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Abstract—The reasons for the premature failure of a spring (made of 50KhFA steel) used in the safety valve
of the column head part are analyzed. The failure of the spring occurred after 7 years of operation at a tem-
perature below 90°C in a working environment of light oil products (sulfurous gasoline). Visual and measure-
ment control, general chemical analysis of the composition of the steel, energy-dispersive analysis of the
metal in local areas, measurements of hardness and microhardness, microstructural analysis of the metal,
macro- and electron fractography, phase chemical and X-ray structural analyses, and recovering heat treat-
ment are used for the studies. The characteristic external signs, typical microdamages, and mechanisms of
sulfide (hydrogen) corrosion cracking of high-strength 50KhFA steel with the most dangerous accompanying
process, hydrogenation, are revealed. The analysis of the chemical composition and hardness of the metal
meets the requirements of the standards for this steel. The microstructure of the metal under study is tem-
pered martensite with the presence of a decarburized layer of up to 0.158 mm in the surface layers. The results
of the study show that the premature failure of the spring is attributed both to the technological heredity and
operational factors (contact with the working environment beyond the design basis). Ulcerative damage of
the metal surface with the penetration of corrosion products into the deep layers due to the violation of the
integrity of the coating of the spring are noted, which indicates low resistance of 50KhFA steel to low-tem-
perature hydrogen sulfide corrosion. The failure predominantly occurs near nonmetallic inclusions along the
boundaries of the primary austenite grains, where the largest precipitates of chromium carbides are located,
as well as along the interphase boundaries of oriented carbide plates.

Keywords: 50KhFA steel, spring, safety valve, failure, fracture, low-temperature hydrogen sulfide corrosion,
cracking, mechanism of failure
DOI: 10.1134/S0020168524700213

INTRODUCTION
Uninterrupted operation of the equipment in the

oil refining industry depends on the reliability of safety
valves, the most important part of which is springs.

The durability and reliability of springs are foreseen
at the stage of design and should be provided both by
the manufacturing procedure and quality control and
operational conditions [1, 2]. The diagnostics of the
state of the safety valve and springs is performed in the
process of operation in the manner and to the extent
provided for by the actual regulatory documents, e.g.,
IPKM-05 “Procedure for the Operation, Revision, and
Repair of Safety Valve Springs and Membrane Safety
Devices of Oil Refining and Petrochemical Enterprises
of the Ministry of Industry and Energy of Russia.”

However, cases of premature failure of springs are
noted during the operation of safety valves at oil refin-
eries. The aspects of damageability of safety valve
springs during the operation of oil refining units are
covered in the published sources to a lesser extent in
comparison with the aspects of damageability of

equipment and pipelines. In addition, published
sources mainly describe the results of fractographic
studies of metals [3–10]. Here, there is almost no
information on the application of other methods of
laboratory examination of failed springs which are
equally informative. Therefore, the development of a
procedure of laboratory examination of safety valve
springs for determining the causes for premature fail-
ure as well as recommendations on their safe operation
for oil refining systems is of certain scientific interest
and has practical significance.

OBJECT AND METHOD OF STUDY
The object of study was an SPPK 4-150-16M safety

valve spring installed at the outlet from a column into
the f lare system of one of the crude oil distillation
units. The spring failed after 7 years of operation at a
design lifetime of at least 30 years and mean time
before failure of 360 cycles. The operating temperature
of the valve was below 90°C, and the operating envi-
ronment of the pipeline was light oil products (sulfu-
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Fig. 1. Fragments of the spring after failure: (a) general view and (b) defects on the turns.

(b)(a)
rous gasoline). The material of the cylindrical spiral
compression spring of the studied safety valve was
50KhFA steel that is characterized by high operational
properties such as limit of elasticity, limit of endur-
ance, and relaxation resistance.

To establish the reasons for the failure of the spring,
classical methods of investigation and state-of-the-art
instruments as well as modeling of the initial structural
and mechanical state of the material of the spring
before operation by recovering heat treatment were
applied. Visual and measurement control, general
chemical analysis of the composition of the steel,
energy-dispersive analysis of the metal in local areas,
measurement of hardness for the determination of the
quality of heat treatment, microstructural analysis of
the metal, macro- and electron fractography, phase
chemical and X-ray diffraction analyses, measure-
ment of microhardness, and recovering heat treatment
according to the mode recommended for safety valve
springs in ST TsKBA 030-2006 regulatory technical doc-
umentation and published sources [11], namely, quench-
ing at 860 ± 10°C and medium-temperature tempering
at 420 ± 10°C, were performed during the study.

For metallographic studies, a hardware–software
complex for the analysis of the surface microstructure
of solid bodies based on an optical microscope as well
as a scanning electron microscope with the identifica-
tion of the structural components, investigation of
their morphology and mutual orientation, and deter-
mination of the presence of modified structures in the
surface layers and defects was used. The chemical
composition of the steel was determined and carbide
analysis of the metal was performed by analytical
methods with the use of a spectrophotometer, an auto-
mated titrator, and a rapid carbon analyzer. The X-ray
diffraction analysis was performed on an X-ray appa-
ratus. The microhardness was measured on a micro-
hardness meter with a load of 100 g. In addition, the
precipitates collected from the surface of the spring
were studied by energy-dispersive analysis.

RESULTS AND DISCUSSION
The appearance of a fragment of the spring with the

surface of a fracture is presented in Fig. 1a. The visual
and measurement control showed the correspondence
of the number of turns, external diameter of the spring,
diameter of the rod, and other dimensions to the initial
parameters of the spring according to the manufac-
turer’s specification. There was a protective paint-
and-varnish coating with exfoliation, blistering, and
peeling on the surface of the spring; lateral wear, cor-
rosion deposits, and corrosion spots were seen. Cracks
and voids were located in the areas of corrosion spots
and blisters (Fig. 1b). The defects detected upon external
examination of the springs are considered unallowable in
accordance with i. 6.7.3 of IPKM-2005 Instruction.

The chemical composition of the material of the
spring (Table 1) corresponded to 50KhFA steel
according to GOST (State Standard) 14959-2016.

The hardness of the steel measured on microsec-
tions before and after recovering heat treatment (Table 2)
conformed to the requirements of ST TsKBA 030-
2006 and data of reference literature. The values of
hardness indicated a high-quality heat treatment per-
formed by the manufacturer.

No defects specified by GOST 14959-2016 were
detected in the macrostructure of the material.

Contamination was determined by method Sh
according to GOST 1778-70—the nonmetallic inclu-
sions corresponded to spot oxides (second rating) and
sulfides (first rating).

A zone of decarburization was observed on the sur-
face of the spring turns (along the entire perimeter of
circumference) (Fig. 2a). The decarburized layer had
a depth of 0.114 to 0.158 mm (the error of measure-
INORGANIC MATERIALS  2024
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Table 1. Results of the analysis of the chemical composition of the steel

* Error of the method of determination of the element.
** Allowable deviation of the concentration of the element according to the standard.

Material
Weight part of elements, %

C Si Mn Cr V Ni S P

Spring 0.56 ± 0.04* 0.30 0.475 0.93 0.200 0.120 0.012 0.026 ± 0.006*
50KhFA Steel (V 14959–2016) 0.46–0.54 ± 0.01** 0.17–0.37 0.50–0.80 0.80–1.10 0.10–1.20 ≤0.25 ≤0.025 ≤0.025

Table 2. Results of the measurement of the hardness of the steel

The average values are indicated in brackets.

Material Hardness HRC

Spring under study, initial state in the transverse cross section 46–47 (47)
Spring under study, initial state in the longitudinal cross section 44–47 (45)
Spring under study after recovering heat treatment in the transverse cross section 45–46 (46)
50KhFA steel (ST TsKBA 030-2006) 44.0–51.5
50KhFA [11] 44–49
ment of ±1 μm). According to GOST 14959-2016, the
presence of a decarburized layer is not allowed for hot-
rolled rods with a special surface finish, while for other
types of rolled products, the depth of the decarburized
layer should not exceed a value of 0.015d, where d is
the nominal diameter of the rod (in this case, 14 mm),
i.e., 0.21 mm. The decarburized layer could have
formed during process of operations upon the fabrica-
tion of the spring. No decarburized layer was detected
on the surface of the heat-treated section (Fig. 2b) as a
result of diffusion redistribution of carbon over the
cross section.

The microstructure of the metal after operation
and recovering heat treatment (Figs. 3, 4) is tempered
INORGANIC MATERIALS  2024

Fig. 2. Surface of the metal section (a) b
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(a)
martensite. The observed shape of carbides in the form
of plates that are characteristic of spring steel after
quenching and medium-temperature tempering as
opposed to coagulated carbides after high-tempera-
ture tempering indicates high elastic properties of the
spring.

The results of phase X-ray diffraction analysis of
the spring (Table 3) indicate that the main type of car-
bides in the metal under study is special carbide Me7C3 +
MeC, in particular, (Cr,Fe)7C3 + VC typical of
50KhFA steel in the state after medium-temperature
tempering and operation at 90°C.
efore and (b) after heat treatment, ×200.

(b) 50 �m
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Fig. 3. Initial microstructure of the microsection of the steel (a, b) before and (c, d) after heat treatment: (a, c) ×500 and
(b, d) ×1000.
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Fig. 4. Morphology of the carbide phase in the steel, ×10000 (SEM image): (a) after operation and (b) after recovering heat treat-
ment (operation + quenching + tempering).
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Table 3. Results of carbide analysis

Material

Concentration of elements, wt % Relative concentration 
of the element in carbides, % Type of carbidescarbide precipitate solid solution

Fe Cr V  Σ  Cr V Cr V

50KhFA 1.43 0.126 0.148 1.704 0.804 0.052 13 74 Me7C3 + VC

Table 4. Microhardness HV0.1 of the metal measured on a microsection

The average values are indicated in brackets.

Edges of the microsection Central part of the microsection Decarburized layer of the microsection

570–570 (570) 570–570 (570) 351–351 (351)

Table 5. Chemical composition of the scanned areas in
Figs. 5e and 5f

Element
Fig. 5e Fig. 5f

at % wt % at % wt %

Fe 38.15 61.34 60.44 76.66
O 37.42 17.24 34.01 17.66
S 18.90 17.45 4.22 4.39
C 2.79 0.96 0.53 0.21
Si 1.28 1.03 – –
Cr 0.84 1.26 – –
Ca 0.62 0.71 0.35 0.32
The phase chemical analysis has shown that only
13% chromium transformed into carbides, while the
remaining part stayed in a solid solution and provides
a solid-solution strengthening mechanism in addition
to carbide and dislocation mechanisms. However, the
total chromium content cannot provide corrosion
resistance in the working environment of the safety
valve under consideration. Protection against the
working environment getting onto the surface of the
spring by both high-quality sealing of the demount-
able connections of the valve and protective coating
that turned out to be damaged is required.

The minimum values of the microhardness of the
metal measured over the cross section of the rod cor-
responded to the zone of the decarburized layer (Table 4).
Since most elastic elements operate under the condi-
tions of twisting when the maximum stresses fall
within the surface layer in particular, the presence of a
soft decarburized layer promoted the damage of the
surface under the paint-and-varnish coating and orig-
ination of a fracture nucleus.

The study of the microstructure near the fracture
nucleus has shown the presence of multiple surface
defects in the form of pitting corrosion, cracks, split-
ting over the nonmetallic inclusions, and corrosion
products penetrating into the deep layers of the metal
(Fig. 5, Table 5). Microcracks originated from corro-
sion ulcers in the sites of damage of the protective
coating and predominantly propagated along the grain
boundaries to form closed contours and cavities filled
with corrosion products, from which new microcracks
developed. The analysis of the chemical elements in
the microcracks and cavities indicates a significant
concentration of sulfur and oxygen, which points to
the occurrence of hydrogen sulfide corrosion.

Figure 5 shows the damage over the elements of the
structure and morphology of the cracks on the sec-
tions after etching with a 4% solution of HNO3. The
cracks propagate not only along the boundaries of the
primary austenite grains, where the largest precipitates
of carbides are located, but also along the interphase
boundaries of the oriented plates of carbides. There
INORGANIC MATERIALS  2024
are also pores in the solid solution matrix (Fig. 6). The
tiniest micropores with a size of up to 0.5 μm in mar-
tensite (Fig. 6b) have also been detected on the sec-
tions cut out far from the surface of the spring, which
may be associated with the presence of hydrogen in
steel which is formed in the case of occurrence of low-
temperature hydrogen sulfide corrosion.

It has been found by the fractographic study that
the fracture is matt, dark gray. The fracture surface is
oriented at an angle of 45° to the axis of the rod and is
perpendicular to the direction of action of the maxi-
mum stretching stresses upon twisting; there is a con-
cavity in the central part which is characteristic for
quasi-brittle materials [15]. The macrogeometry of the
fracture indicated the formation of fracture in the pro-
cess of operating loads. In terms of the macrostruc-
ture, the fracture of the spring was characterized by the
following successive zones: 1—fracture nucleus zone
with a smooth relief, 2—scarring zone that corre-
sponds to the development of a crack, and 3—fast
fracture zone with less rough areas (Fig. 7). A loss of
the protective coating and ulcerous damage of the sur-
face were observed near the nucleus determined by the
convergence of the scars and located on the outer sur-
face of the spring between the small and large radii of
the turn (see Fig. 7). The small size of the nucleus zone



6 TUPITSIN et al.

Fig. 5. Defects of the metal of the spring at the fracture nucleus: (a–c) pitting corrosion, microcracks, and cavities (prior to etch-
ing); (d) cracks along the grain boundaries of primary austenite (after etching); (e, f) composition of corrosion products in the
cracks.
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Corrosion near 
the surface

Fig. 6. Appearance of the cracks after etching: (a) ×15000 and (b) ×20000.

(b)5 �m 3 �m(a)
and a low number of circular lines corresponding to
the front of crack propagation indicated high stresses.

According to the electron fractographic studies,
corrosion products are present in the fracture nucleus
that coincides with the site of damage of the coating,
while individual areas with fatigue striations are pres-
ent in the decarburized surface layer; there are also
opened bubble cavities, bubbles with cracks (Figs. 8a, 8g),
nonmetallic inclusions, and intergrain facets and
cracks characteristic of hydrogen sulfide corrosion
cracking (Figs. 8b, 8h). In the failure development
zone (Figs. 8c, 8d, 8i), cleavage and quasi-cleavage
facets, splitting along nonmetallic inclusions, and
pores typical of decelerated failure under the action of
hydrogen can be seen [4, 12, 14–16]. The fracture sur-
face in the scarring zone is formed by intercrystalline
failure facets with alternation of a quasi-cleavage and
individual areas of pit relief. The fast fracture is also char-
INORGANIC MATERIALS  2024
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Fig. 7. General view of the fracture of the spring: (1) fracture nucleus, (2) crack propagation zone, and (3) fast fracture zone.

1

23

Fig. 8. Electron fractograms of the fracture surface of the spring: (a, b) fracture nucleus; (c, d) fracture development, scarring
zone; (e, f) fast fracture; (g) bubbles; (h, i) intergrain facets, cleavage facets, quasi-cleavage facets, splitting, multiple cracks, pores;
and (j) splitting by sulfides, pits.

(b)100 �m 30 �m 30 �m

8 �m30 �m30 �m80 �m

8 �m 10 �m

80 �m(c) (d)

(e) (f) (g) (h)

(i) (j)

(a)
acterized by facets of intercrystallite and transcrystallite
failure with areas of pit relief (Figs. 8e, 8f, 8j).

The deposits collected from the surface of the
spring have been studied by energy-dispersive analysis
INORGANIC MATERIALS  2024
(Fig. 9). The presence of iron and oxygen in the
deposits indicates that the corrosion products consist
of iron oxides; the presence of sulfur suggests sulfur-
containing compounds—iron sulfides formed by the
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Fig. 9. (a, c) Results of the analysis of the deposits on the metal surface and (b, d) data of energy-dispersive analysis.
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action of the hydrogen sulfide present in the environ-
ment. Titanium found in a small amount could be
present in the composition of the pigment of the pro-
tective paint-and-varnish coating.

The combination of the obtained results of the
study made it possible to draw a conclusion that the
reason for the failure of the spring was sulfide (hydro-
gen) corrosion cracking of high-strength steel. The
most dangerous accompanying process of low-tem-
perature hydrogen sulfide corrosion is hydrogenation
of steel, which is confirmed by the presence of blisters
under the deposits. Such blisters result from the pres-
ence of hydrogen sulfide itself or hydrogen evolving
during the reaction of hydrogen sulfide with iron
under the deposits. Hydrogen, diffusing deep into the
steel, is accumulated in the sites of presence of crystal
lattice defects and nonmetallic inclusions, and over
time it forms internal pores and induces the develop-
INORGANIC MATERIALS  2024
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ment of microcracks that eventually result in the cre-
ation of significant internal stresses and embrittlement
of the metal. The presence of moisture in the environ-
ment significantly accelerates low-temperature hydro-
gen sulfide corrosion and hydrogenation of steel, thus
accelerating its embrittlement.

CONCLUSIONS

(1) It has been found that, in the case of low-tem-
perature hydrogen sulfide corrosion of 50KhFA steel,
blisters and ulcerous damage with the penetration of
corrosion products into the deep layers are formed on
the surface of the spring. Failure of the metal near the
nonmetallic inclusions and cracking along the bound-
aries of the primary austenite grains, where the largest
precipitates of chromium carbide are located, as well
as along the interphase boundaries of the oriented
plates of carbides, occur. When the cracks form an
almost closed contour, the metal deforms under the
pressure of hydrogen, followed by the formation of
cavities that decrease the resistance to operating loads
and result in failure. Micropores with a size of up to 0.5
μm which are not healed by recovering heat treatment
have been detected in the solid solution.

(2) The results of the analysis of the deposits have
shown the presence of sulfur compounds in the corro-
sion products on the surface of the spring, which may
indicate that it is affected by hydrogen sulfide present
in the vapors of the gasoline leaving the column.

(3) The premature failure of the safety valve spring
is determined by the technological heredity (system of
doping which does not provide corrosion resistance in
the environment of hydrogen sulfide, formation of a
soft and weak decarburized layer under the paint-and-
varnish coating which decreases the limit of endurance
during the fabrication of the spring, insufficient pro-
tection of the spring against corrosion by the paint-
and-varnish coating) upon contact with a working
environment not specified by the design.

(4) On the basis of the studies performed, a set of
actions to increase the reliability and to prevent fail-
ures of the springs of SPPK valves operating under
similar conditions has been recommended: execution
of periodic visual and measurement control and mag-
netic particle inspection or liquid penetrant testing;
observation of the state of the sealing surfaces; need
for replacing the spring in the case of discovery of the
described damage of the paint-and-varnish coating;
provision of high quality of the assembly of the valve
after repair and coaxial alignment of positioning of the
part; and application of protective covers—bellows
made of steel of 08Kh18N10T type or more corrosion-
resistant steels for similar springs which do not allow
penetration of aggressive agents to the surface of the
spring. The acquired information on the characteristic
external signs, typical microdamage, and failure
mechanism upon low-temperature hydrogen sulfide
INORGANIC MATERIALS  2024
corrosion of 50KhFA steel with the most dangerous
accompanying process, hydrogenation, can be used by
researchers in the diagnostics of failures of springs.
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