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A B S T R A C T  
 

 

Quality control of welded joints involves hardness measurements of both the weld and the heat-affected 
zone (HAZ). However, standardized hardness testing methods require specimen preparation, leading to 

pipeline downtime. Among portable devices, hardness testers implementing the Ultrasonic Contact 

Impedance (UCI) method are the most widely used. However, measurement results depend on the 
calibration curve, which accounts for the elastic properties of the specimen and assumes their uniformity 

across the entire inspected surface. In the HAZ of a welded joint, changes in the metal's microstructure 

and elastic properties occur, leading to measurement errors in UCI hardness testing. This article presents 
a methodology for applying a correction to the calibration by accounting for actual changes in the elastic 

modulus within the HAZ, measured via ultrasonic wave velocity monitoring. As a result, hardness values 

incorporating this correction demonstrated better correlation with reference results obtained using a 

Vickers microhardness tester, indicating that the proposed correction improves the accuracy of UCI 

transducer measurements. 
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NOMENCLATURE 

HAZ Heat-affected zone с𝑝
2   Longitudinal wave velocity 

UCI Ultrasonic Contact Impedance E Elastic modulus, GPa 

k0 Initial stiffness ν Poisson's ratios 

𝑓  Frequency HVUCI Hardness UCI 

𝐴𝑐   Projected contact area of the indenter at the penetration depth 𝜌  Density 

 
1. INTRODUCTION 

 
The reliability of gas transportation systems directly 

depends on the strength of pipeline welded joints (1, 2). 

According to ISO 9692-1:2013, there are many types of 

welded joints for steel pipes, but the most common for 

butt-welding two pipes is a single-sided weld with 

beveled edges.  Incoming inspection requires assessing 

the quality of welded joints. Mechanical property 

evaluation is performed according to ISO 5177:1981, 

along with non-destructive testing using ultrasonic and 

radiographic methods. Mechanical testing includes static 

uniaxial tensile tests and hardness measurements (3). 

Continuous condition monitoring is also a common 

quality control method (4-6). 

Standardized hardness testing methods include 

Brinell (7), Rockwell (8), and Vickers (9). Additionally, 

the instrumented indentation method has been used in 

many studies (10-12) to assess elastic-plastic properties. 

However, these methods cannot be applied for in-field 

pipeline inspections due to the need of specimen 

preparation. 

A solution to this problem is the use of portable 

hardness testers. Among portable devices, testers with 

transducers implementing the Leeb dynamic method and 

the UCI method are the most common. 

The Leeb dynamic method measures the ratio of 

rebound velocity to impact velocity of an indenter fixed 

to a striker that hits the inspected surface with a defined 

energy. Portable Leeb hardness testers are widely used 

for technical diagnostics, as regulated by ISO 16859-

1:2015. Successful applications of Leeb testers for 

welded joint hardness control are described in (13, 14). 

However, Leeb method results depend on the mass, 

thickness, and stiffness of the tested object (15). 

Thus, portable UCI hardness testers (DIN 50159-1 

(2022) have gained widespread use for pipeline weld 

inspections. This method is based on changes in the 

vibration frequency of a rod with a Vickers diamond 

indenter upon penetration into the material, increasing 

the oscillation frequency (16). The frequency shift is 

proportional to the indentation depth, and hardness is 

calculated using a calibration curve. This method is 

successfully applied in various industries, particularly for 

in-service pipeline and weld inspections, due to its 

simplicity and sufficient accuracy for homogeneous 

materials. Examples include hardness testing of 

aerospace materials (17), fatigue properties of marine 

structures (18), and corrosion damage assessment in slug 

catcher vessels (19). However, its primary application is 

in evaluating welded joint strength, including hardness 

mapping of weld and HAZ regions (20-23), weld defect 

detection (20, 24), fatigue endurance assessment for 

different welding techniques (21, 25, 26), and HAZ 

hardness distribution analysis (27-29). 

A major limitation of UCI testers is their dependence 

on the material's elastic properties. The method assumes 

a uniform elastic modulus across the inspected area, 

matching that of the calibration specimens. If the actual 

modulus differs from the reference value hardness 

measurements will be distorted. 

This issue arises in pipeline weld inspections, where 

welding alters the microstructure and mechanical 

properties (30). The results of many researches (31, 32) 

demonstrate that the intense thermal cycle induces 

structural transformations, such as martensite formation, 

resulting in a substantial hardness gradient between the 

base metal, HAZ, and the weld. Thus, a variation in the 

elastic modulus is observed, driven by the development 

of residual stresses and the heterogeneity of the material's 

elastic properties. These alterations critically affect the 

load-bearing capacity and service life of the structure, 

underscoring the necessity for precise control and 

prediction of mechanical properties post-welding. The 

HAZ exhibits microstructural changes due to thermal 

effects, influenced by steel composition, grain size, and 

welding parameters (33). These variations lead to UCI 

hardness measurement errors. Introducing a correction 

factor accounting for elastic modulus changes in the HAZ 

can improve accuracy of UCI method. 

Elastic non-uniformity in the HAZ due to 

microstructural changes can be assessed by measuring 

ultrasonic (US) wave velocity, as longitudinal (cl) and 

transverse (cp) wave speeds depend on elastic properties. 

Ultrasonic attenuation is influenced by microstructural 

changes (34-37), though wave velocity may vary due to 

weld anisotropy, complicating microstructure 

correlations (38-40). However, studies (41-43) show that 

US wave velocity depends not only on microstructure but 

also on surface hardness in the weld and HAZ, 

confirming that elastic non-uniformity can be accounted 

for via US wave analysis to derive a UCI transducer 

correction. 

According to regulatory documents, a welded joint is 

deemed non-conforming if its hardness increases by 50 

HB relative to the base metal. However, as previously 

emphasized, the results of hardness measurements are 

significantly influenced by the heterogeneity of elastic 
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properties in the heat-affected zone (HAZ) of the weld. 

Therefore, the primary objective of this study is to 

enhance the reliability of hardness measurements in the 

weld and the heat-affected zone to improve the accuracy 

of technical diagnostics for the condition of steel 

pipelines. The current study investigates longitudinal US 

wave velocity changes to calculate elastic modulus 

variations in the HAZ. A correction factor was applied to 

UCI hardness calculations, and results were compared 

with Vickers microhardness measurements. 

 

 

2. MATERIALS AND METHODS 
 
2. 1. Theory            When a diamond indenter vibrating 

at a fixed frequency penetrates a material, a sharp 

increase in the probe's natural oscillation frequency 

occurs. The process can be described as follows: as a 

vibrating probe of mass mm with an initial stiffness k0 

penetrates the material, the system's total stiffness 

increases by an increment Δk. The resulting frequency 

shift of the probe can be expressed as: 

∆𝑓 =
𝑓0

2𝑘0
∆𝑘  (1) 

The contact stiffness Δk can be described as follows 

(44): 

∆𝑘 ≈
2

√𝜋
𝐸∗√𝐴𝑐  (2) 

where Ac is the projected contact area of the indenter at 

the penetration depth, and Er is the reduced elastic 

modulus. 

The reduced elastic modulus accounts for the elastic 

contact between the indenter and the material (45): 

1

𝐸∗
=

(1−ν2)

𝐸
+

(1−ν𝑖
2)

𝐸𝑖
  (3) 

where ν and νi are the Poisson's ratios of the material and 

indenter, respectively, and E and Ei are the elastic moduli 

of the material and indenter, respectively. 

Substituting Equation 2 into Equation 1 and 

expressing Ac in terms of Vickers hardness HVVickers, 

indentation load P, and eliminating transducer-specific 

constants, the UCI-measured hardness becomes 

proportional to the elastic modulus: 

𝐻𝑉𝑈𝐶𝐼~𝑃 (
𝐸

∆𝑓∙(1−ν2)
)
2

  (4) 

In practice, HVUCI is not calculated from Equation (4) 

but derived from a calibration curve HVUCI(Δf), as the 

actual elastic modulus of the material cannot be directly 

determined by this method. Calibration is performed 

using reference blocks with certified hardness values. 

The resulting calibration curve (Figure 1) is used to 

calculate the material's hardness. 

 

 
Figure 1. Calibration curve HVUCI vs. Δf (16) 

 

 

Since Equation 4 shows that HVUCI is directly 

proportional to E2 and inversely proportional to Δf2. Due 

to that, measurements in the weld and HAZ, where E is 

lower than in the base material, yield underestimated 

HVUCI values, which can be similar to hardness values in 

unaffected regions. 

To obtain accurate hardness values (HVUCI(real)), a 

correction factor must be applied: 

𝐻𝑉𝑈𝐶𝐼
𝑟𝑒𝑎𝑙 = 𝐻𝑉𝑈𝐶𝐼

𝑐𝑎𝑙𝑖𝑏 ∙
𝐸𝑟𝑒𝑎𝑙

𝐸𝑐𝑎𝑙𝑖𝑏
  (5) 

where HVUCI(real) and HVUCI(calib) are the corrected and 

calibration-derived hardness values, respectively, and 

Ereal and Ecalib are the actual and calibration-assumed 

elastic moduli. 

The elastic modulus is determined ultrasonically: 

𝐸𝑟𝑒𝑎𝑙 = 𝑉𝑝
2ρ

(1+ν)(1−2ν)

(1−ν)
  (6) 

where Vp is the longitudinal wave velocity, ρ is the metal 

density. 

Thus, the actual elastic modulus can be calculated by 

measuring longitudinal wave velocity. Substituting these 

values into Equation 5 yields the corrected hardness in 

the HAZ. 

 

2. 2. Specimen Preparation            For the study, 

specimens of butt-welded joints were fabricated from St3 

steel (US equivalent: A284Gr.D) using automatic arc 

welding in accordance with ISO 9692-1:2013. Type of 

joint is pipe-to-pipe butt-weld one sided joint, with the 

use of JQ.H08MnA welding wire. The specimen 

dimensions were 100 × 100 mm with a thickness of 10 

mm (Figure 2). The chemical composition of St3 steel, 

according to AISI A284Gr.D, is provided in Table 1. 

After welding, specimens were ground and polished 

to Ra<0.32μm with coolant to avoid thermal effects. 

Surface roughness was measured using a profilometer. 
 

 

TABLE 1. Mass fraction of elements in St3 steel 

C Si Mn P S Cr Ni Cu 

0,14-0,22 0,15-0,3 0,4-0,65 <0,04 <0,05 <0,3 <0,3 <0,3 
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Figure 2. Test specimen: (a) after cleaning; (b) after grinding/polishing with measurement grid 

 
 
2. 3. Ultrasonic Testing          Longitudinal wave 

velocity was measured using a UDL-2M laser-ultrasonic 

flaw detector. The operating principle of the UDL-2M 

laser-ultrasonic flaw detector is based on the laser 

thermo-optical generation of nanosecond ultrasonic 

pulses of longitudinal acoustic waves in a special 

broadband opto-acoustic transducer. It measures the 

propagation velocity of these pulses in the test specimen 

with one-sided transducer access. The system employs 

the time-of-flight measurement method. Based on the 

known specimen thickness and the measured time 

difference between the arrival of the probing ultrasonic 

pulse and the signal reflected from the specimen's back 

surface at the transducer's piezoelectric receiver, the 

velocity of longitudinal ultrasonic waves in the specimen 

is calculated. 

Echo-mode measurements employed a 1–10 MHz 

transducer. Figure 3 shows the testing schematic. 

Procedure:  

1. Caliper-measured distance H from the scanning 

surface to the back wall.  

2. A direct-contact transducer was placed on the 

scanning surface.  

3. Time-of-flight of the backwall echo was 

recorded.  

4. Wave velocity was calculated:  

𝑉𝑝 =
2𝐻𝑖

𝑡𝑖
  (7) 

where Hi – scanning surface-to-backwall distance at 

point i; ti – wave travel time at point i. 

5.  Elastic modulus was computed via Equation 5. 

6.  Correction factor was determined: 

𝑘𝑖 =
𝐸𝑟𝑒𝑎𝑙
𝑖

𝐸𝑐𝑎𝑙𝑖𝑏
  (8) 

7. Uniform density was assumed. Specimen 

density was derived from:  

ρ =
𝑉

𝑚
  (9) 

where V and m – specimen volume and mass.  

8.  Steps 1–6 were repeated across the 

measurement grid (Figure 2b) at 3 mm intervals. 

2. 4. Vickers Hardness Testing          A PMT-3M 

microhardness tester was selected as the reference 

instrument for comparison with UCI results. The test load 

was 1.96 N (200 gf), with a dwell time of 10 seconds. 

Prior to testing, the indenter approach was calibrated 

using a halite crystal, and the built-in microscope 

eyepiece scale was calibrated using an objective 

micrometer. 

Hardness measurements on both instruments 

followed the same indentation pattern (Figure 2b). 

Indentations were made from the weld centerline to the 

edge of the specimen with a step of 2.35 mm. Lines 

parallel and perpendicular to the weld were marked on 

the specimen with the same spacing. Hardness 

measurements were taken at each node of the grid. The 

results obtained from indentations along the same line 

parallel to the weld were averaged, and the resulting 

value was taken as the mean hardness at a specific 

distance from the weld. An example of an indentation 

imprint is shown in Figure 4. A schematic representation 

of the experimental setup is shown on Figure 5. 

 
2. 5. UCI Hardness Testing          Hardness 

measurements were performed using a portable 

Konstanta KT hardness tester equipped with a UCI 

transducer. A constant test load of 50 N was applied for 

all measurements. The tester was pre-calibrated using a 

set of steel reference blocks with the following certified 

 

 

 
Figure 3. Longitudinal wave velocity measurement 1 – 

ultrasonic transducer; 2 – steel plate 
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Figure 4. Example indentation 

 

properties: ν = 0.27, E = 200 GPa. UCI hardness 

measurements followed the same grid pattern as the 

Vickers method, but indentations were made along lines 

parallel to the weld between the grid nodes (Figure 2b) to 

avoid overlapping with prior indentation marks. 
 
 

3. RESULTS AND DISCUSSION 
 

Hardness results from both methods are shown in Figure 

6. 

As it can be seen, the hardness values determined by 

the PMT and UCI methods in the heat-affected zone (0-

13 mm) do not coincide. At a distance of 2 mm from the 

 

 
Figure 5. Experimental setup schema 

 

 

weld centerline, HVVickers = 208 HV, while HVUCI = 188 

HV, which is nearly 10% lower than the actual hardness 

values. The difference in hardness values gradually 

decreases with increasing distance from the weld, 

reaching approximately 3% at 13 mm. Figure 6 also 

shows that beyond the transition zone (10-15 mm), the 

hardness values remain constant as the istance from the 

weld increases, confirming the capability of the UCI 

method to identify the boundary of the heat-affected 

zone. It should also be noted that beyond the heat-

affected zone (>15 mm), the hardness values obtained by 

both methods coincide, which further supports the 

hypothesis about the necessity of accounting for changes 

in elastic properties of the material in the weld zone and 

HAZ when measuring hardness by the UCI method.  

 

 

 
Figure 6. PMT vs. UCI results 

 
Figure 7. PMT vs. corrected UCI results 

 

 

TABLE 2. Difference between UCI and PMT results before 

and after correction 

L, mm 
Difference between UCI and PMT, HV(%) 

Before correction After correction 

2,5 20 (9.6%) 1 (0.5%) 

7,5 23 (11.4%) 5 (2.5%) 

12,5 16 (10.3) 3 (1.9%) 

Average 19,7 (10.4%) 3,0 (1.6%) 

 

 

The measurements of longitudinal wave velocity in 

the weld zone and HAZ using the UDL-2M device 

showed values ranging from 5912 to 5984 m/s, which 

corresponds to an elastic modulus of 225 GPa. 
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Thus, it can be concluded that the actual values of the 

steel's elastic modulus differ from the certified values of 

the reference block used for transducer calibration. 

Additional uncertainty is introduced by the non-uniform 

distribution of elastic modulus values in different areas 

of the steel specimen. In the weld zone and at small 

distances from it (L<7 mm), the elastic modulus values 

remain around 225 GPa. With increasing distance from 

the weld, in the HAZ the elastic modulus values 

gradually decrease to 220-223 GPa. 

Using Equation 5 and the obtained values of Ereal, a 

correction factor was calculated, and the adjusted HVUCI 

values in the weld zone and HAZ are presented in Figure 

7. 

Figure 7 demonstrates that the difference between 

Vickers and corrected UCI hardness values is negligible 

in the HAZ at distances L<7 mm. The average deviation 

between the methods is smaller than before correction 

(Table 2). Thus, the average difference between PMT-3 

and corrected UCI hardness values is reduced to 3.0 HV 

(1.6%), compared to 19.7 HV (10.4%) without 

correction. The introduced correction improves the 

accuracy of UCI transducer measurements for hardness 

evaluation in welded joints of steel pipelines. 

Currently, hardness measurements are widely used 

for assessing the technical condition of pipelines. 

Therefore, the reliability of measured hardness values is 

critical for ensuring safe operation. Portable hardness 

testing methods show potential for field monitoring 

systems, but this study highlights the need for additional 

verification of data accuracy. The deviation of the 

hardness value from the permissible limit must not 

exceed 7%. The discrepancy between the hardness values 

before and after the correction exceeds the allowable 

magnitude, which, in turn, may lead to an invalid 

assessment of the weld condition. 

The study confirms that UCI hardness measurements 

are highly dependent on the match between the 

calibration block material and the test object. This 

approach is inadequate for the HAZ, where 

microstructural changes due to thermal effects are 

unaccounted for. 

On the other hand, the sensitivity of elastic wave 

velocity to material changes under thermal exposure is 

reaffirmed. The elastic modulus determined 

ultrasonically, combined with the derived correction 

factor, reduced the average discrepancy between portable 

(UCI) and laboratory (Vickers) hardness measurements. 

Notably, the values nearly converge in the HAZ. These 

results suggest that combining ultrasonic testing with 

UCI can enhance the reliability of portable hardness 

measurements. 

However, it must be noted that the extent of the HAZ 

and the degree of changes in physical-mechanical 

properties vary across steel grades. According to 

standards, the HAZ width can range from 1 to 4 times the 

pipe wall thickness. Furthermore, studies (27, 34, 36) 

demonstrate that the relationship between longitudinal 

wave velocity, hardness, and thermal treatment depends 

on the steel type. An analysis of the dependence of 

hardness on heat treatment reveals no general correlation; 

even materials with similar chemical compositions 

exhibit different properties (46, 47). Therefore, the 

results of this work should be considered not from the 

perspective of establishing a universal correction for the 

elastic modulus when using the UCI method, but from 

the standpoint of developing a comprehensive 

methodology for measuring the hardness of welded joints 

with portable devices. Such a methodology would 

improve the reliability of hardness determination. The 

investigations carried out in this study allow for 

preliminary conclusions regarding the feasibility of 

developing such a methodology. However, further 

research on welded joints of various types of steel is 

required, which could enhance verification and 

validation measures for the comprehensive hardness 

measurement methodology. 

Additionally, the 1–2% difference in wave velocity 

between the HAZ and base metal demands high 

measurement precision. In fact, this indicator can be used 

in designing a comprehensive hardness measurement 

methodology as a target for the methodology's 

performance criteria, namely the standard deviation 

characterizing repeatability, reproducibility, intermediate 

precision, etc. Therefore, additional metrological 

analysis of the possibility of ensuring the required 

measurement accuracy in field conditions is necessary. 

At the same time, as a preliminary metrological analysis, 

it is possible to consider, as reference values, the works 

in which an evaluation of the measurement uncertainty 

for thickness by the ultrasonic method was performed 

(48-53), since, in fact, measuring the speed is the inverse 

problem of this measurement. The analysis of (48-53) 

showed that with a certain approach, it is possible to 

ensure a thickness measurement error in the micrometer 

range, which exceeds the requirements for ensuring a 

speed measurement error of 1-2%. Furthermore, (50, 53) 

describe thickness measurement techniques without 

preliminary calibration of the elastic wave propagation 

velocity, based on the laws of geometrical acoustics, 

which is important in the context of developing a 

comprehensive hardness measurement methodology. 
 
 

4. CONCLUSION 
 

Addressing these aspects will generalize the findings of 

this study and improve the reliability of portable hardness 

testing methods. Main findings of the study are: 

1. The accuracy of UCI hardness measurements 

depends significantly on the ratio between the actual 

elastic modulus and that of the calibration block, leading 

to incorrect hardness values in the HAZ. 
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2. Before correction, the difference between UCI 

and PMT hardness values in the HAZ was ~10%, a 

statistically significant deviation. After correction, the 

discrepancy is virtually eliminated. 

3. Ultrasonic-based corrections for the elastic 

modulus improve the reliability of UCI hardness 

measurements in the HAZ. 
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Persian Abstract 

 چکیده 

 به ازین  یسخت  تست استاندارد یها روش حال، نی ا با .است (HAZ) حرارت  از متاثر هیناح و جوش دو هر ی سخت یریگ اندازه شامل  شده داده جوش اتصالات  تیف یک کنترل

 نیشتریب  (UCI) کیاولتراسون  تماس امپدانس روش  از  استفاده با ها سنج  یسخت حمل، قابل ی ها دستگاه ان یم در  .شود ی م لوله خط یخراب به  منجر که  دارد نمونه یساز آماده

 شدهی بازرس سطح کل در را آنها یکنواختی و آوردیم حساب  به را نمونه کیالاست خواص که دارد، یبستگ  ونیبراسیکال یمنحن به یر یگاندازه جینتا حال، نیا با .دارند را استفاده

 ی م UCI یسخت تست در یریگ اندازه یخطاها به منجر که دهد یم رخ فلز کیالاست خواص و زساختاریر در یراتییتغ  شده، داده جوش اتصال کی HAZ در .کندیم فرض

 کیاولتراسون موج سرعت بر نظارت  قیطر از که ،HAZ در کیالاست مدول در یواقع  رات ییتغ  گرفتن نظر در با ونیبراسیکال در ح یتصح اعمال یبرا را یروش مقاله نیا .شود

 کرزیو یکروسختی م تستر از استفاده با آمده دستبه  مرجع جینتا با یبهتر مطابقت شوند،ی م شامل  را حیتصح ن یا که یسخت ریمقاد جه،ینت  در .کندیم ارائه شود،ی م یریگاندازه

 .بخشدی م بهبود را UCI مبدل یریگاندازه دقت یشنهادیپ اصلاح دهدی م نشان که دادند، نشان
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