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ARTICLE INFO ABSTRACT

The current study used flux core arc welding to produce a series of hypereutectic Fe-Cr-C claddings with
various carbon content. Depending on the carbon content, this research produced hypereutectic
microstructures of y-Fe + (Cr,Fe);Cs carbides. As the carbon content of a cladding increased from 3.73 to
4.85 wt.%, the surface fractions of carbides increased from 33.8% to 86.1%. The morphology of primary
(Cr,Fe),Cs carbides also transited from a blade-like to a rod-like shape. With regard to wear performance, the
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Keyworf_is-' relationship between wear resistance and hardness (H) is non-linear. However, the mean free path (\) of
\l;[varl‘ilf,acmg primary (Cr,Fe);C; carbides must be considered. Wear resistance is proportional to H/\. The primary
elding

carbides can prevent the eutectic colonies from selective abrasion. The rod-like (Cr,Fe),Cs carbides also
provide much better wear resistance because rod-like carbides have a greater hardness. After an abrasive
wear process, abrasive particles cause plastic plows when the cladding has lower surface fractions of
carbides. The fracture of primary carbides leads into the craters where it occurs in the worn cladding surface

Chromium carbide
Abrasive wear

with higher surface fractions of carbides.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Hardfacing materials in severe abrasive conditions widely use
Fe-Cr-C alloys due to their superior abrasion resistance. Excellent
abrasive wear resistance results from a high volume of carbides and
matrix toughness [1]. Properties, such as abrasion wear resistance,
surface roughening resistance and seizing or sticking resistance, are
essential for these alloyed white cast irons used for rolls and other wear-
resistant parts in steel rolling and mineral pulverizing mills. Among these
properties, abrasion wear resistance is reportedly dependent not only on
type, morphology, amount and the distribution pattern of the carbides
precipitated from the melt, but also on the type of matrix structure [2].

Proeutectic (Cr,Fe),C3 carbides are found in Fe-Cr-C alloys with a
high carbon content (2-5wt.%) and a high chromium content
(18-30 wt.%). Such microstructures have good wear resistance proper-
ties. These hard materials can be represented by high chromium white
cast iron (M5Cs), which has high hardness (about 1600 Hv) [3-6]. Cr,Cs is
well known for its excellent combination of high hardness and excellent
wear resistance as well as good corrosion and oxidation resistance. Most
hard composite coatings have widely used Cr,Cs as the reinforcing phase
[7-10]. The proeutectic (Cr,Fe),Cs carbides with high hardness success-
fully retard plastic deformation when interacting with the counter
surface during the sliding wear process. Therefore, the effect of adhesive
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deformation on material removal rate is low. The coarser proeutectic
(Cr,Fe),C5 carbides play a dominant wear-resisting role in the dry sliding
wear process. With the protection of the hard and wear-resistant primary
(CrFe),C3 carbides, the (CrFe),Cs/y-Fe eutectic matrix avoids severe
selective wear. Primary (Cr,Fe),Cs carbides are also supported by the fine,
strong and ductile (Cr,Fe),Cs/y-Fe eutectic matrix. During the dry sliding
wear process, with the support of the (Cr,Fe),Cs/y-Fe eutectic matrix, the
coarse primary (Cr,Fe),C; phases avoid spalling and delamination [11].
This study investigated the relationship between wear resistance and
the microstructure of hypereutectic Fe-Cr-C cladding, and discusses the
interaction among primary carbides, eutectic colonies and abrasive
particles. Combining wear resistance and worn surface observations, this
study found the wear mechanism of hypereutectic Fe-Cr-C cladding to
provide information for selecting hypereutectic Fe-Cr-C cladding.

2. Experiment procedures

The base metals for the welding surface were prepared from ASTM
A36 steel plates (100 mmx80 mmx 10 mm). Before welding, these
specimens were ground and cleaned with acetone. To obtain the
hypereutectic Fe-Cr-C claddings with various carbon contents, the
chemical compositions of all hypereutectic claddings lay within the M,C3
phase field. The different amounts of graphite (7, 10 and 13 wt.%), the
constant chromium powder (40 wt.%), and ferrosilicon (2 wt.%), ferro-
manganese (5 wt.%), iron powder (46, 43 and 40 wt.%) were added into
flux cored wire with a 2.8 mm diameter. The addition of ferrosilicon and
ferromanganese was used to reduce the oxygen of the claddings.
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Table 1
Chemical compositions and surface fractions of carbides of hypereutectic cladding and
base metal.

Cladding Composition (wt.%) Surface
R fractions of
€ ol i S e carbides (%)
Base 0.184£0.03 0.1540.02 0.554+0.03 0.09+0.02 Bal. -
metal
A 3.73+£0.05 2.284+0.07 2.33+0.05 26.704+0.08 Bal. 33.81+23
B 421+£0.03 2.004+0.05 2.264+0.06 27.08+0.09 Bal. 61.194+3.1
C 485+0.02 1.9640.05 2.284+0.05 27.314+0.09 Bal. 86.144+2.7
Hooper
Rubber wheel
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Fig. 1. Schematic of the dry sand-rubber wheel testing machine.

Bead-on-plate with oscillate flux cored arc welding was utilized to
deposit the hypereutectic Fe-Cr-C claddings. The welding current and
voltage were 350 A and 33 V. The welding speed was 200 mm/min
and the distance from contact tube to work was 50 mm. The thickness
of all claddings was about 5 mm. The experiment utilized an optical

e ME.’!CE

emission spectrograph (OES) to analyze chemical composition of the
claddings. Table 1 shows the chemical composition of claddings and
base metal.

X-ray diffraction (XRD) specimens were prepared from the top
surface of the hardfacing, and X-ray diffraction with Cu Ko radiation
analyzed the constituent phases. The cladding structures were
examined by optical microscopy (OM). Microstructure investigations
were carried out on the top surface of the claddings after polishing
and etching. The etching agent was composed of 20 g ammonium
hydrogen fluoride, 0.5 g potassium pyrosulfite, and 100 ml H,O at
80 °C. This study used image analysis software to analyze quantita-
tively the surface fractions of carbides. Ten pictures at 50 magnifica-
tions were taken for quantitative surface fractions of carbides.
Quantitative elemental analysis of constituent phases was performed
by a wavelength dispersive X-ray spectrometer (WDS).

The hardness of constituent phases in the microstructure was
measured by a microhardness tester with 0.98 N load. Abrasive wear
tests were carried out in a dry sand-rubber wheel testing machine
(Fig. 1) according to ASTM G65 standards. Rounded quartz particles
with a mean diameter between 200 and 300 um were used, with a
hardness of 1000-1100 Hv. After the wear test, the worn surface was
examined by optical microscope and scanning electron microscope.

3. Results and discussion

The current study used flux cored arc welding to produce claddings
containing different carbon contents on ASTM A36 steel substrates. Fig. 2
shows a liquidus projection of the iron corner of the Fe-Cr-C ternary
system [12-14], with points A, B and C corresponding to the claddings
listed in Table 1. The chemical compositions of all hypereutectic claddings
lie within the M,C; phase field. Therefore, the primary (Cr,Fe)-Cs carbides
precipitate first when the melt pool begins to solidify.

Fig. 3 presents the phases of hardfacing alloys with different carbon
contents produced by flux cored arc welding process. The XRD results
indicate that the austenite (y) with f.c.c structure and (Cr,Fe),Cs with
hexagonal structure occur in all claddings. Furthermore, the micro-
structures obtained for all cladding, as presented in Fig. 4, are composed
of the blade-like, rod-like carbides and eutectic colonies. The chemical
compositions and Cr/Fe atomic ratios of the individual phases presented

Py
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Fig. 2. Liquidus projection of the iron corner of the Fe-Cr-C ternary system [12-14].
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Fig. 3. X-ray spectrums of claddings with different carbon contents: (a) 3.73 wt.% C;
(b) 4.21 wt.% C; and (c) 4.85 wt.% C.

in the microstructure of high chromium Fe-Cr-C hardfacing alloys are
analyzed by electron probe microanalysis (Table 2). This quantitative
elemental analysis confirms that the primary carbide in cladding is (Cr,
Fe),C5 carbide. The Cr/Fe ratios of (Cr,Fe),Cs carbides with different shape
are 1.31 and 1.29, respectively. The chemical composition of blade-like
carbides is similar to that of rod-like ones. For the eutectic colonies, the
atomic ratio of Cr/Fe is approximately 0.14. Comparing the previous study
[15], for Fe-40 wt.% Cr-C cladding, the Cr/Fe ratios of M;Cs and eutectic
colonies are 3.10 and 0.78, respectively. Therefore, the cladding with high
chromium content causes high Cr/Fe ratios.

Previous research [16-19] reports that primary M,Cs carbides are
classified by two morphologies, including rod-like and blade-like shapes
in Fe-Cr-C systems. In Fig. 3, the morphology of primary (Cr,Fe),C3
carbide transitions from blade-like to rod-like depending on the carbon
content of cladding. The solidification morphology and the growth
pattern of the cladding metal are controlled by weld pool thermal
conditions. The formation and growth of primary (Cr,Fe);Cs carbides
during solidification occur with their long axes parallel to the direction of
the heat flow. When carbon content is lower, the nuclei sites of primary
(Cr,Fe);Cs5 carbides are fewer and their growth direction is random. The
primary (Cr,Fe),Cs carbide rods appear as blade-like shapes when their
axis are perpendicular to the viewing surface. With increasing carbon
content of claddings, the nuclei sites of primary (Cr,Fe);Cs carbides

Fig. 4. SEM photograph of hypereutectic Fe-Cr-C cladding.

Table 2
Chemical compositions of each phase by WDS.
Phase C Cr Fe Cr/Fe ratio
Blade-like carbide 8.91 wt.% 51.59 wt.% 39.50 wt.% 1.31
(304 at.%) (40.7 at.%) (28.9 at.%) (1.41)
Rod-like carbide 8.83 wt.% 51.44 wt.% 39.73 wt.% 1.29
(30.2 at.%) (40.6 at.%) (29.2 at.%) (1.39)
Eutectic colony 3.70 wt.% 11.52 wt.% 84.78 wt.% 0.14
(15.1 at.%) (10.8 at.%) (74.1 at.%) (0.15)

Fig. 5. Microstructure of claddings with different carbon contents: (a) 3.73 wt.% C;
(b) 4.21 wt.% C; and (c) 4.85 wt.% C.
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Fig. 6. Effect of surface fractions of carbides on the wear resistance of cladding.

increase. The (Cr,Fe);Cs carbide rods appear as blade-like shapes when
their axis are perpendicular to the viewing surface. The morphology of
primary (Cr,Fe),Cs carbides transits from blade-like to rod-like as the
carbon content of claddings increases.

With the temperature decreasing, the eutectic colonies appear around
the primary (Cr,Fe);Cs grain boundary, as shown in Fig. 5. Therefore,
these claddings have a hypereutectic structure containing primary
(Cr,Fe);C5 and eutectic colonies of austenite plus (Cr,Fe),;Cs. Moreover,
the surface fractions of carbides increased from 33.8 to 86.1% with the
carbon content increasing from 3.73 to 4.85 wt.%. For an off-eutectic
composition, the alloy liquidus is much higher than the eutectic
temperature. Thus the corresponding primary phase which has higher
undercooling tends to grow faster than the eutectic [20]. Comparing Fig. 5
a, b and c indicates that increasing the carbon content promotes the
formation of primary (Cr,Fe)-Cs carbide. The carbon addition lowered the
eutectic temperature for the Fe-Cr-C alloy [21]. The lower eutectic
temperature results in less eutectic colonies. Consequently, the addition
of carbon content promotes the formation of primary (Cr,Fe)-Cs carbides,
but suppresses the growth of eutectic colonies.

Wear resistance is dependent on morphology, size, amount and
distribution of carbides. R. Colaco suggested the following mathe-
matical model [22]:

F
=KD +xy, 1
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Fig. 7. Plot of wear resistance against H/\.

Fig. 8. Marco-observation for worn surface of claddings containing different carbon
contents: (a) 3.73 wt.% C; (b) 4.21 wt.% C; and (c) 4.85 wt.% C.

Table 3
Microhardness of primary (Cr,Fe),Cs carbides and the eutectic colony.

Cladding Hardness (HV)
Primary (Cr,Fe),Cs carbides Eutectic
Blade-like Rod-like colony
A 1109 £ 21 1324426 794 + 36
B - 1325417 792 £27
C - 1371413 797 £31
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where Q is wear rate, K is wear constant, Fy is the normal load applied
to the abrasive particle, Hy is material hardness, x is the volume
fraction of reinforcement particles and (3 and i are constants,
respectively.

Fig. 6 shows the relationship between the surface fractions of
carbides and wear resistance. This result indicates that more surface
fractions of carbides improve cladding wear resistance. This is because
the elevated contents of hard primary (Cr,Fe),;Cs carbides provide a
barrier against indentation, grooving and cutting of abrasive particles.
The relationship between wear resistance and surface fractions of
carbides is non-linear. Wear resistance rapidly accelerates as surface
fractions of carbides increase. Therefore, wear resistance not only
depends upon surface fractions of carbides and hardness. Abrasives
must be small enough to fit between the carbide rods so that they sink
deeper into the matrix and push the carbide from behind. If the
abrasive is large compared to inter-carbide spacing, abrasive particles
will slide over the carbides without significantly penetrating the
matrix [23]. Thus, the mean free path of carbides also affects wear
resistance. Fig. 7 illustrates the plot of wear resistance against H/\,
showing that the relation between wear resistance and H/\ is linear.
The combination of hardness and mean free path is the main factor of
wear resistance.

Wear mechanism typically classifies into four types of interactions
between abrasive particles and a wearing material, namely microplough-
ing, microcutting, microfatigue and microcracking. Microploughing due
to a single pass of one abrasive particle does not result in any material
detachment from the wearing surface. A prow forms ahead of the
abrading particle and the material is continuously displaced sideways to
form ridges adjacent to the groove produced. Pure microcutting results in
a volume loss by chips equal to the volume of wear grooves.
Microcracking occurs when abrasive particles impose on highly
concentrated stresses, particularly on the surface of brittle materials.
Microploughing and microcutting are the dominant processes for ductile
materials while microcracking becomes important on brittle materials
[24].

Fig. 8 shows the observation for worn surfaces of hypereutectic
Fe-Cr-C claddings with various carbon contents. The plastic prows and
craters appear in Fig. 8 (a) and (b). With surface fractions of carbides
increasing, the plastic plows gradually disappear. Finally, no plastic prows
appear in the worn surface of cladding with higher carbon content, as
shown in Fig. 8 (c). The plastic plows arise from abrasive particles
embedded into the rubber wheel surface and act as fixed indenters,
causing the so-called grooving wear mode. Microplowing by the abrasive
particles causes extensive matrix deformation, forming pile-ups along
the groove edges. The grooves become narrower and shallower when the
abrasive particles move across the carbides. The higher surface fractions
of carbides lead to the disappearance of plastic plows. The craters also
exist in the worn surface of each cladding. Crater formation is due to
abrasive particles continuously attacking the carbides causing carbide
fracture and pullout.

Wear behavior typically depends on the hardness ratio of abrasive
particles and material. An abrasive particle is called “hard” if its hardness
is about 20% greater than the hardness of the stressed material in a worn
condition [25]. Hard abrasive particles easily dig out small phases and cut
or crack larger ones. Soft abrasive particles are able to dig out small phases
or produce large pits [24]. According to Zum Gahr [24], if the hardness of
reinforcement particles is lower than that of abrasive particles, the
particles extract from the matrix or fracture under abrasive particle
action. Soft abrasives cannot indent a material surface and adhesion and
contact fatigue accompanied by more or less plastic deformation occur as
the predominant wear mechanisms [26,27]. Table 3 lists the microhard-
ness of primary (Cr,Fe),C5 carbides and eutectic colonies. In this case, the
hardness of quartz sands (1000-1100 Hv) is lower than that of the rod-
like (Cr,Fe),Cs carbides (1300-1350 Hv), but higher than that of eutectic
colonies (750-800 Hv). The hardness of blade-like (Cr,Fe),Cs carbides is
also similar to that of quartz sands. In this study, the relative hardness of

quartz sands to eutectic colonies is about 1.25. The quartz sands are
harder than the eutectic colonies, so that the quartz sands attack the
eutectic colonies easily. The relative hardness of quartz sands to rod-like
(Cr,Fe);C5 carbides is about 0.75. The quartz sands are soft abrasive
particles for primary (Cr,Fe),Cs carbides, difficult to indent or plough the
primary (Cr,Fe);C; carbides. The relative hardness of quartz sands to
blade-like (CrFe);Cs carbides is about 0.91. The blade-like (Cr,Fe);Cs
carbides have less resistance against indentation or plough of quartz
sands than the rod-like ones.

The following summarizes carbide content effect on the wear
mechanism. Firstly, when the carbide content is 33.8%, abrasives
microplough the eutectic colonies and cause carbide fracture. Plastic
plows and craters appear in the worn surface. Continuous damage to
abrasive particles gradually reveals the harder blade-like (CrFe);Cs
carbides, owing to their higher hardness. Eventually, the morphology of
craters is a polygonal shape. Crater formation is attributed to carbide
breakup and pullout. As surface fractions of carbides increase to 61.2%, the
plastic plow gradually disappears. The rod-like (Cr,Fe),Cs carbides are
enough to protect the eutectic colonies. Finally, the wear mechanism
fractures or pulls out of carbides when the surface fractions of carbides
are 86.1%. The dense (Cr,Fe);C; carbides prevent the eutectic colonies
from the plough of quartz sands. However, the quartz sands accumula-
tively attack the dense (Cr,Fe),Cs5 carbides to cause breakup and pullout.
Repeated impingement of quartz sands causes the (Cr,Fe),C5 carbides to
resist abrasive damage until the carbides break and pullout.

4. Conclusions

The present study uses the FCAW process to form a series of
hypereutectic Fe-Cr-C hard claddings. The hard claddings are designed to
obtain different carbon contents to investigate the microstructure, wear
resistance and wear mechanism of them. The following summarizes the
results:

1. The surface fractions of carbides increase with carbon contents
increasing. Furthermore, the blade-like carbides occur in the
cladding with lower carbon content, but rod-like carbides exist in
the one with higher carbon content.

2. Wear resistance not only depends on surface fractions of carbides,
but also on cladding hardness and the mean free path of carbides.

3. The rod-like carbides are harder and more resistant than the blade-
like ones and the eutectic colonies.

4. More surface fractions of carbides enhance wear resistance and
cause the plastic plow to disappear. Crater formation is also
attributed to carbide fracture and pullout.
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