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PWI developed flux-cored wires providing deposited metal with sulphide or graphite inclusions, which
have the role of solid lubricant and prevent adhesion wear. Comparative studies of heat- and wear resistance
at metal-to-metal friction at room and elevated temperatures showed that PP-Np-20Kh5M3FS(S) flux-cored
wire can be recommended for welding parts operating under the conditions of increased mechanical loads
and moderate cyclic thermal loads. PP-Np-50Kh9S3G(S) flux-cored wire providing deposited metal with
high adhesion wear resistance at room temperature can be successfully used for surfacing parts of heavy-duty
friction pairs. Having relatively low cost, but requiring application of complex surfacing technology,
PP-Np-150S2Yu flux-cored wire can find limited application in surfacing friction pair parts operating at
high mechanical loads in the case, if it is cost-effective. 13 Ref., 4 Tables, 5 Figures.
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Machines and mechanisms having heavy-duty
parts in their design are operating practically in
all the national economy industries. These are
tools and fixtures for hot and cold working of
metals, various rollers, shafts, axles, pulleys,
crane wheels, etc.

One of the main causes for these parts failures
is adhesion wear (Figure 1) [1]. This kind of
wear is characterized by the processes of estab-
lishing of bonds (seizure points) between two
friction surfaces at molecular level and sub-
sequent mechanical breaking up of these bonds.
B.I. Kostetsky [2] proposed differentiating be-
tween adhesion wear of first and second kind. Ad-
hesion wear of the first kind is observed at sliding
friction and low speeds, temperatures and specific
pressures, while adhesion wear of the second kind
is found at sliding friction at high speeds, great
specific pressures and higher temperatures. Cur-
rently available surfacing materials, as a rule, do
not provide deposited metal resistant to adhesion
wear, and lubricant application remains to be the
only method to prevent it.

This work is the generalization of PWI expe-
rience on development of flux-cored wires, which
provide deposited metal with inclusions, having
the role of solid lubricant and preventing adhe-
sion wear [3—6].

Steels alloyed with sulphur, as well as graphi-
tized steels were used as surfacing material pro-
totypes. It is known that in both types of these
materials, free inclusions of sulphides or graphite
improve machinability and lower the friction co-
efficient [7—9].

Investigations resulted in development of
three flux-cored wires, two of which provided

deposited metal with sulphide inclusions (PP-
Np-20Kh5M3FS(S) and PP-Np-50Kh9S3G(S)
wires), and one – with graphite inclusions (PP-
Np-150S2Yu wire).

The prototype of PP-Np-20Kh5M3FS(S)
flux-cored wire was the known wire PP-Np-
25Kh5FMS, which is widely applied for recon-
ditioning and strengthening of tools for hot work-
ing [10]. From alloying elements in this wire the
main attention was given to molybdenum, which
forms MoS2 disulphide. By the data of [11], this
disulphide is the most effective as the solid lu-
bricant. It has a layered structure, these layers
are quite strong, and can move relative to each
other, resulting in improvement of tribotechnical
characteristics of friction pairs.

Steel 50Kh9S3G, known under «silchrome»
trade name, is applied for manufacturing tools
for metal cold working, in particular, for cold
deep drawing dies, as well as for heavy-duty parts
of some friction pairs. These parts service is char-
acterized by minimum thermal loads at consid-
erable mechanical loads, and they most often fail
as a result of adhesion wear of the first kind.
Considering that thermal stability of steels of
this type is minimal, their application under these
conditions is quite justified.

For repair surfacing of cold drawing dies, PWI
developed PP-Np-50Kh9S3G flux-cored wire,
providing deposited metal of composition similar
to base metal [10]. This steel has no molybdenum,
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Figure 1. Scheme of adhesion wear of two rubbing metal
surfaces
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and to avoid increase of flux-cored wire cost, the
possibility of producing in the deposited metal
sulphide inclusions of other alloying elements,
which can improve the tribotechnical properties
of deposited metal of this type, was studied [12].

PP-Np-150S2Yu flux-cored wire provides de-
posited metal of graphitized steel type. Applica-
tion of such materials is one of the methods of
improving the tribotechnical characteristics of
friction pair parts, graphite inclusions having the
solid lubricant role. The main problem here is
providing an optimum quantity of globular
graphite inclusions without high-temperature
heat treatment [6].

Table 1 gives the composition and hardness
of metal deposited with PP-Np-20Kh5M3FS(S),
PP-Np-50Kh9S3G(S) and PP-Np-150S2Yu flux-
cored wires.

Deposited metal composition and wire charge
composition, respectively, were selected in keep-
ing with earlier research findings [4—6].

These investigations showed that to provide
the required properties of 20Kh5M3FS(S) and
50Kh9S3G(S) deposited metal, the volume con-
tent of complex sulphides of the main alloying
elements should be equal to 1.5—2.0 %, while
their dimensions should not exceed 0.02 mm (Fi-
gure 2, a, b). To satisfy these conditions, sulphur
content in the deposited metal should be equal
to 0.5—0.8 %, and the total content of the main
alloying elements (molybdenum, chromium, va-
nadium, manganese) should be 8 to 10 % [4, 5].

Volume content of graphite inclusions (1.0—
1.3 %) in the deposited metal structure, which
provides minimum wear of deposited metal of
the type of graphitized steel 150S2Yu was also

experimentally determined. To produce such a
quantity of graphite inclusions, the deposited
metal should contain, %: 1.35—1.50 C, 1.5—
2.0 Si, 0.1—0.2 Al and 0.02—0.05 Ca, and surfac-
ing should be conducted with preheating up to
400 °C and tempering immediately after surfacing
at the same temperature [6]. It should noted that
this is exactly the preheating temperature that
is required to avoid cracking in high-carbon de-
posited metal 150S2Yu. Figure 2, c gives the
structure of deposited metal of this type.

Comparative evaluation of wear resistance of
deposited metal of this type at sliding friction of
metal on metal without lubrication at room tem-
perature, was conducted in friction machine, de-
scribed in [13]. Testing was performed by crater
wear method by «shaft—plane» scheme without
any additional lubricant feeding into friction
zone. Samples cut out of deposited metal upper
layers for tribotechnical testing had the dimen-
sions of 3 × 17 × 20 mm. Wearing proceeded over
3 × 20 mm plane. The counterbody of 40 mm
diameter and 12 mm height was made from
quenched steel 45 of hardness HRC 42.

At sample testing, deposited metal wear was
determined by worn crater volume. Volume of
worn crater on the surfaced sample was calcu-
lated by known formulas by average width of
worn crater, using toolmaker’s microscope with
not more than 0.01 mm error. Total error of sam-
ple wear determination did not exceed 1 %. Coun-
terbody wear was determined by its mass loss
with not more than 0.0001 g error.

Proceeding from the results of earlier research,
the following test mode was selected: slip veloc-
ity of 1 m/s, load of 30 N, test duration of 600 s,

Table 1. Optimum composition and hardness of metal deposited with PP-Np-20Kh5M3FS(S), PP-Np-50Kh9S3G(S) and PP-Np-
150S2Yu flux-cored wires

Flux-cored wire grade
Element mass fraction, % Hardness

HRCC Mn Si Cr Mo V Other

PP-Np-20Kh5M3FS(S) 0.25 0.63 0.92 4.72 2.98 0.54 0.78 S 44—46

PP-Np-50Kh9S3G(S) 0.64 0.55 2.65 9.25 — — 0.70 S 56—58

PP-Np-150S2Yu 1.80 0.58 1.46 — — — 0.09 Al
0.02 Ca

41—44

Figure 2. Microstructure of 20Kh5M3FS (a), 50Kh9S3G(S) (b) and 150S2Yu (c) deposited metal (a, c – ×500; b –
×1000)
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which ensured stabilization of tribotechnical
characteristics of all the studied samples. Appli-
cation of positioning system allowed testing of
each sample to be repeated not less than 3 times
on a new section of sample friction surface and
on a new friction groove of the same counterbody.

Table 2 gives the results of wear resistance
evaluation for three types of deposited metal and
reference sample from quenched steel 45 by the
same procedure. Data on wear of counterbody
from quenched steel 45 are also given there.

As can be seen from the given data, the studied
types of deposited metal can be arranged as fol-
lows by wear resistance level (in descending or-
der): 20Kh5M3FS(S), 150S2Yu, 50Kh9S3G(S).
Counterbody wear resistance changes as follows
(depending on contacting sample): 150S2Yu,
50Kh9S3G(S), 20Kh5M3FS(S).

Investigation of wear resistance of metal de-
posited with PP-Np-20Kh5M3FS(S) and PP-Np-
150S2Yu flux-cored wires at metal-on-metal fric-
tion at higher temperatures was performed for
the case of tools for hot working of metals and
alloys. As was noted above, testing of samples
surfaced with PP-Np-50Kh9S3G(S) wire by this
procedure was not performed, as this wire is not
designed for surfacing parts, exposed to high tem-
peratures in service. Investigations were per-
formed by «shaft—plane» scheme without addi-
tional feeding of lubricant into the friction zone.
Surfaced blanks were used to prepare samples of
40 × 10 × 17 mm dimensions with 10 × 40 mm
size of friction plane. Deposited layer thickness
was equal to 8—10 mm.

Abrading ring was heated by gas-oxygen
flame. Owing to precisely determined flow rate
of natural gas and oxygen, abrading ring-coun-
terbody temperature was maintained at a con-
stant level of 950 to 980 °C, that was periodically
controlled by optical pyrometer.

Wear testing at metal-on-metal friction at
higher temperatures was conducted for 1 h at
17.5 kg load; speed of ring-counterbody revolu-
tion was 30 rpm; 120 mm diameter rings from
quenched steel 45 were used as counterbodies.
Tested sample surface temperature in the abra-
sion zone was equal to about 600 °C. During
testing, the sample makes reciprocal motions in
the vertical plane: 20 mm oscillation amplitude,
62 min—1 oscillation frequency (Figure 3) [13].
Reference samples were those deposited with PP-

Np-25Kh5MFS flux-cored wire. Test results (av-
eraged over three samples) are given in Table 3.

Sulphur addition to 25Kh5MFS deposited met-
al practically did not affect the surfaced sample
wear, but considerably reduced counterbody wear.
Wear of samples surfaced with PP-Np-150S2Yu
wire was greater. Wear of ring-counterbodies
tested in a pair with these samples was also high.

Analysis of worn surfaces of samples of
20Kh5M3FS(S) deposited metal with 0.02 (Fi-
gure 4, a) and 0.78 % S (Figure 4, b) content
shows that the sulphides prevent adhesion wear
and the worn surface of samples is smoother with-
out seizure traces.

Thermal stability is one of the most important
indices for materials, designed for reconditioning
and strengthening of tools for hot working of
metals. Testing of surfaced sample thermal sta-
bility was conducted by the following procedure:
sample dimensions of 30 × 40 × 40 mm, heating
of deposited polished sample surface by gas cutter
up to 800 °C (heated spot of 15 mm, sample
surface of 40 × 40 mm size is heated), heated
surface cooling by water jet to 60 °С. Cooling—
heating cycles were repeated up to appearance
of crazing visible to a naked eye (Figure 5). Ther-
mal stability evaluation was conducted by the
number of heating—cooling cycles up to appear-
ance of the first cracks and reaching a certain
degree of cracking – appearance of crazing.

Thermal stability testing of samples surfaced
with PP-Np-20Kh5M3FS(S) and PP-Np-
150S2Yu flux-cored wires was performed. Tested
as reference samples were those surfaced by
standard PP-Np-25Kh5MFS flux-cored wire.

Table 2. Wear resistance of metal deposited by PP-Np-
20Kh5M3FS(S), PP-Np-50Kh9S3G(S) and PP-Np-150S2Yu flux-
cored wires at room temperature

Deposited metal
Sample wear,

mm2/m
Counterbody wear,

g/m

20Kh5M3FS(S) 0.0017 0.0046

50Kh9S3G(S) 0.0026 0.0035

150S2Yu 0.0020 0.0031

Steel 45 (reference) 0.0076 0.0037

Figure 3. Testing of wear resistance of surfaced samples at
higher temperatures: 1 – gas cutter for heating the abrading
ring-counterbody; 2 – abrading ring-counterbody; 3 –
tested sample; 4 – lever for suspending the load

Table 3. Wear resistance of metal deposited by PP-Np-
20Kh5M3FS(S), PP-Np-150S2Yu and PP-Np-25Kh5FMS flux-
cored wires at higher temperatures

Deposited metal
Sample wear,
kg/m⋅10—4

Counterbody
wear, kg/m⋅10—4

20Kh5M3FS(S) 27.31 26.24

150S2Yu 31.60 59.48

25Kh5FMS (reference) 26.23 70.24
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Test results (averaged over three to five samples
of each type) are given in Table 4.

Sulphur lowered the thermal stability of de-
posited metal of 25Kh5MFS type, although its
level was still quite high. By this index,
20Kh5M3FS(S) deposited metal alloyed by sul-
phur, is not inferior to metal deposited by known
PP-Np-35V9Kh3FS flux-cored wire [10].

Thermal stability of 150S2Yu deposited metal
is not sufficiently high, as the first thermal fa-
tigue cracks appear in the deposited metal already
after the first heating—cooling cycles. Here the
depth of crazing cracks reached 1.5 mm, whereas
in the deposited metal of 20Kh5M3FS(S) type
crazing crack depth did not exceed 0.5 mm.

Thus, comparative studies of wear resistance
and thermal stability of metal, deposited with
flux-cored wires developed at PWI, confirmed
that sulphide or graphite inclusions can have the
role of solid lubricant and prevent adhesion wear.

Based on these studies, PP-Np-20Kh5M3FS(S)
wire can be recommended for surfacing parts,
exposed to increased mechanical loads and mod-
erate cyclic thermal loads in service. PP-Np-
50Kh9S3G(S) wire providing deposited metal
with higher adhesion wear resistance at room
temperature can be successfully applied for sur-
facing parts of heavy-duty friction pairs. Having
relatively low cost, but requiring complex sur-
facing technology, PP-Np-150S2Yu wire can find
limited application in surfacing of friction pair
parts operating at increased mechanical loads,
provided it is cost-effective.
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Figure 4. Worn surface of samples of 20Kh5M3FS(S) de-
posited metal with 0.02 (a) and 0.76 (b) % S

Figure 5. Sample surface after thermal stability testing:
a – 20Kh5M3FS(S); b – 150S2Yu deposit

Table 4. Thermal stability of samples surfaced by PP-Np-
20Kh5M3FS(S), PP-Np-150S2Yu and PP-Np-25Kh5FMS flux-
cored wires

Deposited metal

Thermal stability, cycle number

Appearance of
first cracks

Appearance of
crazing

20Kh5M3FS(S) 25 125

150S2Yu 4 100

25Kh5MFS (reference) 67 180
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