literature values confirming the veracity of the data obtained in this 
work. Interestingly, the value of VL for martensite appears to be independent of carbon 
content, while the value for Vs decreases with increasing carbon content. Also included in 
both figures are horizontal lines depicting the predicted Average velocities (VL-avg and VS-avg) 
for martensite. The predicted value of VL-avg is generally greater than the measured and 
literature values. Conversely, the calculated VS-avg value under predicts for low carbon 
contents but over predicts for carbon contents >0.5 wt%.  

 

 

 

 

 

 

       Figure 5a.  VL for L80-HT- M and Lit.        Figure 5b.  VS for L80+4130+5160  and Lit. 

4.2  Velocity as a function of hardness for L80-HT steel 
The VL and VS2 values for the L80-HT steel only are shown in Figures 6a and 6b, 
respectively. The value of VS2 (VS1 is similar) decreases with increasing hardness, while VL 
appears to be less sensitive to hardness. This suggests that shear velocity is a better indicator 
for microstructure analysis of this alloy.  

 

 

 

 

 

 

          

  Figure 6a. VL for L80-HT vs. hardness     Figure 6b. VS2 for L80-HT vs. hardness  



4.3 Through thickness velocity for L80-AR steel 
The longitudinal velocity for the L80-AR steel (a mixture of ferrite and pearlite) as a function 
of depth below the rolling face is shown in Figure 7 along with predicted velocity values 
(horizontal lines). VL-avg-ROM and VL-iso-ROM  were calculated using a rule of mixtures (ROM) 
approach on the assumption that the structure of L80-AR consists of 71 wt% ferrite and 29 
wt% pearlite). VL-avg-ROM is observed to be significantly higher than the measured data. VL-iso-

ROM is closer to the measured data, but the measured values are consistently lower. The XRD 
relative intensities shown in Table 2 indicate that there is some preferred orientation in the 
L80, hence the assumption of a randomly oriented grain configuration (used to calculate both 
VL-avg-ROM ) may not be valid.  

 

  

 

 

 

 

Figure 7.  VL-avg-ROM and VL-iso-ROM  for L80-AR vs. distance below the surface 

5. Conclusions 
The measured longitudinal and shear velocities for martensite in L80, 4130 and 5160 steels 
compare favourably with literature values. The predicted velocities for martensite using the 
Christoffel equation also compare reasonably well with the measured values. XRD patterns 
for L80-AR steel indicate a degree of preferred orientation in the steel. The predicted rule of 
mixtures (ROM) velocity using the Christoffel equation for a L80-AR steel (consisting of 
ferrite and pearlite) significantly over predicts the measured L80-AR steel values. The 
ultrasonic shear velocity VS2 measured for bainite (3239 m/s) was observed to lie between the 
martensite and ferrite + pearlite velocities.  
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