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ARTICLE INFO ABSTRACT

Keywords: The optimization of the tribological properties of the surfaces by means of hardfacing techniques has made great

Welding progress in the metallurgical field in recent times. Alloys of the Fe-Cr-C and Fe-C-B type present excellent wear

Hardness performance under severe conditions, where the incorporation of Nb, Mo and W improves the performance of

?:dicgoi@iime severe abrasive wear. In this context, new semi-automatic welding consumables have been designed that deposit
arboborides

iron base material of high alloy, with complex carboborides of W, Mo and Cr which present very high hardness
and resistant to abrasive wear. The purpose of this work was to compare microstructural variations coupons
welded with one or two layers, with or without shielding gas. The chemical composition was measured on each
coupon, the microstructure was characterized by X-ray diffraction and scanning electron microscopy. Dilution
percentage was determined and Vickers microhardness profiles (HV2) were made on the different phases
(HVg g25). It was found that the dilution with and without shielding gas were 26% and 19%. The hardness was
960 and 1100 HV2. An increase in hardness was observed in the recrystallized areas, as well as a higher per-

centage of carboborides in the last bead.

1. Introduction

The improvement of the wear resistance of machine components
can be achieved with proper deposition of hard layers of abrasion re-
sistant materials [1]. The addition of alloy elements and rapid solidi-
fication generate fine microstructures that homogeneously distribute
the hard phases producing an excellent combination of hardness and
toughness [2]. The hard and thick phases of high hardness are im-
portant to achieve high abrasion resistance. The hardness of the hard
phases and/or the hardness of the matrix must be greater than the
hardness of the abrasive element [2,3].

Iron based alloys containing niobium (Nb), chromium (Cr) and
molybdenum (Mo) in combination with boron (B) and carbon have
been designed for hardfacing applications due to their high hardness
and wear resistance [4]. Iron alloys with high chromium are widely
used for the hardfacing of industrial components of mining, cement,
thermal power plants and iron and steel industries, due to their high
hardness and excellent abrasion resistance, which is attributed to the
formation of chromium carbides [5,6]. The wear properties are affected
by microstructures and by the amount of carbide phases. The thicker
microstructures and with a small amount of carbides present a great

loss of weight during abrasion [7]. In this regard, Fe-Cr-Nb-C-B con-
sumables were manufactured to improve wear resistance performance
with the addition of W and Mo that produce block-type carbides that
improve the wear resistance and fracture of lengthened eutectic phases
or carboborides. However, the control of carbide sizes and their dis-
tribution has become an important challenge for recharge alloys under
study due to the fragility of primary lengthened carbides. Therefore, the
wear resistance of hardfacing depends on many factors such as the type,
shape and distribution of hard phases, as well as the toughness and
behavior of the matrix [8]. In the semi-automatic welding process, all
these factors aforementioned are strongly influenced by the welding
procedure. The purpose of the following work is to study the influence
of the number of layers and the shielding gas on the microstructure and
microhardness of Fe-base- (Cr, Mo, W) - (C, B) alloy.

2. Materials and methods

The consumable used was a 1.6 mm diameter tubular wire, de-
posited by means of the semi-automatic welding process under gaseous
protection and without it, with a free wire length of 20 mm.

Four coupons with 1 and 2 layers were welded, with Ar-20% CO2
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Fig. 1. Scheme of coupons; units in mm.
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Table 1

Welding parameters.

Identification Layers Gases Voltage [V] Electrical power [A] Welding speed [mm/s] Heat Imput [kJ/mm]
Al 1 Ar-20 CO» 35 300 3 3,5
A2 2 Ar-20 CO» 35 300 3 3,5
01 1 - 35 300 3 3,5
02 2 - 35 300 3 3,5

and without gaseous protection. The parameters were chosen based on
previous work [9,10]. The welding sequence was 4 beads for the first
layer and 3 beads for the second layer, as shown schematically in Fig. 1.
The stick out was 18 mm with gas, and 25 mm for the weld coupons
without shielding gas. The welding parameters employed can be seen in
Table 1. The welding position was flat; preheating and interpass tem-
peratures were 150 °C.

The chemical composition was determined by optical emission
spectrometry (OES). Boron was measured by plasma emission spectro-
scopy technique. Chemical composition measurements were made with
energy dispersive X-ray spectrometry (EDS). The microstructure was
characterized by scanning electronics (SEM). The dilution was calcu-
lated from the geometry of the beads using an image analysis software.

X-ray diffraction (XRD) was performed on the surface of the cou-
pons. The equipment used was a RIGAKU, with radiation from Cu K-a.
The scans were made from 35° to 95° with a speed of 1° per minute. The
present phases were identified using a software for phase analysis. The
crystallite size was determined using the Scherrer formula [11].

Transverse cuts were extracted from each of the welded coupons.
Vickers micro-indentation profiles (HV2) were made horizontally, at
1 mm from the surface. The microhardness of the phases was calculated
as the average of three measurements made with HV; o35. Macro-in-
dentation fracture toughness method was performed with Vickers
macrohardness according to the ISO [12,13] and imposing a load from
294 to 2450 N at 10 s.

The abrasive wear tests were performed according to ASTM G65-15
method A, using the dry sand/rubber wheel apparatus. The 25 mm
wide and 75 mm in length abrasion test coupons were cut from single-
and double-layers deposits.

3. Results and discussion
3.1. Visual inspection

In Fig. 2 show the top view of the coupons.

It was observed that the A1 and A2 samples showed higher levels of
spatters and little slag. This could be associated with the change of
transfer mode the spray to globular repelled [14]. Most of the beads
contained cracks, produced by the stress relief, which is normal for this
type of deposits. The samples welded with two layers presented the
higher number of cracks.

3.2. Macrography

Fig. 3 show cross section of the welded specimen where the base
metal, weld deposit (hardfacing) and absence of macroscopic defects
(pores, slag inclusions, cracks, etc.) can be observed.

The dilution of each sample was calculated using image analysis
software. The Al welded sample presented a dilution of 26% and the

01 of 19%. This would be related to the lower penetration, as a con-
sequence of the change in the mode of transfer, and the greater volume
of bead due to the increase in the stick out, from 18 to 25 mm, both
factors produced a lower dilution. In addition, it was observed that the
width of the beads increased with the welded samples without shielding
gas. This would be related to the higher melting rate.

3.3. Chemical composition

Table 2 shows the result of the chemical analysis measured on the
surface of the last bead.

The deposited material had a high concentration of alloy elements,
within the Fe- (Nb, Cr, Mo, W) - (C, B) system. The obtained chemical
composition tends to form amorphous structures, but because the
cooling rate of the welded bead was less than the critical crystallization
rate, ordered phases occurred as reported by different authors [15-18].

Table 2 shows a greater amount of alloy element in welded samples
with two layers. This would be related to the level of dilution with the
base metal. Furthermore, in the samples with the same number of layers
it is observed that the difference was smaller due to slight dilution
difference (from 19 to 25%) and to the transfer of alloy elements to the
slag in the welded without shielding gas.

3.4. Microstructural characterization

Fig. 4 shows the DRX patterns obtained for all conditions.

In Fig. 4 it can be seen that the microstructure was formed by a-Fe
and y-Fe, detecting the presence of carboborides ((Cr,Fe)7(B,C)3,
(Cr,Fe)23(B,C)6) [18,19]. Nb carbides were also identified in all sam-
ples. The crystal size in a-Fe was between 50 and 150 nm. The per-
centage of carbides and carboborides were greater with two layers. A
slight increase in y-Fe and carboborides (Cr,Fe)7(B,C)3 was observed in
the welded samples under shielding gas and with two layers. This
would be associated with the higher cooling rate and the higher content
of alloying elements.

Fig. 5 show two Backscattered-Electron images (BSE) from the A2
and O2 sample. A large dispersion of hard precipitates can be dis-
tinguished in block and needles shapes homogeneously distributed. The
percentage of them was around 65%, which is consistent with what was
observed in the diffraction patterns.

It can be seen niobium carbides of 2 to 4 um size, Mo/W car-
boborides with form of a block of 10-25 pum in the first layer and
17-41 pm for the two-layer, the eutectic formed of flat and globular
precipitates of the Ma3Xe type of thickness 1 to 3 pm in a a-Fe matrix
and elongated carbides M;X3 of 10 to 15 of wide being thicker in 02
sample. As reported in the literature [18], the NbC were the first car-
bides to appear during the solidification process. Subsequently, with the
decrease of the temperature, growing clusters of Mo/W carboborides.
This was confirmed by maps of chemical compositions in Fig. 6. Finally,
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spatters

Fig. 2. Top view of welded coupons Al and O1.

Fig. 3. Macrograph of cross sections of coupons.

Table 2
Chemical composition of all weld metal (% by weight).
C Mn Cr Nb Mo w B
Al 1.49 0.39 14.3 5.5 3.2 5.7 4.8
01 1.60 0.39 14.9 5.7 3.4 6.1 4.9
A2 1.60 0.34 17.1 7.2 4.0 7.5 5.1
02 1.70 0.37 18.1 7.3 4.1 7.8 5.1

the eutectic, o o y-Fe and M7X3 M,X3, was formed from the remaining
liquid.

The dark primary carboborides, dark eutectic carboborides, and
bright eutectic carboborides were found in the microstructure, Fig. 6a
and b. Considering the stoichiometric ratio of the elements in the mi-
crostructure, primary dark carboborides of the M7(CB)3, eutectic dark
carboborides of the M7(CB)3 and eutectic bright carboborides of the
M23(CB)6 are scattered in the ferritic matrix.

« a-Fe

Relative Intensity [%]

35 45 55

» y-Fe

3.5. Microhardness

Fig. 7 shows the microhardness of phases. These values are the
average of 3 measurements made on each phase with HV gos.

It can be seen in Fig. 7 that the phase microhardness was: 1460 HV
for niobium carbides, 1150 HV for Mo/W carbides, 920 HV for Fe/Cr
carbides and 695 HV for the eutectic. The microhardness of the eutectic
zone varied depending on the number of layers being lower for the
welded samples with protection gas. This would be related to the de-
crease in the amount by volume of the M»3Xg eutectic carbide.

Fig. 8 shows the horizontal hardness profiles of the different cou-
pons.

Fig. 8 shows the hardness HV2 of the deposit which were between
900 and 1100 HV. This is consistent with reported for this type of
materials [18,19]. It can be seen that the samples with two layers had
the greatest hardness. This would be explained by a high fraction of
hard phases in both conditions due to its higher content of alloy ele-
ments, see Table 2. No large differences were observed depending on
the type of shielding protection.

3.6. Features toughness

In Fig. 9 shows the relationship between crack and load applied for
all conditions.

+ M7(BC)3‘ CNb » Mza(BC)s

X+ A + o A A X+

02

A2

Al

01

65 75 85

201°

Fig. 4. DRX patterns of all conditions.
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Fig. 6. a) Backscattered-Electron (BSE) of core-shell carbodorides M,3X¢/M7X3, b) O1 and c) A2. b) BSD of NbC cluster and complex carboborides with chemical

compositions maps of ¢) Fe d) W, e) Cr, f) Nb and g) Mo.

Fig. 7. Phase microhardness measurements performed on coupon Al.

The fracture toughness was computed using Shetty's equation [20].
The coefficient of Poisson (v) for iron was considered 0.29, half of the
indenter tip angle (y), which is 68°; H is hardness (in MPa); P is force
and 4a is total linear crack length [20]. It can be seen that during

1200

hardness profile

: e
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Fig. 8. Hardness of the coupons at 1 mm from the top surface.

transgranular fracture in primary M7C3 easier growth of cracks were in
the longitudinal direction of columnar M7C3 [21,22]. Fracture tough-
ness were 28.7 MPavm and 28.8 MPavm for Al and O1 and
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Fig. 9. Crack length variation caused by changing the applied force to the Vickers indenter.
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Fig. 10. Wear for all samples.

Fig. 11. Worn surface for Al samples.
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21.8 MPavm and 25.0 MPavm for A2 and O2 respectively. These dif-
ferences would be associated with the quantity and size of M7 BC3
which were thicker and more elongated in O2 sample, see Fig. 5.

3.7. Abrasive wear

The results of wear test are presented in the Fig. 10. The two-layer
samples showed a 20 to 30% higher wear resistance, relative to those of
only one layer, result associated to the higher degree of alloying ele-
ments. Samples welded without gas shielding had higher wear re-
sistance.

The worn mechanisms were fragmentation, pulling out, and
ploughing (Fig. 11). The best abrasion resistance was obtained in the
second layer of the complex carbides deposit, in which the elevated
volume fraction of M7X3 carboborides provided a barrier against in-
dentation, grooving and cutting [23,24]. This beneficial effect is
probably reinforced by cluster of NbC and M23X6 complex carbobor-
ides [25,26].

4. Conclusions

- The deposited material presented a high concentration of alloy
elements, within the Fe- (Nb, Cr, Mo, W) - (C, B) system.

- The microstructure was formed by a-Fe and y-Fe, detecting the
presence of metal carboborides ((Cr,Fe); (B,C)s, (Cr,Fe)as (B,C)e).
Nb carbides were also identified for all samples. The percentage of
carbides and carboborides was greater than 65%. A slight increase
in y-Fe and carboborides (Cr, Fe),(B, C); was observed in the welded
samples under gas protection and with two layers.

The hardness of the deposit was between 900 and 1100 HV. The
samples with two layers presented the greatest hardness. No major
differences were observed depending on the type of shielding pro-
tection.

Samples welded with two layer presented better wear resistance and
minor toughness associated mainly with higher presence of M7X3.
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