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Abstract—The analysis of phase composition, defect substructure, and mechanical and tribological proper-
ties of Hardox 450 steel after single and double surfacing of C—V—Cr—Nb—W containing wire was carried out
by methods of modern physical materials science. The increase in the wear resistance of the material com-
pared to the original steel by 140—150 times and reduction of the friction coefficient by 2—2.5 times was estab-
lished. The change in the fine structure and phase composition of the surfaced metal was analyzed. It was
shown that the established effects could be associated with the formation of a multiphase nanoscale and submicron
structure, hardening of which was associated with the formation of martensitic structure of oi-matrix and the pres-
ence of a high volume fraction of carbide phase inclusions based on Fe, Cr, W and Nb. Formation of resurfacing
led to repeated increase in the volume fraction of the carbide phase and the absence of the oxide phase.
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INTRODUCTION

One way to increase the service life of machines
and mechanisms, details of which are subjected to
abrasion and impact loads during operation, is to
apply a coating to them by various methods containing
wear-resistant elements [1]. This leads to a substantial
increase in the service life of the whole product. Spe-
cifically, experimental application of coatings by
welding methods, hardened by particles of carbides,
borides, and other very hard phases on the buckets of
excavators and bodies of dump trucks leads to pro-
longation of the interval between repairs by almost
1.5 times [2, 3].

Earlier in our papers [3—5], patterns of change in
structural-phase states and tribological properties of
steel Hardox 400 were established when wear-resistant
coatings were applied to them, according to the com-
position corresponding to medium- and high-alloy
steels and high-chromium cast irons. It is shown that
cladding is a multiphase material and is represented by
the grains of solid solution based on o-iron and sub-
micro- and nanosized particles of carbide and boride
phases—carbides of iron (Fe;C), niobium (NbC), and
chromium (Cr;C,, Cr;C,), iron borides (FeB, Fe;B),
iron borosilicides (B(Fe, Si);), and chromium carbob-
orides (Cr,BC,). More than twofold increase in the

wear resistance of the pad weld with respect to the steel
volume is revealed, which is caused by the formation
of submicro- and nanoscale structures of crystalliza-
tion of the a-phase and release of a large volume of
high-strength particles of the carbide and boride
phases. However, as indicated by previously con-
ducted studies, it is possible to achieve large indicators
to improve wear-resistant properties of steel products,
particularly upon performing not only single but also
double cladding.

Steel of Hardox 450 grade is intended for use under
conditions where special requirements are imposed on
wear resistance in combination with good properties
of cold bending and weldability. Scope of Hardox 450
application: bodies of dump trucks, containers, crush-
ers, screeners, loading devices, measuring hoppers,
skip winders, edges of cutting knife, conveyors, buck-
ets, knives, gears, chain wheels, etc. [6].

The purpose of this work is analysis of the phase
composition, defect substructure, and mechanical
and tribological properties of steel Hardox 450 after
single and double cladding of C—V—Cr—Nb—W-con-
taining wire.
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Fig. 1. Microhardness profile of the system “weld layer/steel” (a) and “double weld layer” (b); (1) single cladding; (2) double

cladding.

MATERIALS AND METHODS

As a base material, steel of Hardox 450 brand was
used. The elemental composition of steel Hardox 450
in wt % is the following: 0.19—0.26 C, 0.70 Si, 1.6 Mn,
0.025 P, 0.010 S, 0.25 Cr, 0.25 Ni, 0.25 Mo, 0.004 B,
balance Fe. Double cladding was applied perpendicu-
lar to single. Cladding was performed in the medium
of protective gas of the composition 82% Ar, 18% CO,
at welding current of 250—300 A and voltage on the arc
of 30—35 V.

Studies of the phase composition and defective
substructure of steel and weld metal was carried out by
the methods of X-ray analysis (Shimadzu XRD 6000
diffractometer) and transmission electron microscopy
(method of thin foils) on a JEM-2100 microscope.
Foils were made by electrolytic thinning of the plates,
cut from the weld metal (layer located at a half of the
thickness of weld metal), contact zones of weld metal
and steel, and at the distance of =15 mm from the con-
tact zone in the sample volume of steel. The mechan-
ical properties of weld metal and steel were character-
ized by microhardness value on an HVS-1000A

Table 1. The results of tribological tests of steel Hardox 450
and metal layers welded on it

v, 1076
Mode ’ ’ min max
mm3/(N m) W " Hma
Steel Hardox 450 95.1 0.259 0.03 0.58
Single cladding 0.69 0.104 | 0.08 0.14
Double cladding 0.62 0.132 0.11 0.27

V—parameter characterizing the degree of wear of the material;
(wy—average value of the friction coefficient; W ,;,—minimum
value of the friction coefficient; W,,,—maximum value of the
friction coefficient.
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microhardness tester (Vickers method, load on the
indenter of 5 N). The tribological properties of the
weld metal and steel were analyzed by determining the
wear resistance and friction coefficient. The volume of
wear of the surface layer was determined after per-
forming profilometry of the formed track using a
MicroMeasure 3D Station laser optical profilometer.

RESULTS AND DISCUSSION

Results of the study of microhardness (section,
microhardness profile) are presented in Fig. 1. Single
cladding leads to the formation of a high-strength sur-
face layer with the thickness of =6 mm, whose micro-
hardness varies in the interval of 9.5—11.5 GPa (Fig. 1,
curve /). With increasing distance from the weld sur-
face, the microhardness of the material decreases rap-
idly, reaching the level of 6.5 GPa. Consequently, the
hardness of the weld layer is almost two times higher
than the hardness of the base metal (Hardox-450 steel).

Formation of the second weld layer of the surface
layer is accompanied by an increase in the hardness of
the surface layer with the thickness of =1 mm to 12.5 GPa
and formation of a weakened subsurface layer, located
at the depth of 2.5—3.5 mm (Figs. 1a, 1b, curve 2). At
greater depth, the hardness of the weld layer increases
again to the values of 9.5—10 GPa. It can be assumed
that a substantial decrease in the microhardness of the
layer located at the depth of 2.5—3.5 mm corresponds
to the contact zone of metal of the first and second
cladding; repeated increase in the hardness detected at
the depth of 4—6 mm is due to the presence of the first
weld layer.

The results of tribological tests of steel and metal
formed upon single and double claddings are listed in
Table 1. The cladding layer located at half of its thick-
ness was subjected to testing.

Analyzing the results presented in Table 1, one can
note that the wear resistance of the weld metal exceeds
the wear resistance of steel by 140—150 times; the fric-
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Fig. 2. Plot of radiograph obtained from metal sample of
repeated cladding.

tion coefficient of the weld metal is 2—2.5 times lower
than the friction coefficient of steel. Formation of the
second weld layer has virtually no effect on the tribo-
logical characteristics of the material.

It is obvious that increased strength and tribologi-
cal properties of the metal of cladding are caused by its
phase composition and the state of defective substruc-
ture. The phase composition of single and repeatedly
welded layers was studied by the methods of X-ray
analysis. The cladding layer located at half of its thick-
ness was subjected to studies. The X-ray diffraction
pattern obtained from the metal sample of repeated
welding is shown in Fig. 2. The results of studies of the
structure-phase state of the material are presented in
Tables 2 and 3.

Analyzing the results presented in Tables 2 and 3,
one can note that, in both cases (single and double
cladding), a multiphase structure is revealed. The
main phase (not including o phases—solid solution
based on BCC of iron crystal lattice) in single cladding
is iron oxide of Fe;O, composition. The main phase of
the repeatedly welded layer is carbides based on special
elements (carbides of niobium, tungsten, and chro-
mium). It should also be noted that the formation of
repeated cladding leads to multiple increase in the vol-
ume fraction of the carbide phase and complete
absence of the oxide phase.

The defect substructure of steel and repeatedly
welded metal was analyzed by the methods of trans-
mission electron microscopy. Studies showed the struc-
ture characteristic of “tempered martensite” [7, 8], i.e., a
structure formed as a result of hardening and subse-
quent tempering of steel (Fig. 3).

Analysis of the images of the steel structure shown
in Fig. 3, obtained by the methods of electron diffrac-
tion microscopy of thin foils in transmission, indicates
the presence of grains of the o phase in the volume
(solid solution based on iron, BCC crystal lattice) of
the crystals of plate morphology, formed, obviously,
owing to martensitic Y — o transformation. In the vol-
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Fig. 3. Electron microscopic image of steel structure;
arrows indicate the particles of the carbide phase.

ume and on the boundaries of crystals of the o phase,
particles of the carbide phase are revealed (iron car-
bide, cementite). The crystals of the o phase are frag-
mented, i.e., broken into weakly disordered volumes
(Fig. 3). On the boundaries of fragments, also particles
of the carbide phase are located.

Characteristic electron microscopic images of the
structure of repeatedly applied cladding, are shown in
Fig. 4. It is clearly seen that the formed material is
multiphase. One of the phases is represented by inclu-
sions of submicron sizes, poorly amenable to polishing
(Fig. 4a, inclusions are shown by arrows). Following

Table 2. Phase composition and characteristics of the crys-
tal structure of phases of single cladding

Parameters of phases
Phase | Ay, D (CSR
wt % a, nm ¢, nm (nm ), Ad/d, 1073
a-Fe |63.2 | 0.28836 24.53 2.03
Fe;0, | 28.8 | 0.28992 | 0.93832 9.85 7.254
Fe;C 6.0 | 0.47146 | 0.44300 14.04 3.395
CrC 2.0 | 0.40610 10.55 2914

AV—weight fraction; a, b, c—parameters of the elementary cell; D
(CSR)—size of the regions of coherent scattering; Ad/d—micro-
distortions of the crystal lattice.

Table 3. Phase composition and characteristics of the crys-
tal structure of phases of repeatedly welded layer

Parameters of phases
Phase | Ay, a,nm | b,nm | ¢, nm D(CSR),| Ad/d,
wt%| ’ ’ nm 1073
MpCe |52.3 | 1.09122 21.93 9.102
o-Fe |46.7 [0.28838 38.89 | 4.71
NbcCs | 1.0 {0.54470]0.9435(0.5447
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Fig. 4. Electron microscopic image of multiphase struc-
ture of repeated cladding on steel; in panel (c), indices of
reflexes of niobium carbide NbC are indicated.

the results obtained by the methods of X-ray analysis
(Table 3), one can conclude that these inclusions are
the carbide phase, namely, carbides of the composi-
tion M,;Cq ((Cr, Fe, W),;Cy). The second phase is well
polished and obviously is a solid solution based on
o-iron (bcec lattice) (Fig. 4b).

A characteristic electron microscopic image of the
structure of the o phase of repeated cladding is shown

in Fig. 5. The plate structure is clearly seen, formed by
the martensitic mechanism of y — o transformation.
Indexing of micro electron diffraction patterns
obtained with such a structure allowed revealing
reflexes of the oo phase and y phase (residual austenite,
solid solution on the basis of fcc of the crystal lattice of
iron) (Fig. 5b, reflexes of the y phase are shown).

In the volume of martensite crystals, a dislocation
substructure is found in the form of multidimensional
grids (Fig. 4b); the scalar density of dislocations is
greater than 10" cm~2. In some cases, in the volume of
martensite crystals, transformation twins are found
(Fig. 6).

In the volume and on the boundaries of martensite
crystals, nanosized particles of the second phase are
found (Fig. 7, particles are specified by arrows). Index-
ing of micro electron diffraction patterns obtained from
such parts of the material showed that these particles are
niobium carbide of the composition NbC.

In individual cases, it is possible to obtain micro
electron diffraction patterns of the particles of submi-
cron sizes. Indexing of such micro electron diffraction
patterns made it possible to identify both reflexes of
carbide M,;Cy((Cr, Fe, W),;,Cy), as well as reflexes of
carbide NbC (Fig. 4c). Consequently, particles of sub-
micron sizes in the cladding studied by us may be both
niobium carbides and carbides of a more complex
composition.

The structure of the metal contact area of the weld-
ing layer and base material is characteristic of tem-
pered martensite—martensite crystals with relatively
low scalar density of dislocations; in the volume and
the crystal boundaries, particles of iron carbide are
located.

CONCLUSIONS

Studies of the phase composition, defect substruc-
ture, and mechanical and tribological properties of the

Fig. 5. Electron microscopic image of the structure of the o phase of repeated cladding on steel (a); in panel (b), indices of reflexes

of the y phase are indicated.
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Fig. 6. Electron microscopic image of martensitic struc-
ture of repeated cladding on steel.

Fig. 7. Electron microscopic image of the structure of
repeated cladding on steel; (a) light field; (b) dark field
obtained in the reflex [110]o-Fe + [002]NbC (reflexes are
indicated in (c) by an arrow); (c¢) micro electron diffraction
pattern to Fig. 7a. The arrows in (a) and (b) indicate parti-
cles of the carbide phase.

double cladding made on Hardox 450 steel by surfac-
ing wire are performed. It is established that the wear
resistance of the weld metal exceeds the wear resis-
tance of Hardox 450 steel by 140—150 times; the fric-
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tion coefficient of the weld metal is 2—2.5 times lower
than the friction coefficient of steel.

It is shown that the formation of the second weld layer
hardly affects the tribological characteristics of the mate-
rial. It is established that increased mechanical and tribo-
logical properties of the weld layer are caused by the for-
mation of multiphase submicro- and nanosized structure,
hardening of which is associated with the formation of
martensitic structure of a-matrix and the presence of a
high (over 50%) volume fraction of inclusions of carbide
phase based on iron, chromium, tungsten, and niobium.
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