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Abstract: The paper presents the results of reverse engineering including metallographic, mechanical, and engineering-
technical studies of used rods of a compressor produced by the Dresser-Rand company (Siemens, Germany). The study
established that the original product is made of AISI 4140 steel with a working coating based on tungsten carbide applied
to a depth of 0.2 mm by the HVOF method. The paper contains the results of the development of an import-substituting
technological process for producing a wear-resistant powder coating of the Ni-Cr—-B-WC system applied by cold gas
flame spraying on the surface of a critical unit of compressor equipment in the oil and gas industry. Microanalysis identi-
fied that the sprayed spherical WC particles are evenly distributed in the nickel bond without the formation of free cavities
at the lamella boundary, retain the size identical to the original powder composition upon the high-speed collision with
the substrate, and minimize the level of residual mechanical stresses in the surface layer. The study shows that the sprayed
coating has a high microhardness (the bases — 700 HV,;, WC — up to 2000 HV;), which ensures high wear resistance
during operation of the rod in a friction pair. A comparative analysis of the tribological properties of the coatings showed
that when changing the shape, particle size distribution, and percentage ratio of tungsten carbide from 20 to 70 % in
the nickel matrix, the overall wear resistance of the coating equivalently increases. The authors concluded on the possibi-
lity of manufacturing an import-substituting product using the gas flame spraying technology with metallurgical powder
compositions containing tungsten. The authors developed an industrial technology for applying a wear-resistant coating on
the working surface of a rod made of AISI 4140 steel. The paper presents the results of the analysis of the stress state of
a material with a coating produced using the developed technology in comparison with the original product. In the product
obtained by the experimental technology, in the process of applying the coating and its subsequent mechanical processing,
uniform residual mechanical stresses are formed that do not exceed the value of the difference in the principal mechanical

stresses. The paper presents the results of the study obtained both on standard samples and on a pilot part.
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INTRODUCTION

Currently, most of the critical parts of pumping and
compressor equipment of the chemical and oil and gas pro-
cessing industries of the Russian Federation are made ac-
cording to the technologies of foreign manufacturers. Tak-
ing into account the existing external economic situation,
the purchase and operation of components for this equip-
ment, in particular heavy-duty rods of compressor units, is
difficult, however, the need for these parts is very signifi-
cant and amounts to 800—1500 thousand pieces per year
within the state. Taking into account this fact, the compa-
nies of service maintenance and repair of the oil and gas
industry objects are forced to quickly solve a number of
scientific and technical issues related to the manufacture of
import-substituting products.

Thus, within the repairing machine-building enterprise
00O Tekhnologiya, as a research and technological
groundwork, metallurgical studies and re-engineering of
used compressor equipment rods from the foreign manufac-
turer, the German company Dresser-Rand Group (Siemens,
Germany), were carried out to determine the grade of

the main material, as well as the technology of its surface
and volume hardening.

Based on literature data, reference documentation for
the compressor equipment parts and the available experi-
ence of industrial operation of products, the technology of
applying protective coatings using gas-thermal spraying
processes seemed to be the most likely method of surface
hardening [1]. In this regard, the determination of the che-
mical composition, particle size distribution and geometric
shape of the initial original materials for gas-thermal spray-
ing, as well as the necessary analysis of the properties of
coatings, has become an urgent task.

The work [2] shows that HVOF-deposited coatings of
the WC—12Ni system containing additives of Cr;C, car-
bides have a lower porosity than pure WC—10Ni coatings,
and their mechanical properties depend not on the deposi-
tion rate and the composition of the carrier gas but on
the percentage of dispersed chromium-based phases.
The grain-size ratio of fine (up to 15 um) and coarse
(100-150 pm) WC grains exerts an important influence on
the impact strength and elastic modulus of WC—Cr;C,—12Ni
coatings.

Frontier Materials & Technologies. 2023. Ne 2

75


https://orcid.org/0000-0002-5303-9780

Plesovskikh A.Yu., Krylova S.E. “The study of the structure and properties of a wear-resistant gas-thermal coating containing tungsten”

The authors of [3] consider that, despite the corrosion
resistance of tungsten coatings with a cobalt binder,
the latter should be replaced by nickel to protect human
health and the environment, as well as for economic rea-
sons. At the same time, as alternative coatings, the authors
propose using powder mixtures based on WC as a solid
phase with a metal matrix based on Fe and Ni (WC-
NiMoCrFeCo, WC-FeNiCrMoCu, WC-FeCrAl), indicat-
ing the corrosion resistance of such coatings in 3.5 % NaCl
solution, their low porosity and hardness values
(=1200 HV) comparable to a conventional WC—CoCr coat-
ing, which makes them suitable for industrial applications.

Sprayed tungsten-containing composite coatings can re-
liably protect the working surface from wear [4; 5]. Tung-
sten-containing composite coatings, have increased contact
strength, hardness, the ability to maintain durability and
mechanical properties at elevated temperatures up to 700—
800 °C, resistance to corrosive environments due to
the addition of molybdenum and the formation of close
interatomic bonds with the metal base of cobalt or nickel
[6; 7]. This is particularly true since the parts of oil and gas
and power equipment are often subject to thermal cycling,
abrasion, erosion, and corrosion in the presence of a wear-
ing and corrosive environment.

It is known that a decrease in the WC grain size leads to
an increase in hardness and a decrease in the crack re-
sistance of the coating [8—10]. In the work [11], the authors
compared the micro-structure and mechanical properties of
the WC coating. The authors noted that reducing the WC
grain size significantly increases the coating hardness due
to enhanced decarburisation of the WC grains. The sources
[12; 13] analyze the influence of deposition kinematic pa-
rameters on the thickness, porosity, residual stresses, and
micro-hardness. It is shown, that the parameters of gas-
thermal spraying change in the interrelated way, determined
by the geometry: the retraction distance, the spraying angle,
and the burner displacement velocity. Changes in these
technological factors, in turn, affect the conditions of par-
ticle collision, which largely determines the properties of
the coating.

The analysis of the literature sources showed that ther-
mally sprayed coatings with WC are widely used in indus-
try, since they offer an effective and economical method for
protecting the base material from environmental influences
and provide wear resistance without compromising other
properties of the component [14]. By now, a wide range of
materials for applying coatings of this type have been de-
veloped and are being produced. Modern technological
equipment has been created, numerous experimental studies
have been carried out to determine the modes of coating
deposition, and contact interactions of the applied coatings
with the surface of the part and with each other have been
studied.

However, the issue of the formation of a coating with
a predictable structure still has a number of implementation
difficulties associated with the lack of objective control of
the strength, and porosity of the coating during the techno-
logical process, which does not allow introducing appropriate
adjustments to the deposition parameters. In each specific
case, the proposals for the choice of a material and a spraying
technology are advisory, since even within the same chemi-
cal composition, coatings differ significantly in density, po-
rosity, applied loads, and other subjective factors.

Residual stress control is a major problem in the coating
application technology [15; 16], which can be especially
crucial in cases where there is a large discrepancy between
the thermal, structural, and mechanical properties of layers
and substrates. Therefore, the aggregate influence of
the structure, and properties of the sprayed material and
spraying parameters on the structure and residual stresses
for each specific case requires a detailed study.

An object of the study is a compressor rod with a work-
ing surface hardened by flame spraying of a powder com-
position containing tungsten carbide.

A subject of the research is the modes of gas-thermal
spraying of coatings, which ensure the formation of
the required structure and performance characteristics of
the coating surface layer.

The purpose of the study is to develop and test a rational
technology for obtaining a tungsten-containing surface
coating, that provides the required combination of perfor-
mance properties of the import-substituting product
“a compressor plant rod” of the Dresser-Rand Group com-
pany (Siemens, Germany).

METHODS

In this work, the authors used spherical tungsten carbide
with a fraction of 60-80 pm mixed with a binder of
the Ni-Cr—B system as a strengthening carbide phase. One
of the stages of planning and implementation of flame
spraying technology was the development and preparation
of a powder composition with 20—80 % WC content.

Gas-thermal spraying was carried out on a CastoDyn
DS 8000 processing unit with a combustible gaseous mix-
ture of acetylene C,H, and oxygen O, in the ratio of 1:5
with a SSM 10 installed spraying module designed for work
on the restoration and hardening of parts by metal powder
compositions. Flame spraying was carried out in the mode
of continuous linear displacement of the burner relative to
the rotating part.

The authors performed spectral analysis of the chemical
composition of the tested materials on a PMI-MASTER
13L0059 spectrometer in accordance with the GOST 18895
standard.

Electron microscope investigations were performed by
the SEM method using a JEOL JCM-6000 microscope
equipped with wave and energy-dispersive analyzers; scan-
ning was performed by varying the accelerating voltage in
the range of 5—15 kV. The coating elemental composition
was determined by X-ray microanalysis of multiple indi-
vidual zones of the surface layer.

The microhardness of the deposited layer (matrix and
carbide inclusions) was determined by the imprint on an
HVS-1000 microhardness tester according to the GOST
9450-76 standard at a load of 0.968 N. The authors per-
formed measurements on transverse sections with a step of
0.05 mm. The measurement error did not exceed 1-3 %.
The substrate material hardness was measured on
a METOLAB 601 hardness tester using the Brinell method
in accordance with the GOST 9012-59 standard.

Mechanical tensile tests of the base materials were car-
ried out using a UTS 111.2-100 testing machine at room
temperature in accordance with the GOST 1497-84 stan-
dard. For impact toughness testing, the authors used
a Resil 300 pendulum impact machine; tests were carried
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out according to the GOST 9454-78 standard on samples
with a U-shaped stress concentrator.

To analyse the stressed state of the coated material,
the authors evaluated the distribution of the principal me-
chanical stress difference (PMSD) over the sprayed surface
corresponding in geometry and length to the working area
of the finished product. For this purpose, the authors carried
out a comparative study of samples with experimental cold
flame spraying of the developed composition on AISI 4140
steel and samples obtained from the original Dresser-Rand
compressor rod made of the same steel. The stress state of
the finished product was assessed by the obtained diagrams
of stress in the coating using the STRESSVISION mecha-
nical stress scanner operating based on the magneto-
anisotropic method.

The PMSD measurement scheme is shown in Fig. 1.
According to this scheme, a template was made and at-
tached to the surface of the rod with a sprayed coating.

Coating porosity was determined according to ASTM
E2109-01 on an Eclipse MA200 metallographic microscope
at a temperature of 22.1 °C and a humidity of 55 %.

The adhesive strength tests of the coatings were carried
out by the adhesive method according to ASTM C633-13
on a SHIMADZU AGS-X universal tensile testing machine
at a temperature of 24.1 °C and a humidity of 54 %.

For a reasoned proposal of the developed coating for
operation, it was necessary to evaluate its wear resistance.
The authors evaluated the wear resistance of the resulting
coating in comparison with the surface layer of the origi-
nal product. To determine the resistance of the coating of
the Ni-Cr—B—WC system to abrasive wear, the studied
samples were subjected to friction tests under dry wear
conditions at a load of 50 N, a rotation speed of 500 rpm,
a temperature of 22 °C, and a humidity of 63 %. The tests
were carried out on a SMTs-2 friction machine without
lubricant to eliminate the modifying effect on the friction
surface. During testing, the authors used a disc made of

9HS tool steel with a hardness of 60 HRC as a counter-
body. The contact area during testing was 50 mm’.

RESULTS

According to the established chemical composition
(Table 1), the original product “compressor rod” is made of
AISI 4140 steel.

The analysis of the microstructure of the original pro-
duct templates showed that the working surface of the “com-
pressor rod” has a surface layer 150-200 pm deep that es-
sentially differs from the base material and does not have
a transition heat-affected zone (Fig. 2), which confirmed
the assumption that the coating was applied using the high-
speed HVOF flame spraying method.

Considering that the mechanism for obtaining the coat-
ing provides for a high-speed impact of molten particles
on the prepared metal substrate (degreasing, drying, sur-
face activation, and heating up to 120—150 °C), the sur-
face layer structure is formed due to the formation of lay-
ered lamellae 5—7 pm thick parallel to material base. As
a rule, small pores and oxides crystallise between the la-
mellae. Such a heterogeneous layered structure, evidently,
has lower strength characteristics than the original materi-
al; however, it has advantages at friction, which ensures
long-term operation of the part in the “rod — stuffing box
seal” coupling pair.

Fig. 3 shows a typical fragment of the studied coverage
area and the spectrum composition corresponding to
the selected area. The chemical composition of the spec-
trum area is given in Table 2.

According to the results of X-ray micro-analysis,
the working surface layer contains about 86 % of tungsten,
cobalt is present as a binder and amounts 6—8 %, and the
presence of carbon, vanadium, chromium, and iron allows
predicting the additional influence of the carbide and
intermetallide hardening mechanism in the cobalt binder.

Fig. 1. PMSD measurement diagram:
X — measuring section length equal to 52 mm; Y — measuring section width equal to 16 mm

Table 1. Chemical composition of the product base, % by weight

C Si Mn Cr Mo Ni Fe
Average value* 0.400 0.270 0.960 0.920 0.218 0.054 97.178
AISI 4140 0.430 0.300 1.000 1.100 0.250 — 96.920

* The average value is obtained from the results of at least three measurements.
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b

Fig. 2. The results of metallographic studies of the working surface:
a — surface general view (x100); b — structure type (x100)

The porosity of the original coating is distributed uni-
formly and does not exceed 2.1 % (Fig. 4). The intensity of
porosity manifestation along the coating thickness increases
towards the base of the material.

Table 3 presents the results of comparative mechanical
tests of the original rod material and the selected AISI 4140
analogue after heat treatment.

Based on the data of reverse engineering studies,
the main technological principles for the production of rods,
for booster compressor station by the foreign Dresser-Rand
Group company were determined. The authors identified
that for trouble-free operation of these products of oil and
gas engineering at a contact load on the rod of 0.7 kg/mm?,
a pressure within 68 kgf/cm?, at a working medium tempe-
rature of up to 150 °C, the composition of associated oil-
containing gases: H,S — 2 %, CO, — 2 %, water vapour —
up to 1 %, the working coating must have a dispersed tung-
sten-based carbide structure and an adhesion strength of
the coating of at least 50 MPa.

Fig. 5 shows the results of metallographic studies with
the research of the WC dimension in the coating of a proto-
type, with a 20 % content of a hardening carbide phase.

The structure analysis follows that the tungsten carbide
in the coating is a spherical granule with a size identical to
the original powder composition. This indicates that
the sprayed particles are not subjected to serious mechani-
cal stresses during high-speed impact with the substrate, as
a result of which their shape and dimensions remain un-
changed; they do not prevent the free formation of lamellas
of the coating viscous nickel component, they are evenly
distributed in the binder without forming free cavities at
the boundary of WC and Ni—Cr—B-based binder. Fig. 6 and
Table 4 show the results of spectral analysis of individual
WC carbide inclusions.

At the stage of adjusting the technology for deposition
of a tungsten-based coating, the coating adhesion strength
corresponded to the values of the original and varied within
45-55 MPa. The surface layer porosity was recorded within
6.1 % (with a permissible value of pores up to 10 %) [17],
the micro-hardness of the coating base (Ni—-Cr—B) was

about 700 HV,;, and the micro-hardness of tungsten car-
bide inclusions was 2000 HV ;.

The data in Table 5 demonstrate that with an increase in
the percentage ratio of tungsten carbide from 20 to 70 %,
the overall wear resistance of the coating increases as well.

Based on the conducted metallographic studies and
wear resistance tests, the Ni-Cr—-B—-WC composition with
a tungsten carbide content of 70 % is the optimal composi-
tion for hardening the surface layer of the “compressor rod”
item. This coating, with a lower WC content in the volume,
ensures satisfactory and comparable to the original micro-
hardness values, meets or exceeds the original in the wear
resistance of the working surface due to the application of
a combined Ni—-Cr—B metal base instead of the original
cobalt binder, which provides additional attractiveness of
the development in economic terms.

The results of PMSD measurements obtained using
the STRESSVISION mechanical stress scanner (indicator)
are shown in Fig. 7.

The numerical characteristics obtained by mathematical
processing of the maps of the PMSD distribution in the ori-
ginal rod and the prototype are summarized in Table 6.

The analysis of distribution cartograms of residual me-
chanical stresses showed that the cold flame spraying tech-
nique, which allows obtaining the thickness of the deve-
loped coating corresponding to the original product
(in the range from 0.2 to 0.25 mm), is optimal in terms of
internal stresses at the metal-coating boundary. (Fig. 6).
Fig. 8 presents the numerical characteristics obtained by
mathematical processing of PMSD distribution maps,
which reflect the comparative distribution of maximum
stresses over the zones of scanning.

The analysis of the data (Fig. 6, Fig.7) shows that
the PMSD distribution over the surface of the experimental
sprayed sample is uniform and does not exceed 10 c. u.
after manufacturing. Stress state analysis data were ob-
tained from the original product at the stage of reverse en-
gineering of the compressor rod used for 4 thousand hours.
The original product has two local stress state zones:
zone 8, where the PMSD maximum value is 346.84 c. u.,
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Fig. 3. Elemental composition of the specific coating area:
a — an analyzed fragment of the coating (002 spectrum); b — a spectrogram of the respective analysis area

Table 2. Chemical composition of the coating in the 002 spectrum area, % by weight

Fe

2.27 0.06 2.81

0.03 0.92 7.82 86.09

and zone 6, where the PMSD maximum value is 225.5 ¢. u.
However, the average background of stress distribution is
also stable and lies within 10-20 c. u. The existence of
zones with the increased PMSD values is explained by the
cumulative effect of stresses in local friction zones during
operation. The obtained data show that in the experimental
sample with surface hardening by cold flame spraying, in

the process of coating and its subsequent mechanical pro-
cessing, insignificant uniform residual mechanical stresses
are formed in the coating zone not exceeding the PMSD
values compared to the foreign manufacturer technology.
This makes it possible to recommend, reasonably, the de-
veloped coating composition and its application method for
testing on a pilot item.
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Fig. 4. Microphotographs of the coating section when measuring porosity

Table 3. Mechanical properties of the base metal of the product

Characteristics An original A material — AISI 4140 analogue
Yield strength 6, ,, Mpa 347 563
Ultimate stress limit ¢,, MPa 728 784
Percentage elongation s, % 23.2 17.1
Percentage reduction vy, % 63.1 67.9
Impact resistance KCU*, J/sm> 62.5 176
Hardness, HB 215 226

200 pm 50 um
a b c

Fig. 5. The structure of the coating surface layer produced by cold gas flame spraying:
a, b — structure general view, ¢ — dimensions and shape of the tungsten carbide particles (%X500)

80 Frontier Materials & Technologies. 2023. Ne 2



Plesovskikh A.Yu., Krylova S.E. “The study of the structure and properties of a wear-resistant gas-thermal coating containing tungsten”

1000

900 —

800 —

700 —

600 —

500 —

400 —

300 —

200 —

— NiKesc
Nika WLI
WLa

——— FeKa
— NiKb

TI=—r.Fekb

5.00

b

[ I
6.00

7.00 8.00 9.00 10.00

Fig. 6. The results of X-ray microanalysis of spherical tungsten carbide:
a — an analyzed fragment of the coating (001 spectrum); b — a spectrogram of the analyzed fragment of the coating (001 spectrum)

Table 4. WC chemical composition in the 001 spectrum, % by weight

C B Ni o W
32.23 2.54 1.05 1.40 62.78
DISCUSSION cavities inevitably form in the zone of contact of the previ-

The development of manufacturing technology for
the import-substituting “compressor rod” item included:
the development of the design-engineering documentation,
metallographic studies, engineering and technical experi-
ments [18; 19].

In the process of coating formation by flame spraying,
at the stage of plasticisation and deformation of refractory
particles during high-speed impact, typical defects and free

ously applied layers of lamellas with the surface. Their in-
teraction with the atmosphere during the precipitation of
dust fractions up to 80 um in size, as well as the adsorption
of gases on freshly formed coating layers, significantly worsen
the structure and, consequently, the properties of the interlayer
coating zone. Reducing the size of the sprayed particles can
significantly improve the layer-by-layer filling of the coating
through the formation of a more homogeneous structure,
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Table 5. The dependence of the wear value on the carbide phase amount in the coating

Specimen weight, g
Tungsten carbide amount in the coating, % Wear, g
before tests after tests
Experimental spraying
20 11.45 11.38 0.07
30 11.50 1143 0.07
50 11.49 11.44 0.05
70 14.65 14.64 0.01
Original rod
90 14.57 14.56 0.01

Y=direction measuring pomnts

~a
xRN
Q

X=direction measuring points

Y-direction measurig ponis
7 & L7
B

BN
X-direction measuring ponis

Fig. 7. Cartograms of PMSD distribution:
a — of an experimental specimen; b — of an original compressor rod:
1 — edge defect zone, 2 — compressive stress zone, 3 — compensation zones

increasing its density while reducing the volume of
microvoids. In this regard, the choice of fractional composition
and shape of powder particles takes on special significance.
Thus, powder compositions for the formation of the work-
ing layers of pumping and compressor equipment should en-
sure high adhesive strength (more than 50 MPa), wear re-

sistance, and minimal coating porosity. These requirements
can be fully met by spraying powder compositions, with
tungsten carbide inclusions, in a working layer. In early
works [18; 19], the authors paid attention to comparing
the efficiency of introducing tungsten carbide particles of
different morphology and granulometry into the nickel
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Fig. 8. Comparative analysis of the distribution of average residual stresses
in the test sample and the original product

matrix, showed the advantage of introducing dispersed
spherical particles with regard to the formation of
a monolithic surface layer that excludes cracking, coarse
pores, and tears under load. Based on the studies per-
formed, it was found that particles of spherical tungsten
carbide (WC) up to 50 um in size [17-19] contained in
the matrix in the range of 60—70 vol. % provide the best
result of carbide hardening, which is confirmed by
the present results.

The research showed that a nickel matrix existing in
the form of a y-solid solution in the deposited layer contri-
butes to increasing the coating fracture toughness and abra-
sive resistance, and the presence of dispersed high-strength
spherical carbide phases in the metal base provides
the coating increased strength and wear resistance in the
context of boundary friction and friction without lubrica-
tion. Comparative studies of wear resistance showed that
due to the elastic-plastic properties of the coating composite
material, the wear rate decreases by 1.2—1.3 times. The in-
crease in wear resistance at a constant friction coefficient is
associated with hardening through the structure refinement
and the targeted formation of a significant number of hard-
ening phases in the working layer.

CONCLUSIONS

1. Based on the data of the reverse engineering studies
of a booster compressor station rod, the original product of
the Dresser-Rand Group company (Siemens, Germany),
the grade of the main material — AISI 4140 steel (chemical
composition, wt. %: 0.38-0.43 C; 0.15-0.30 Si; 0.75-1.0 Mn;
0.80-1.10 Cr; 0.15-0.25 Mo; 0.04 S; 0.035 P; the rest is Fe)
and technological features of the working surface manufac-
turing, and hardening by applying a wear-resistant tung-
sten-containing coating using the cold gas-thermal spraying
technique were determined.

2. A composition of a wear-resistant powder coating
based on the Ni—-Cr—B metal system with the spherical
tungsten carbide (WC) inclusions was developed. The pro-
posed technology of its application using the cold gas-
thermal spraying method allowed obtaining a surface wear-

resistant layer of 0.2-0.25 mm having a base micro-
hardness in the range of 700 HV; with a uniform distribu-
tion of strengthening carbide phases with a micro-hardness
of up to 2000 HV, ;.

3. It is established that the nickel matrix carbide harden-
ing by the dispersed spherical tungsten carbide WC parti-
cles within 60—70 vol. % allows improving the layer-by-
layer formation of coating lamellae, increasing the density
and uniformity of the structure, reducing the volume of free
microvoids at the “WC — binder” boundary from 10 to 6 %,
according to the coating porosity analysis.

4. The proposed Ni-Cr-B-WC coating compares with
the original product in wear resistance, has a certain
economic attractiveness, while ensuring accurate geo-
metric dimensions and a minimum stress state gradient
not exceeding 10 MPa. These technological advantages
made it possible to start implementing the technology of
surface hardening of compressor equipment rods under
production conditions.
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