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Abstract. L80 is a low carbon heat treatable alloy steel used extensively in the oil 
and gas industry. The potential exists to use ultrasonic testing to assess the 
mechanical properties/microstructure of L80 pipe during the heat treatment process. 
L80 skelp was heat treated in the laboratory to obtain a range of microstructures 
including martensite, bainite and ferrite + pearlite. The ultrasonic velocity and 
attenuation in the heat treated L80 steel was measured followed by tensile testing to 
determine yield stress, tensile strength, and percent elongation. The shear wave 
velocities decreased with increasing yield strength and tensile strength. The lower 
shear wave velocity at higher strengths is attributed to the martensitic 
microstructure. The attenuation of ultrasonic shear waves was relatively constant for 
yield strength values >460 MPa, but increased in a linear manner from 0.24 dB/mm 
to a value of 0.36 dB/mm as the yield strength decreased from 460 to 290 MPa.  

Introduction  

 L80 is a low carbon heat treatable alloy steel used primarily as a casing material in 
the oil and gas industry. The L80 steel studied in this work (0.24 wt% C) was continuously 
cast into 200 mm thick slabs and then subjected to thermomechanical controlled processing 
(TMCP) to a final skelp thickness of 9 mm. The skelp material can then be manufactured 
into pipe using the electric resistance welding (ERW) process. Following ERW, the L80 
pipe is austenitized, quenched and tempered to the required mechanical properties (i.e., 
minimum yield strength of 80 ksi (≈550 MPa)). The formation of a martensitic 
microstructure during quenching is necessary to achieve the strength required for L80 steel 
in the subsequent tempering operation. The pipe is ultrasonically inspected following ERW, 
and after both the quenching process and the tempering stage, to ensure weld quality is 
maintained. The potential exists to use currently existing ultrasonic systems as a means of 
evaluating the mechanical properties/microstructure of the pipe during the quench and 
temper process. The focus of this paper will be on the mechanical properties/microstructure 
of the quenched steel.  

 The work presented in this paper measures the ultrasonic velocity (longitudinal or 
shear) and the ultrasonic attenuation (longitudinal or shear) of laboratory heat treated L80 
steel. The heat treatments range from water quenching (very fast cooling) to furnace 
cooling (very slow cooling) to obtain a variety of microstructures ranging from martensite 
to a mixture of ferrite and pearlite. Following heat treatment, and ultrasonic evaluation, the 
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samples are tensile tested to obtain the yield strength (σy), ultimate tensile strength (UTS) 
and elongation to failure (%El). Metallographic analysis is done to determine the 
microstructure for each heat treated sample.  

2. Background 

The mechanical properties of L80 steel are directly related to the microstructure of the 
steel. Microstructural features affecting the velocity and attenuation of an ultrasonic wave 
transiting a polycrystalline material can include phase type, elastic anisotropy, grain size 
and preferred orientation (texture) of the crystal structure [1-16].  

2.1 Effect of Phase Type on Velocity 

 Steel phase type (e.g., ferrite, pearlite and/or martensite) can have an effect on 
ultrasonic wave velocity. Ferrite is the equilibrium body centred cubic (BCC) phase of 
steel. Pearlite is a lamellar micro-constituent consisting of two phases, ferrite and 
orthorhombic iron carbide. Martensite has a body centred tetragonal (BCT) crystal structure 
due to the presence of “trapped” carbon within the unit cell structure. The degree of 
tetragonality of BCT martensite depends on the carbon content of the steel. At relatively 
low carbon contents, the martensite crystal structure can be approximated as a cubic 
structure.  

 The differences observed in the ultrasonic wave velocities (between ferrite, pearlite 
and/or martensite) are in part due to a variation in the elastic constants associated with each 
phase type. The elastic constants for ferrite, pearlite and martensite are shown in Table 1 [8, 
17]. The variations in the elastic constants will result in different ultrasonic velocity values 
[18]. The predicted [18] isotropic longitudinal (VL-I) and isotropic shear (VS-I) velocities for 
each phase are also shown in Table 1. Both the longitudinal and shear velocities of 
martensite are lower than those for either ferrite or pearlite. Velocity measurements in 
medium carbon alloyed steels (AISI 4140 and 5140) show that coarse ferrite + pearlite has 
a higher shear velocity (3250 m/s) than martensite (3200 m/s) [19]. The shear velocity of 
bainite was measured to be 3235 m/s. 

Table 1. Elastic constants and calculated isotropic velocities for ferrite, pearlite and martensite 

Phase 
C11 

(GPa) 
C12 

(GPa) 
C44 

(GPa) 
VL-I 

(m/s) 
VS-I 

(m/s) 

Ferrite 232.0 135 116.0 5939 3235 

Pearlite 273.4 110.5 82.2 5915 3228 

Martensite 268.1 111.2 79.1 5896 3196 

2.2 Effect of Phase Type on Attenuation 

 Microstructural factors influencing the attenuation of ultrasonic waves in steel can 
include grain size, elastic moduli, carbon content and subgranular microstructural divisions 
such as martensitic plate size [20]. Due to this multiplicity of factors, it is difficult, without 
extensive characterization, to correlate attenuation with microstructure.  
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2.3 Correlation of attenuation and velocity with mechanical properties 

 Although velocity and attenuation have been correlated with changes in 
microstructure [19, 20], only a limited amount of work has correlated changes in 
attenuation and velocity with mechanical properties and this has been primarily with 
hardness. Lukomski et al. [7] correlated both shear and longitudinal velocities with the 
hardness of heat treated steel. Both the shear and longitudinal velocities values decreased 
with decreasing hardness. Gur et al. [19] observed a similar correlation between velocity 
and hardness in heat treated 4140 and 5140 steels.  

3. Experimental Testing and Results  

As-received L80 skelp was machined into 240 mm long, 20 mm wide and 4 mm thick 
samples. A number of the samples were coated (C) with a thin layer of ceramic prior to heat 
treatment as a means to slow the cooling rate during quenching. All the samples were 
heated to 1000°C (to simulate the industrial process) and were then either rapidly cooled in 
water (WQ) or oil (OQ), moderately cooled in 200°C oil (HOQ), or slowly cooled in air 
(A) or in the furnace (F). Three (3) samples were prepared for each heat treatment. The 
samples were then surface ground to a thickness of 3 mm and ultrasonically inspected. This 
was followed by metallographic inspection and tensile testing [21]. 

3.1 Microstructure Analysis 

The primary microstructure(s) observed for each of the applied quenching/cooling 
conditions are summarized in Table 2. Bainite (B) forms at cooling rates intermediate 
between cooling rates that produce ferrite (relatively slow) and martensite (relatively rapid 
cooling rate) and is characterized by a microstructure that involves both displacive and 
reconstructive transformation characteristics. The microstructures observed for the WQ 
martensite (M), the HOQ bainite (B) and the F cooled ferrite + pearlite (F-P) are shown in 
Fig. 1.  

Table 2. Applied cooling conditions and microstructures observed 

Name WQ CWQ OQ COQ HOQ 
(200°C) 

CHOQ 
(200°C) 

A CA F 

Quenching 
Media H20 H20 Oil Oil Oil Oil - - - 

Microstructure M M M M B B F-P F-P F-P 
*C= coated, H = heated, WQ = water quench, OQ = oil quench , A = air cooled, F = 
furnace cooled 
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Fig. 1. Metallographic images of a) WQ martensite, b) HOQ bainite and c) F cooled ferrite + pearlite.  

3.2 Ultrasonic Testing 

Ultrasonic testing was conducted with a Socomate USPC7100LA ultrasonic pulser/receiver 
in combination with either with an Olympus V202-RM longitudinal wave transducer or an 
Olympus V221-BA-RM shear wave transducer. Both transducers had an operating 
frequency of 10 MHz and an incidence angle of 0o. The measured ultrasonic signals were 
converted to velocity values using the measured thickness of each sample and the time for 
wave propagation through the sample (from the first eight reflections). For the shear 
velocity measurements, the transducer was aligned with either the rolling direction (VSP) or 
perpendicular to the rolling direction (VST). The attenuation values were calculated using:  
  

                                                        (8) 
 

where x (mm) is the thickness of the sample and ∆A (dB) is the change in amplitude 
between sequential reflections [23]. The attenuation was averaged over seven reflections.  

3.3 Tensile Testing 

Tensile samples were machined and tested in accordance with ASTM specification E 8M-
04. The mechanical properties measured include the yield stress (σy) (0.2% offset method), 
ultimate tensile strength (UTS) and percent elongation (%EL). These mechanical properties 
were then correlated with the ultrasonic velocity (longitudinal or shear) and attenuation 
measurements.  

3.3.1. Longitudinal velocity  

The measured longitudinal velocities (VL) as a function of σy, UTS and %EL are shown in 
Fig. 2, Fig. 3 and Fig. 4, respectively. The symbols on each graph present the primary 
phase observed in the microstructure (Table 2), where a solid square indicates martensite, a 
solid circle bainite and a solid triangle ferrite + pearlite. The values calculated for the 
isotropic velocity of ferrite (VLF-I), pearlite (VLP-I) and martensite (VLM-I) are shown in the 
figure as arrows. The dashed horizontal line in Fig. 1 represents the average value of all VL 
measurements (5901 m/s). The majority of the measured longitudinal velocities are 
between 5890 m/s and 5910 m/s irrespective of the microstructure. The measured 
longitudinal velocity does not show any correlation with σy, UTS or %EL. 
  

( )A
X

∆⋅= log
2
20α
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Fig. 2. Measured longitudinal velocity (VL) vs. yield stress. 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Fig. 3. Measured longitudinal velocity (VL) vs. ultimate tensile strength. 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 

Fig. 4. Measured longitudinal velocity (VL) vs. percent elongation. 
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3.3.2. Shear velocity measurements 

The measured shear velocities (VST) (taken with the transducer transverse to the rolling 
direction of the skelp) as function of σy, UTS and %EL are shown in Fig. 5, Fig. 6 and Fig. 
7, respectively. The calculated (Table 1) isotropic shear velocities of ferrite (VSF-I), pearlite 
(VSP-I) and martensite (VSM-I) are shown as arrows in Fig. 5. Also included in Fig. 5 is the 
linear regression trendline (R2 = 0.92) of the data, showing a decrease in VST as σy 
increases. A similar trend is observed between VST and UTS (Fig. 6). A correlation between 
(VST) %EL is not readily apparent (Fig. 7), although three relatively large %EL (>10%) 
values measured for the martensite phase are somewhat surprising. The behaviour of shear 
velocity taken with the transducer parallel to the rolling direction (VSP) vs. the mechanical 
properties is similar to that observed in Fig. 5 to Fig. 7 for VST and, therefore, in the interest 
of brevity, will not be presented.  
 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Fig. 5. Measured shear velocity (VST) vs. yield stress. 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Fig. 6. Measured shear velocity (VST) vs. ultimate tensile strength. 
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Fig. 7. Measured shear velocity (VST) vs. percent elongation. 

3.3.3. Attenuation measurements for VST 
The attenuation versus mechanical properties data is similar in shape for all three wave 
modes (i.e., longitudinal and both shear). The main difference is in the absolute magnitude 
of the attenuation, which is smaller for the longitudinal waves (≈ 0.17 dB/mm for bainite 
and martensite) compared with attenuation for VST or VSP of ≈ 0.24 dB/mm (for bainite and 
martensite). In the interest of brevity, only the VST data will be presented. The variation in 
VST as a function of σy, UTS and %EL is shown in Fig. 8, Fig. 9 and Fig. 10, respectively. 
The magnitude of attenuation appears to vary depending upon the microstructure. The 
average attenuation (0.24 dB/mm) for martensite and bainite is shown a dotted horizontal 
line in Fig. 8. The linear regression trend line (R2=0.73) for the ferrite + pearlite 
microstructure is shown as a solid sloping line. This general behaviour is replicated for both 
UTS and %EL comparisons. Conversely, the ferrite + pearlite microstructure shows 
increasing attenuation with decreasing yield strength. The change in the ferrite + pearlite 
microstructure associated with slow (air) and very slow (furnace) cooling may account for 
this trend. Further characterization of the microstructure will be needed to ascertain the 
microstructure connection with the variation in attenuation  
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Fig. 8. Measured shear attenuation (aST) vs. yield stress. 
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Fig. 9. Measured shear attenuation (aST) vs. ultimate tensile strength. 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Fig. 10. Measured shear attenuation (aST) vs. percent elongation. 

4. Conclusions 

 The effects of microstructure on ultrasonic velocity and attenuation were studied for 
a heat treated L80 steel. The ultrasonic shear velocity was found to decrease with both 
increasing yield strength and increasing ultimate tensile strength. The lower shear wave 
velocity at higher strengths is attributed to the martensitic microstructure. The longitudinal 
velocity did not vary significantly with mechanical properties. The longitudinal and shear 
attenuation were relatively constant at the higher yield strengths (>460 MPa). This 
similarity in attenuation is understandable given the similarity between the microstructure 
of bainite and martensite. For yield stress values below 460 MPa, the attenuation increased 
with decreasing yield strength. The change in the ferrite + pearlite microstructure 
associated with slow (air) and very slow (furnace) cooling may account for this behaviour. 

 
 The measurement of shear velocity shows good potential for industrial 
differentiation of microstructures in heat treatable L80 steels. The attenuation relations with 
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mechanical properties and microstructure show reasonable differentiation between 
martensite, bainite and ferrite + pearlite. 
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