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Abstract 

A device for determination of wall thickness and centricity of high strength tubes during deep-hole drilling was 

designed. The system is equipped with an immersion transducer for wall thickness evaluation and an analogue 

inductive proximity sensor for detection of centricity. To achieve reliable results, it is crucial to apply correct 

values for the speed of sound in the investigated materials. For high pressure vessels and tubes it is common to 

use wrought high-strength, quenched and tempered steels (e.g. 1.6580) as well as martensitic corrosion-resistant 

steels (e.g. 1.4006). To reduce measurement uncertainty of wall thickness evaluation, the influences of chemical 

composition, microstructure, orientation and heat treatment condition on speed of sound of various materials 

were determined. Significant differences in sound velocities were obtained between normalized, quenched and 

quenched + tempered conditions. Furthermore, speed of sound was slightly higher in radial compared to axial 

direction in case of material 1.6580. In addition, sound velocities in one austenitic corrosion-resistant alloy and 

one super duplex stainless steel after different heat treatments were obtained. 

Results were utilized for calibration of the wall thickness measurement device in order to improve the accuracy 

of ultrasonic testing. As an outcome of this work, in-situ wall thickness evaluation during deep-hole drilling will 

be established as a standard characterisation method at BHDT GmbH, Austria. 
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1. Introduction 

 
Due to the increasing worldwide demand on polyethylene and in consequence the increasing 

capacity of polyethylene high-pressure plants a high number of investigations on high-

pressure materials were carried out in the last years. The main issues covered in recent 

publications were dealing with microstructure (with special focus on microcleanliness and 

strengthening mechanisms), fatigue strength and notch sensitivity (in static as well as in 

dynamic conditions) of high-pressure parts [1,2,3]. Although the significance of mechanical 

properties and proper microstructure of high-pressure parts is unquestioned, the improvement 

of accuracy and efficiency of non-destructive testing methods also deserves special attention 

[4]. Particularly during production of long high-pressure tubes by means of deep-hole drilling 

it is rather difficult to determine straightness and wall thickness of the tubes without stopping 

the drilling process. If the drilling process has to be interrupted to determine the actual wall 

thickness with manual ultrasonic measurement devices, the risk to generate scratches inside 

the borehole increases. In consequence, the costs for subsequent machining to remove those 

scratches will increase, too. So it is highly preferable to use automatic ultrasonic measurement 

devices which can operate during the drilling process and detect the maximum and minimum 

wall thickness reliably. Whereas manual measurement allows the usage of calibration samples 

made of the corresponding bar material to get correct wall thickness values, automatic 

measurement requires the input of correct sonic velocities in advance. Due to a lack of 

adequate data of sonic velocities of different steels in dependence of heat treatments, 

microstructure and texture in the literature, the investigations described in the present paper 

were conducted. The common values of 5920 m/s for ferritic and martensitic steels and 
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5800 m/s for austenitic steels are insufficient to determine wall thicknesses in high-pressure 

tubes with the desired accuracy [5]. 
 

2. Experimental method 

 
2.1. Chemical composition and heat treatment parameters 

 

In the present paper four different types of steels (high-strength steel 1.6580 or 30CrNiMo8, 

hardenable, stainless steel 1.4006 or X12Cr13, austenitic stainless steel 1.4435, 316Lmod. or 

X2CrNiMo18-14-3 and super duplex stainless steel UNS S32906, Super Duplex or 

X3CrNiMoCuN29-7-2-1) have been investigated. The chemical compositions were given by the 

steel suppliers and are shown in tab. 1. It can be seen that the alloying element content is 

completely different in all these materials. 

 

Tab. 1: Chemical composition of investigated materials (in weight-%) 

Material 
material 

number 
C Cr Ni Mo Mn Cu N Fe 

30CrNiMo8 1.6580 0,29 2,02 1,93 0,32 0,48 0,03 - bal. 

X12Cr13 1.4006 0,12 12,89 0,63 0,21 1,2 0,05 - bal. 

X2CrNiMo18-14-3 

(316Lmod.) 
1.4435 0,02 16,74 10,52 2,58 1,56 0,31 0,03 bal. 

X3CrNiMoCuN29-7-2-1 

(Super Duplex) 
UNS S32906 0,04 28,65 6,98 2,01 1,23 0,75 0,39 bal. 

 

It is obvious that all analysed materials exhibit completely different chemical compositions and 

therefore, it is possible to study the influence of microstructure (grain size, crystal structure, 

precipitations) as well as the impact of alloying elements on speed of sound. 

 

Different heat treatments were conducted to determine the influence of microstructure on speed of 

sound. Heat treatment parameters are illustrated in tab. 2. 



Tab. 2: Heat treatments conducted on investigated materials 

 

Sample designation Heat treatment 

SA 
Solution annealed delivery condition 

316Lmod.: 1050 °C for 0,5 h, Super Duplex: 1150 °C for 0,5 h 

Q+T_1 
quenched and tempered delivery condition (30CrNiMo8) 

(860 °C, 0,5 h, water quench + 580 °C, 8 h, air quench) 

Q+T_2 
quenched and tempered delivery condition (X12Cr13) 

(980 °C, 0,5 h, water quench + 670 °C, 2 h, air quench) 

AQ air quenched from 900 °C, annealing time 1 h 

WQ water quenched from 900 °C, annealing time 1 h 

ANN annealed at 750 °C for 2 h, air quench 

 

2.2 Experimental setup 
 

2.2.1. Optical microscopy 

 

All investigations were carried out by using a Reichert® microscope, type “UNIVAR”. 

Microstructure was determined by means of etching with HNO3 (Nital) in case of 30CrNiMo8. 

V2A was used for X12Cr13 and 316Lmod. whereas etching was carried out with Lichtenegger-

Bloech etchant for Super Duplex. 

 

2.2.2. Scanning electron microscopy (SEM) 

 

The microscope used for all SEM investigations with an exception of one EDX (Energy 

Dispersive X-Ray Spectroscopy) mapping was a Zeiss Instruments®, type “Evo 50”, equipped 

with an EDX detector of Oxford Instruments®, type “Inca Energy”. A high-resolution EDX 

mapping was done with a HR-SEM of Zeiss Instruments®, type “Auriga”, equipped with a 
Gemini-column for EDX-measurements. 

 

2.2.3. Vickers hardness measurements 

 

Determination of Vickers hardness values was carried out with a Zwick® hardness tester, type 

“3212”.  
 

2.2.4. Speed of sound evaluation 

 

Speed of sound evaluation was done with a GE Sensing & Inspection Technologies®, type DM4, 

ultrasonic wall thickness tester. Samples with a size of 50 mm (tangential) x 40 mm (radial) x 

30 mm (axial) were cut from tubes and subjected to different heat treatments in electric furnaces 

under ambient air. Quenching was done in air or water, respectively. Determination of sonic 

velocities was carried out in radial direction of the tubes. 



3. Results 
 

3.1. Microstructural characterisation 
 

3.1.1. Optical microscopy 

 

All material conditions have been investigated by means of optical microscopy. Grain size as well 

as hardness (HV10) were measured and related to chemical compositions and heat treatment 

parameters. All given hardness values represent an average value of 5 single measurements. 

 

Material 30CrNiMo8: 

 

Fig. 1 shows microstructures of 30CrNiMo8 in quenched and tempered delivery condition 

(Q+T_1) and after water quench (WQ) and air quench (AQ), respectively. 

 

 
a) 30CrNiMo8 (Q+T_1) 

 
b) 30CrNiMo8 (WQ) 

 
c) 30CrNiMo8 (AQ) 

Figure 1: Optical microscopy characterisation of 30CrNiMo8 after different heat treatments 

 

All three analysed conditions of 30CrNiMo8 exhibit a tempered martensitic microstructure 

without ferrite and austenitic grain sizes between 30 and 40 µm. The Vickers hardness values of 

conditions Q+T_1, WQ and AQ are 370 HV, 505 HV and 494 HV, respectively. 

 

Material X12Cr13: 

 

Microstructures of material X12Cr13 in quenched and tempered delivery condition (Q+T_2) as 

well as in water quenched (WQ) condition are illustrated in fig. 2. 

 

 
a) X12Cr13 (Q+T_2) 

 
b) X12Cr13 (WQ) 

Figure 2: Optical microscopy characterisation of X12Cr13 after different heat treatments 

 



The average austenitic grain size of Q+T_2 is between 70 and 110 µm, the microstructure itself 

corresponds with tempered martensite without ferrite. After isothermal annealing and subsequent 

water quench (WQ) the microstructure contains only martensite, the austenitic grain size is 

between 100 and 150 µm. 
 

The Vickers hardness values of conditions Q+T_2 and WQ are 244 HV and 406 HV, respectively. 

 

Material 316Lmod.: 

 

Microstructures of material 316Lmod. in solution annealed delivery condition (SA) as well as in 

sensitised condition (ANN) are presented in fig. 3. 

 

 
a) 316Lmod. (SA) 

 
b) 316Lmod. (ANN) 

Figure 3: Optical microscopy characterisation of 316Lmod. after different heat treatments 

 

The microstructure of 316Lmod. is fully austenitic with a grain size between 150 and 300 µm for 

condition SA and a considerably higher grain size between 200 and 500 µm for condition ANN. 

Neither in the solution annealed nor in the annealed condition precipitations were found at grain 

boundaries or inside the grains. 
 

Vickers hardness values are slightly lower after sensitisation (131 HV after solution annealing, 

150 HV after sensitisation). 

  



Material Super Duplex: 

 

Microstructures of Super Duplex in solution annealed delivery condition (SA) as well as in 

sensitised condition (ANN) are shown in fig. 4. 

 

 
a) Super Duplex (SA) 

 
b) Super Duplex (ANN)  

Figure 4: Optical microscopy characterisation of X2CrNiMo18-14-3 after different heat treatments 

 

The solution annealed reference condition exhibits a ferritic (dark) / austenitic (bright) 

microstructure with a ferrite content of 35 to 40 %. The isothermally annealed condition of Super 

Duplex shows also a ferritic / austenitic microstructure, but the ferrite content is reduced to 

approximately 20 %. In addition, about 10 to 15% of the microstructure consists of white 

appearing, needle-shaped, precipitates (fig. 4b – exemplarily indicated with blue arrows) which 

nucleate on ferrite / austenite grain boundaries and grow into ferrite regions 
 

Vickers hardness values are significantly higher after sensitisation (276 HV after solution 

annealing, 373 HV after sensitisation). 

  



3.1.2. Scanning Electron microscopy (SEM) 

 

Both highly alloyed materials (316Lmod. and Super Duplex) have been additionally investigated 

by means of SEM to characterize the microstructure, especially regarding present precipitates, 

more accurately. 

 

Material 316Lmod.: 

 

Fig. 5 shows images of material conditions SA and ANN. The microstructure is fully austentic. It 

is obvious that the grain size increased during annealing (about 50%), but no precipitates had 

formed during this heat treatment. 

 

 
a) 316Lmod. (SA) 

 
b) 316Lmod. (ANN) 

Figure 5: Optical microscopy characterisation of 316Lmod. after different heat treatments 

 

Material Super Duplex: 

 

Microstructure and an EDX-spectrum of Super Duplex in solution annealed delivery condition 

(SA) as well as in sensitised condition (ANN) are presented in fig. 6. It can be seen that the 

solution annealed condition of Super Duplex exhibits some non-metallic inclusions with a size of 

approximately 1 micrometer (indicated with red arrows in fig. 6a) and a considerable number of 

chromium nitrides on ferrite / austenite grain boundaries with a size of some hundreds of 

nanometers (indicated with green arrows in fig. 6a). After isothermal annealing at 750 °C for 

2 hours, extensive intermetallic phase precipitation takes place (exemplarily indicated with blue 

arrows in fig. 6b). Fig. 6c shows a ferrite / austenite phase boundary with many small chromium 

nitrides as well as a high amount of this intermetallic phase. Due to the enrichment of chromium 

in this phase (EDX in fig. 6d) this phase type was designated as sigma-phase. Moreover, an EDX 

mapping of one chromium nitride (size about 600 nm) is illustrated in fig. 5e. It is obvious that all 

base-centered cubic metals (bcc) like Cr and Mo which are known as ferrite-formers show an 

enrichment in the bcc component of Super Duplex (ferrite) whereas all austenite-formers (Ni, N) 

are enriched in the austenite region. The content of chromium and nitrogen is highest within the 

chromium nitride particle. 

  



 
a) Super Duplex (SA) 

 
b) Super Duplex with sigma-phase (ANN) 

 
c) Detail with Cr2N and sigma-phase (ANN) 

 
d) EDX of sigma–phase (chromium-rich) 

 
BSD image of Cr2N 

 
Fe 

 
Cr 

 
Mo 

 
Ni 

 
N 

e) EDX mapping of ferrite, austenite and chromium nitride (scale 500 nm) 
Figure 6: SEM characterisation of Super Duplex after different heat treatments 
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3.2. Speed of sound evaluation 
 

Speed of sound was determined and compared for all investigated materials and heat treatment 

conditions (fig. 7). The presented date is the average of 6 single measurements and was 

determined in radial direction of the investigated pipe material. 

 

It was found that the lowest speed of sound exhibits the austenitic stainless steel 316Lmod., 

independently of the heat treatment condition (between 5725 and 5735  m/s). Vickers hardness 

values do not correlate with sonic velocities of 316Lmod.  

 

Sonic velocities obtained in case of the high-strength steel 30CrNiMo8 were about 100 to 150 m/s 

higher and considerably influenced by the heat treatment condition. The highest speed of sound 

(5875 m/s) within all analysed material conditions of 30CrNiMo8 was determined for the 

quenched and tempered delivery condition (Q+T), whereas the lowest speed of sound (5725 m/s) 

was measured in case of the air quenched condition (AQ). When related to the Vickers hardness 

values, 30CrNiMo8 shows the following tendency: The higher the Vickers hardness the lower the 

speed of sound. 

 

The Super Duplex exhibits a sonic velocity of 5930 m/s, independently on the heat treatment 

condition. Hardness values do not correlate with the obtained sonic velocity data. 

 

The highest sonic velocities were measured in case of the hardenable, martensitic / bainitic 

stainless steel X12Cr13 (between 5970 and 6000 m/s). In agreement with 30CrNiMo8, the 

correlation of sonic velocities with Vickers hardness is reciprocal. 

 

Furthermore, common literature values for sonic velocities in two types of steels are illustrated in 

fig. 7. 

 
Figure 7: Sound velocities including common literature values as well as Vickers hardness values of different 

steels and heat treatment conditions 
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4. Discussion 
 

Wall thickness evaluation of high-pressure tubes during deep-hole drilling is necessary to ensure a 

straight borehole on the one hand and wall thickness values within the specified tolerances over 

the whole length of these tubes (length up to 20 meters) on the other hand. 

The investigations described in this paper lead to specific sonic velocities of different steels in 

dependency of the heat treatment condition and the resulting microstructure (grain size, 

precipitates) as well as the Vickers hardness. 

 

In case of the martensitic / bainitic steel 30CrNiMo8 as well as in case of the martensitic / bainitic 

stainless steel X12Cr13 a reciprocal correlation between speed of sound and Vickers hardness was 

obtained. In both cases the quenched and tempered delivery conditions exhibited considerably 

lower hardness values and higher sonic velocities. Nevertheless, the absolute values of sonic 

velocities in those materials are quite different. Speeds of sound are more than 100 m/s higher for 

X12Cr13. It is assumed that slightly different elastic properties (Young’s modulus, Poisson’s 
number) of both steels cause this discrepancy. Moreover, it seems clear that a higher content of 

martensite yields to lower sonic velocities whereas a higher content of bainite results in higher 

sonic velocities (quenched conditions exhibit more martensite and therefore higher hardness than 

the tempered conditions). This fact is in agreement with literature and referred to the lower 

Youngs’ modulus of martensite (tetragonal body-centered cubic structure) compared to bainite 

(crystal structure Fe3C) [6,7,8]. The investigations of Date et.al. confirm the exceptional high 

sonic velocities (about 6000 m/s) of martensitic stainless steels with approximately 12wt.-% 

chromium compared to other steels [9]. 

 

The austenitic stainless steel 316Lmod. shows very low sonic velocities compared to those of all 

other investigated steels due to the relatively low Young’s modulus of austenite (approximately 
190 GPa). The average grain size of the annealed condition of 316Lmod. was higher and therefore 

the hardness was lower (effect of grain size hardening [10]). In addition, no precipitation took 

place during annealing. The effect of grain size hardening on sonic velocity seems to be 

negligible. 

 

The Super Duplex demonstrates the influence of sigma-phase formation on sonic velocities. 

Although almost 20 percent of the microstructure is sigma-phase after annealing, the speed of 

sound keeps constant. The high content of sigma-phase results in considerable embrittlement of 

this steel. Vickers hardness values increase from 276 to 353 HV, which is equivalent to an 

increase of tensile strength from 880 to 1130 MPa. 

 

The investigations described in this paper yield to a significant increase of accuracy during in-situ 

wall thickness determination of high-pressure pipes. If one would use always the same value for 

the speed of sound (e.g. 5920 m/s) for all types of steels, the resulting error would be in the range 

of 1 to 2 millimeters (with a wall thickness of approximately 40 mm). Due to the fact that the 

allowed tolerances of the minimum and maximum wall thicknesses are only slightly higher, the 

consequences could be drastic. Either acceptable tubes could be discarded or, even worse, non-

acceptable tubes could be delivered to customers. 

 

By using the obtained data, reliability and accuracy of in-situ wall thickness measurements 

increased considerably, the current standard deviation (3 measurements) is now below 0.15 mm. 



5. Conclusions 

 

1. A significant influence of crystal structure on speed of sound in steels was determined. The 

higher the extent of bainite in the microstructure of one high-strength steel (30CrNiMo8) the 

higher is the speed of sound. Contrarily, a higher content of martensite (e.g. after quenching) 

reduces the sonic velocity in this steel. An exceptionally high sonic velocity was observed in case 

of the martensitic stainless steel X12Cr13. 

 

2. The influences of grain size and precipitations (sigma-phase) on sonic velocities were studied 

by means of an austenitic stainless steel (316Lmod.) and a super duplex stainless steel. It was 

found that the impact of both microstructural parameters on sonic velocities is negligible. 

 

3. The reliability and accuracy of in-situ wall thickness measurement during deep-hole drilling is 

strongly enhanced. Therefore, the operating time of high-pressure tubes used for polyethylene 

plants will increase. Furthermore, the usage of an automatic wall thickness measurement device 

decreases the drilling time considerably due to less interruptions of the drilling process. 

Consequently, this method is economically attractive for the manufacturer as well as for 

customers. 
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