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A B S T R A C T

The welding process has a significant impact on the chemical composition, structure and mechanical properties
of materials in heat-affected zones. The existing approaches to the diagnostics cannot predict the properties of
the welded joint nor do they guarantee its reliable performance throughout the projected service life. This
becomes especially relevant when investigating the welds from heterogeneous steels applied in power
engineering. The main goal of this paper is to offer modern approaches to the complex technical diagnostics
of steam pipelines using X-ray investigation of heterogeneous weld structures. In this work, the following
research methods were used: X-ray fluorescence analysis, X-ray diffraction method, and microhardness
measurement. The object of the investigation is the composite weld of 12Cr18Ni9Ti austenitic steel and
12Cr1MoV pearlitic steel. The results of this investigation show that the properties of the weldable steel changed
significantly as compared to its original state. The weld structure was represented by the internal structural
stress gradients despite the application of the stress relief heat treatment. The proposed approaches to the study
of steel welds can be used for selecting the rational mode of post-weld heat treatment. Combined with
traditional inspection methods (visual or ultrasonic inspection, etc.), these approaches can serve as a basis for
technical diagnostics and the selection of constructional materials.

1. Introduction

Austenitic steel 12Cr18Ni9Ti and pearlitic steel 12Cr1MoV are the
main structural materials in Russia to produce ultra-high pressure
boiler superheaters. With the design lifetime of about 300 thousand
hours, they, however, collapse prematurely for various reasons [1–4].

Welds are damaged due to the combined impact of intrinsic defects
and so-called hidden defects [5,6].

Intrinsic defects occur in the form of pinholes, long cracks,
incomplete penetrations, cinder inclusions etc. during equipment
production and installation. These stem from errors in the welding
process, violation of accepted rules and standards, equipment failure,
or poor production practices. The best way to fight these defects is to
eliminate their causes.

Hidden defects are connected with the microstructure of the weld
material and its heat-affected zones. These result from phase, structur-
al and chemical heterogeneity, which brings about differences in the
physics, chemistry, strength and mechanical properties of various
sections and zones of the welds. These defects are difficult to detect
by standard diagnostic methods (visual or ultrasonic inspection, etc.)
[7,8].

One of the fundamental reasons for premature failure is the

accelerated structural degradation of steel due to cyclic mechanical
and temperature gradients. Structural transformations drastically
affect the resistance of welds to brittle failure and the mechanical
properties of the products [4,9]. An uncontrolled process of structural
and phase transformations leads to unpredictable consequences, which
manifest themselves in changes of current stresses with the most
probable occurrence of local stress concentrators exceeding the long-
term strength. The state of the phases in the weld zone, their
transformation under service condition, the level of structural stresses
and their redistribution still have no clear systematization. This gap in
the knowledge could ultimately lead to the damage of a welded
assembly at any time before the end of its service life.

Based on a number of specialized scientific and regulatory doc-
umentation, the technical diagnostics of the welds should include the
research of the metal composition, structure and properties with the
methods of the magnetic particle and dye penetrant inspection,
hardness test, ultrasonic thickness measurement, metallographic ex-
amination using replica techniques.

Generally, the performance analysis of a weld involves destructive
inspection techniques measuring mechanical properties, heat resis-
tance, ductile to brittle transition temperature, brittle strength, creep
speed, and rate of corrosion. These methods are very effort and time
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consuming.
Currently, durability assessment is based on the long-term strength

and fatigue of the weld material, S-N diagram, cumulative damage
theory as well as the control of micro- and macrostructure.

These measures, however, do not guarantee weld integrity. The
assessment of weld reliability and integrity executed by different
methods is sometimes controversial [10]. These methods do not
provide any information on changes in the microstructure of the
material during its service life under specified conditions.
Consequently, a more comprehensive weld assessment is required,
which, apart from the above, should include the distribution of micro-
hardness, alloying elements and structural defects, the magnitude and
sign of residual stresses as well as the phase composition of different
zones and layers of the pipe wall.

The chemical, structural and mechanical heterogeneity of the weld
properties requires the heat treatment of a workpiece to stabilize its
structure after the welding process. Heat treatment, in turn, requires
the sufficient data on the structure, phase composition, level of
microstresses and distribution of defects in the hazardous zones of a
weld. However, these data are difficult to obtain using only the
standard methods of diagnostics. Thus, the problem of identifying
the desired properties of the weld structure remains unresolved.

For such a problem, X-ray analysis may be a very effective method.
The authors' review of recent papers suggests that the presence of

X-ray is limited in this industry. Sometimes, it is not even considered
as a diagnostic and forecast method, because it is allegedly difficult to
apply in a production environment. However, the method does not
require the destruction of the sample surface and allows repeated and
long-term tests of the same sample. It can also be implemented quite
successfully on a cutting sample or part of a workpiece.

Thus, controlling the weld microstructure by hardness diagnostics
and X-ray may substantially improve the efficiency of welding, which
makes this work relevant and novel. The main goal of this paper is to
offer advanced approaches to complex technical diagnostics of steam
pipelines using the X-ray investigation of heterogeneous weld struc-
tures.

2. Materials and methods

The object of the investigation is the weld of austenitic 12Cr18Ni9Ti
steel and pearlitic 12Cr1MoV steel. The welded joint was divided into
zones No. 1–13 for the research (Fig. 1d). The weld zone (No. 7) was
prepared for the research of the internal and external surfaces (Fig. 1b).
Zones No. 5` (12Cr1MoV) and No. 9` (12Cr18Ni9Ti) were arranged at
a distance of 7.5 mm from the weld axis. Zones No. 4` (12Cr1MoV) and
No. 10` (12Cr18Ni9Ti) were arranged at a distance of 14.5 mm from
the weld axis.

The weld structure was investigated using an EDX 2800 X-ray
analyzer (SKYRAY, USA), a DRON-3 X-ray diffractometer (Russia),
and a PMT-3 microhardness tester (Russia).

The X-ray fluorescence analysis was performed using EDX-2800 for
measuring the spectra of the characteristic radiation of the chemical
elements in the test sample. The chemical elements were identified by a
standard calibration curve embedded in the spectrometer software. The
quantitative composition of the alloy was determined by estimating the
intensity and area of the experimental spectral lines.

The X-ray diffraction method is based on the classical fundamental
theory for the X-ray analysis of the internal stresses and crystal grain
size using a thoroughly tested mathematical apparatus. The diffraction
angle (2θ) of each diffraction line, the intensity and width of its profile
are defined using the DRON-3. The full profile is determined by the
combined effect of geometrical and physical factors. The physical
profile of the diffraction line (β) is a function of the material properties
and state. It depends on the crystallite size (D) and the residual stresses
of the second kind (σII):
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where m1 is a part of the physical broadening of the first diffraction line
depending on the crystallite size, n2 is a part of the physical broadening
of the second diffraction line depending on residual stress, E is Young's
modulus, λ is the X-ray wavelength of CuKβ, θ1 is the diffraction angle
of the first analyzed diffraction line, θ2 is the diffraction angle of the
second analyzed diffraction line.

The residual stresses (σI) of the first kind were determined on the
basis of Hooke's law using the equation:
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where a a∆ / is the percent elongation of the crystal lattice parameter
under tension.

3. Results and discussion

The X-ray investigation of the weld zone (Fig. 2) has shown the
inhomogeneous decay of the supersaturated solid austenite solution
occurring due to the thermal effect of welding. Structural polymorph-

Fig. 1. Composite weld under study: (a) cutting scheme of transverse b, c and
longitudinal d samples; (b) control points of the external surface weld; (c) control points
of the internal surface weld; (d) control sample of the weld-adjacent zone (5′ and 9′) and
of the heat-affected zone (4′ and 10′); АС, ВС –direction of microhardness measurement
along the wall thickness; No. 1–13 – control zones.
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