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Abstract

This study presents a simple process to deposit a hardfacing coating on a steel
substrate, based on the sintering of metallic powder applied by tape casting
(by a slurry of metallic powder suspension onto a steel substrate) thus avoid-
ing the use of traditional welding processes and their variants. The effect of
the cooling of hardfacing after the sintering process, by air at room tempera-
ture or by quenching in water, was studied. This new method ensures a good
metallurgical bonding between the substrate steel and the hardfacing layer
and shows mechanical property improvement on coated pieces, similar to
those exhibited by hardfacing coatings produced by several kinds of welding
processes. The characterization of the hardfacing coatings was made by X-ray
diffraction, optical microscopy, scanning electron microscopy, microhardness
and wear resistance according to the ASTM G65 standard. The characteriza-
tion results show that the presented faces are: M,C;, M;C, MC, M,B and
M,;Bg; there are three different phases in the micrograph glass phase, eutec-
tic phase and hard phase with a volumetric fraction of 0.14, 0.20 and 0.66,
respectively, for the air cooled and 0.15, 0.16 and 0.69 when quenched in
water. The average microhardness value for the parts cooled in air was 832.5
HV and for that cooled in water was 958.9 HV, and the wear resistance was a
mass loss of 0.219 and 0.128 g for parts cooled in air and water, respectively.
These results show that the hardfacing coating could have twice the hardness
and wear resistance than that observed for the boron steel used as a sub-
strate.
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1. Introduction

For primary and secondary industries, abrasive wear is one of their biggest
problems. Abrasive wear occurs when a particle impacts a piece with some
strength, and the particle hardness is higher than hardness of the piece [1]. Many
pieces used in primary and secondary industries are used under these conditions
on a daily basis. Historically, different solutions have been developed to deal
with this issue, such as the use of heat treatments or changing the material com-
position [2]. The use of hardfacing coatings began in 1896 [3]. A hardfacing
coating is defined as the deposition of a durable surface coating on a base ma-
terial (substrate) in order to increase their properties, like wear resistance by
impact, abrasion, erosion, or pitting and corrosion or any combination of these
[1]. Hardfacing coatings began their implementation using the traditional weld-
ing processes, such as flux-cored arc welding, gas metal arc welding, gas tungsten
arc welding, plasma arc welding, shielded metal arc welding, submerged arc
welding and oxy-fuel arc welding (respectively, FCAW, GMAW, GTAW, PAW,
SMAW, SAW and OFW). In recent years, the newest welding processes have
evolved, such as electroslag welding, laser beam welding, electron beam welding,
friction stir welding and furnace brazing (respectively, ESW, LBW, EBW, FSW
and FB) [4]. Besides welding processes, the use of thermal spray methods to
create hardfacing coatings began in 1911. These methods consist in the projec-
tion of molten metals atomized by a stream of high-pressure gas and propelled
onto the surface to coat [5].

This work presents a method to apply a hardfacing coating by a simple process,
where the coating is prepared by mixing metallic powder of the hardfacing alloy
with water and flux to form slurry. The slurry is then applied onto the substrate
by a simple technique like tape casting (doctor blading), and after drying the
piece is thermally treated for sintering of the coating. Thereafter, final properties
of coated pieces are defined by cooling rate.

Through the method of applying a hardfacing coating by the study processes
of this research paper, the significant problem of the heat affected zone (HAZ)
that is caused in traditional welding processes is avoided. Another important
characteristic of this method is that it allows the slurry to be applied by cascade,
immersion or spray methods, by controlling the rheological characteristics of the

slurry.

2. Material and Methods

The metal powders were manufactured by Metallied Powder Solutions S.A. in
Guipuzcoa, Spain. The composition of the metallic powder was prepared accord-

ing to the composition previously reported by Revankar [6], see Table 1.

Table 1. Chemical composition of powder of the hardfacing alloy.

Element B C Cr Mn Ni Si Fe

Weight % 3.29 2.18 14.44 0.31 5.72 3.09 Balance
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The boron steel that was used as the substrate was provided by the Mexican
company Altos Hornos de México S.A. The chemical composition of the sub-
strate steel is shown in Table 2.

The slurry consists of metallic powder (89% of weight), flux (2%) and water
(9%), it and was vigorously stirred for two minutes or until homogeneity of the
suspension was reached. The boron steel substrate (see Table 1) was cut into
pieces of 25.4 x 76.2 x 6.35 mm. The pieces were sandblasted to remove the
oxide, grease and dirt layer of the surface. After sandblasting, pieces were put
into an ultrasonic bath with acetone for 5 minutes to remove any remaining
grease.

The homogeneous slurry was applied to the substrate by tape casting tech-
nique, with the aid of an instrument used for a glaze laying test, as shown in
Figure 1. This device allows the application of an even thickness of 2 mm in a
single step. Once the slurry was applied onto the substrate, samples were put in
an oven at 200°C for 80 minutes. In order to determine the sintering tempera-
ture, 5 mg of slurry were put into a cubic mold to make a dilatometric test. This
test was carried out in an Expert System Solutions dilatometer, model Misura
ODHT 1400-80. The test parameters were maximum temperature of 1180°C and
heating rate of 30°C /min, and the results are shown in Figure 2. Dried samples
were then put into a furnace for the sintering process, which was performed us-
ing argon gas to maintain an inert atmosphere. The temperature of sintering was
1140°C, which was determined by dilatometry. The sintering temperature of
1140°C was determined from the dilatometry test because, as it is a graphic re-
presentation of the expansion/contraction vs temperature, when there is an ab-
rupt change in slope in the graph of expansion vs. temperature, that is, a con-
traction of the material begins, at that point it is indicative of the higher sinter-
ing rate due to the activation of all the diffusion mechanisms of the chemical
species that make up the material under study. To reach the sintering tempera-
ture, the heating rate was 23°C/min, and this temperature was maintained for
ten minutes. Thereafter, the samples were removed from the oven and cooled in
air or water at room temperature.

X-ray analysis was performed on the surface of the coating to ensure that only
the hardfacing coating was exposed, without interference from the substrate.
The samples of size 25.4 x 25.4 x 6.35 mm were put in a Panalytical X’pert Plus
X-ray diffractometer, and analyses were made under these conditions: step size
of 0.3°, dwell time of 10 s, range of 20° - 80°, with the method of 8 - 26. The
samples for the optical microscopy and scanning electron microscopy were
viewed by cross-section. The cross-section of the hardfacing coatings were ana-
lyzed by EDS maps using a Hitachi model SU3500 SEM. The microhardness test
was made in a Vickers microhardness tester, Future Tech MH-00, using a load
of 500 g and a dwell time of 12 s. For the wear resistance test, the ASTM G65
standard suggests three samples of size 25.4 x 76.2 x 6.35 mm and the use of Pro-
cedure B [7].
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Table 2. Chemical composition of the steel substrate.

Element C Si Mn P S Cr Al B Fe

Weight %  0.3000 0.2100 1.1400 0.0155 0.0060 0.1950 0.0465 0.0018 Balance

Figure 1. Device for the application of metallic powder slurry
on the substrate, by tape casting technique.
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Figure 2. Metallic powder dilatometry.

3. Results and Discussion
3.1. X-Ray Diffraction

The X-ray diffraction patterns of the metallic powder as received and the hard-
facing coatings cooled in air and water are shown in Figure 3. The phases pre-
sented in the metallic powder as received are solid solutions: CrFeSi and FeCr,
carbide phases: Cr,C; and Fe,C and boride phases: Fe,B and Mn,B.

After the sintering process, the microstructure evolves, dissolving the solid
solutions, leaving only Fe,,Cr, ,; and increasing the amount of carbides, such as
Fe,C, Fe,C; and Mn,C,, and the number of borides, such as Mn,B, CrB, Fe,B
and Fe;B. These phases have been reported as M,C;, M,,C, and MB,, where M
could be Fe, Cr and Mn or any combination of them [8] [9] [10] [11] [12]. The
chemical composition was obtained from the JCPDS database for each of the

phases identified in the X-ray diffraction patterns.
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Figure 3. X-ray diffraction patterns of the metallic powder as received and the
hardfacing coatings after sintering and air or water cooling cooled in air or water.

3.2. Optical Microscopy

Figure 4 shows micrographs of the samples cooled in (a) air and (b) water. From
observation of these images, it seems that the sample cooled in air is formed by
hard phases of the type M,C,, M,C, MC, M,B and M,,B,, surrounded by a lami-
nar eutectic, which is formed by the hard phases of M,C;, M,C, MC, M,B and
M,;B,, with a solid solution of Cr,4,Fe, ;. This microstructure is similar to that
obtained by filler wire welding of a hardfacing alloy [8]. The samples cooled in
water had a microstructure of hard phases M,C;, M;C, MC, M,B and M,;B,,
surrounded by a eutectic skeleton which was made by the same type of hard
phases, only smaller. The darkest phase is a glass phase produced by the flux.
Table 3 presents the volume fractions of the three principal phases, glass, eu-
tectic and hard, for the two cooling rates. As can be seen, the volume fraction of
glass phase is almost the same for both conditions: 0.14 for the sample cooled in
air and 0.15 for the sample cooled in water. This confirms that this phase is
produced by the flux, since both conditions have the same amount of flux. Oth-
erwise, the amount of eutectic phase in the sample cooled in water (0.16) is low-
er than the amount of eutectic phase for the sample cooled in air (0.20), which
can be explained by the reduction of time available for atoms to diffuse and
conform the eutectic phase under water cooling, since a drastic lowering of tem-
perature occurs. As can be seen in the micrographs, the size of the hard phase in
the sample cooled in air is 50 - 150 pum, while in the sample cooled in water the

size of the hard phase is up to a maximum of 50 pm.

3.3. Scanning Electron Microscopy

In order to study the interphase between the substrate and the coating, samples
were analyzed by SEM. The EDS maps show that there exists diffusion from the
elements of the hardfacing coating into the steel substrate, chromium being the
element with a higher diffusion. These maps are presented in Figure 5 and Fig-

ure 6, for samples cooled in air and water, respectively.
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Table 3. Volume fraction
water.

of phases on hardfacing coating for samples cooled in air or

Volume fraction

Glass phase Eutectic phase Hard phase
Air Cooled 0.14 0.20 0.66
Water Cooled 0.15 0.16 0.69

Figure 4. Cross-sectional micrograph of the hardfacing coating, cooled in
(a) air and (b) water after sintering treatment.
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Figure 5. EDS maps of the hardfacing coating
cooled in air after sintering.
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Figure 6. EDS maps of the hardfacing coating
cooled in water after sintering.

Figure 7(a) and Figure 7(b) show the micrographs of the interphase between
the hardfacing coating and the steel substrate, and none of them show separation
between the hardfacing coating and the steel substrate. In Figure 7(b) for the
sample cooled in water, we can see the presence of cracks in the hardfacing coat-
ing, which we assume are produced by the higher cooling rate, because there are
no such cracks in Figure 7(a) for the sample cooled in air. Figures 8(a)-(c)
show micrographs of the sample cooled in air. In this condition, we can see the
presence of hard phases surrounded by a laminar eutectic, such as the ones de-
scribed by [1] [8] [13], where a is a hard phase, Sis a laminar eutectic phase and
yis the glass phase.

Figures 8(d)-(f) show micrographs of the sample cooled in water. In this
condition, we can see the microstructure of metastable hard phases such as §
surrounded by the phase ¢ that is a eutectic skeleton phase and also the glass
phase y. As can be observed in the microphotographs, the microstructure of the
sample cooled in water is finer than the sample cooled in air, which can cause an
increase in microhardness, and better performance in the wear resistance test

can be expected.
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CIMAV 10.0kV X45 S CIMAV 10.0kV 7.9mm X45 SI

Figure 7. Cross-sectional micrograph of the hardfacing coating after sintering
and cooled in (a) air and (b) water.
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Figure 8. Cross-sectional micrograph of the hardfacing coating, cooled in
air (a), (b) and (c); and water (d), (e) and (f).

3.4. Microhardness

The microhardness test was made in a Vickers microhardness tester Future Tech
MH-00, using a load of 500 g and a dwell time of 12 s. For each sample, ten
measurements were made in a random distribution on the surface of the hard-
facing coating. The average microhardness for samples cooled in air was 832.5 +
52 HV whereas 958.9 = 152 HV was the average microhardness for samples
cooled by water. These results are in accordance with those reported by several
works [1] [2] [4] [8] [11] [13] for conventional welding techniques of hardfacing
application and are even better than those reported by Lai et al [14] where the
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hardfacing coating had more chromium and was also applied by a welding
process. Besides these ten measurements made in random phases, another ten
measurements were made specifically in hard phases, as well as ten measure-
ments in the eutectic phase, using a load of 50 g and a dwell time of 10 s. These
results are shown in Table 4. As can be seen in the microhardness results, the
composite substrate and hardfacing coating have a higher hardness when the
samples were cooled in water from the final sintering temperature, and this is
because there is no time for the alloy elements to diffuse. On the other hand,
from the point of view of the present phases, the eutectic phase in the samples
cooled with water is greater due to the size and skeletal structure that is formed
by the rapid cooling; while in the sample cooled in air, the laminar eutectic is
larger. Another important aspect that can be seen in the microhardness is the
higher hardness of the substrate in the sample cooled in water compared to the

sample cooled in air.

3.5. Wear Resistance

The wear resistance test was made in equipment as described in the ASTM G65
standard, using Procedure B. Table 5 shows the conditions of analysis. This test
was chosen to simulate a low-stress abrasion condition, which typically occurs in
tillage tools for soil preparation in normal working conditions [15]. Three tests
were made for each cooling condition as is recommended by the standard.

Table 6 shows the results of microhardness of the AFS 50/70 Test Sand pro-
vided by Ottawa Silica Co. The Ha/Hc rate is calculated from Ha (hardness of
the abrasive) and Hc (hardness of each coating). The wear rate is calculated ac-
cording to Equation (1), and the specific wear rate is calculated according to
Equation (2). The values of volume loss, wear rate and specific wear rate are in
accordance with those reported by [15] [16], for samples cooled in water. For
hardness ratio Ha/Hc in the range 0.7 - 1.1, a good performance of hardfacing is
considered for wear resistance whereas for ratios in the range 1.3 - 1.7, maxi-
mum wear is possible [17] [18] [19] [20].

Table 4. Microhardness of the eutectic and hard phases and the substrate.

Microhardness (HV)

Sample Phase
Substrate
Eutectic Hard
Air Cooled 445.7 1137.8 279.6
Water Cooled 887.2 1150.2 677.7
Table 5. Test conditions for Procedure B of the ASTM G65 standard.
Specific Force against Wheel Lineal Sand Flow
A . . Speed (rpm) o

Procedure Specimen (N) Revolutions Distance (m) (gmin™)
B 130 2000 1436 200 =10 300 - 400

DOI: 10.4236/jmmce.2020.85025

401 J. Minerals and Materials Characterization and Engineering


https://doi.org/10.4236/jmmce.2020.85025

F. V. de la Rosa et al.

Table 6. Specific wear rate of hardfacing coating for hardfacing samples cooled in air and
samples cooled in water.

Microhardness Ha/He Volume Loss Wear Rate Specific Wear Rate
of Sand (HV) (mm?®) (mm®m™) (1% 10 mm*m2N1)
Air Cooled 1.57 28.93 0.02 15.49
1304.96
Water Cooled 1.36 16.91 0.01 9.06

volume Iosss(mm3)

wear rate =

1
sliding distance (m) (1

volume Ioss(mmS)

specific wear rate = (2)

sliding distance (m ) force against specimen (N)

The average volume loss was 28.9 mm’ for the samples cooled in air and 16.9
mm?’ for the samples cooled in water. According to the results of the table, it can
be seen that the Ha/Hc performance for the air-cooled sample may show signif-
icant wear according to the aforementioned criterion, while for the sample
cooled in water, the wear exhibited is less than for the sample cooled in air. We
can even think that the wear of the sample cooled in water barely reaches the
lower limit of the criterion where the greatest wear occurs. The sample that
presents less loss of material is the one cooled in water, which indicates an in-
crease in the wear resistance. At the same time, it can be seen that the wear rate
decreases by half to twice, and the specific wear rate decreases by approximately
40%. This behavior can be explained in terms of the microstructure obtained
with the cooling methods, since while the microstructure of the sample cooled in
water is finer and has a lower amount of eutectic, in the sample cooled in air the
microstructure is coarser and presents a greater amount of eutectic.

Figure 9 shows micrographs of the worn-out surfaces of the samples cooled in
(a) air and (b) water. It can be seen in Figure 9(a) that the worn-out surfaces
present continuous lines, whereas in Figure 9(b) these lines are discontinuous.
In both micrographs, it can be seen that there is a material displacement to the
edges of the lines left by the sand particles, which is indicative of the wear me-
chanism of micro-ploughing. Also, the lines in Figure 9(a) are deeper than those
in Figure 9(b), and this confirms the higher wear resistance of the samples
cooled in water.

As can also be seen in Figure 9, there are several holes in the worn surfaces of
both materials, which suggest that a three-body wear mechanism is present. In
this kind of wear mechanism, the abrasive sand particles can roll between the
rubber and sample surfaces, and the surface material is removed by subsequent
indentations of the sharp corners of the abrasive particles. In this case, since the
grain size is large, consequently the distance between the hard phases are larger
for the air-cooled hardfacing coating, and thus the size of these holes is larger
than the holes in the water-cooled hardfacing, where the holes are smaller but in
higher quantity. Similar behavior was reported by Trevisol et al [20], for a dual

phase ferrite-martensite on a low alloy steel, were the effect of volume fraction of
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phases and particle size of abrasive was studied under wear treatment. Thus, mi-
cro-ploughing is the more relevant mechanism for wear if the air-cooled hard-
facing, and the three-body mechanism has more importance for water-cooled
hardfacing cooled [21]. The higher hardness of the water-cooled hardfacing
probably produces a brittle material, and the lower hardness of the air-cooled
hardfacing coating leads to wear by plastic deformation and then failure. Mi-
cro-ploughing and holes are the main wear mechanisms identified for these
hardfacing materials, which are common mechanisms on steel-based materials
[20] [22] [23] [24].

Figure 10 shows micrographs of the cross-section of the worn-out zone of
hardfacing samples cooled in (a) air and (b) water. In the sample cooled in wa-
ter, micro-cracks develop due to the high rate of cooling. However, these do not
grow during the wear resistance test. Figure 10(a) shows how cracks appeared
on the hardfacing cooled by air, and sample after wear resistance test shows that
these cracks connected, which can explain the lower wear resistance of the sam-
ple cooled by air.

Figure 11 shows the specific wear rate and the microhardness for both cool-
ing conditions, and, as can be seen, there is a correlation between microhardness
and specific wear rate, which consists in the decrease of specific wear rate as mi-
crohardness increases.

The higher wear resistance of the samples cooled in water can also be ex-
plained in terms of microstructure, since more volume fraction of hard phases
was found in the hardfacing sample cooled by water, which showed better per-
formance. The skeleton eutectic implies a greater barrier for the dislocation dis-

placement toward the material, and this reduces the plastic deformation.

A

100

5U3500 5,00KV/9.9mm x500 SE 08/16/2016 %

Figure 9. Surface micrograph of worn-out samples, cooled in (a) air and
(b) water.

Figure 10. Cross-sectional micrograph of worn-out samples, cooled in
(a) air and (b) water.
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Figure 11. Specific wear rate against microhardness for hardfacing coating cooled in air
and water.

4. Conclusions

Application of coating by a simple technique like tape casting was successfully
used to obtain a hardfacing coating on metal substrate, with equivalent or supe-
rior results in mechanical properties than those obtained for welding-based
techniques. To obtain the best results, after sintering the cooling of the hardfac-
ing must be made by quenching in water, instead of cooling in air. The samples
cooled in air had a coarser microstructure than those cooled in water. Regardless
of the cooling rate, the phases that formed after the sintering process are M,B,
M,C,, and M,,C,, where M is Fe, Cr, Mn or a combination of these elements, and
a solid solution of FeCr. However, hardfacing pieces cooled in air present hard
phases surrounded by a laminar eutectic phase, while the samples cooled in wa-
ter had these same hard phases surrounded by a skeleton form eutectic phase.
There is a significant difference between the microhardness of the two types of
eutectic; the laminar eutectic is 445.7 HV, and the skeleton eutectic is 887.2 HV.
Another important result is that by quenching in water, both parts (substrate
and coating) increase their wear resistance, thus implying better performance of
tools.

The hardfacing coatings present a good metallurgical bond to the substrate,
which was evident from the absence of holes in the interphase, and there is evi-
dence of diffusion of elements from the coating to the substrate, thus creating a
chemical bond, not only a mechanical bond. Thus, the wear resistance of the
hardfacing applied by tape casting technique and cooled in water is equivalent to

that obtained by welding-based processes, with the advantage of a simpler process.
Highlights

A simple process was developed to apply a hardfacing coating on steel substrates
by tape casting and sintering.

Cooling rate after sintering is a key factor to maximize mechanical properties
of the hardfacing alloy.

The effect of cooling rate after sintering modifies the eutectic phase morphol-

ogy.
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