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Abstract

Fe-based alloy coating was laser cladded on gray cast iron using Ni-Cu alloy as an intermediate layer. The cross section of
the laser cladded coating was characterized by optical microscopy (OM), scanning electron microscopy (SEM) equipped
with energy dispersive spectrometry (EDS), X-ray diffraction (XRD), and a Vickers hardness tester. A microdimple texture
was created by reciprocating an electrolyte jet with prefabricated mask (REJP) machining on an Fe-based alloy coating. The
tribological performances of untextured and textured coatings were examined through interrupted wear tests using an in-house
developed reciprocating ball-on-plate tribotester under dry sliding and starved lubricated conditions. The results show that
the presence of microdimple edges in the nonconformal contact region has a detrimental effect on the friction performance
under dry sliding. However, the microdimples can be beneficial for trapping debris to preserve a smoother contacting surface
and thus a lower volume wear track compared to untextured coatings. Due to its role in oil reservoirs and debris entrapment,
the microdimple textured coating can maintain a low friction coefficient for a long time period after lubricant oil cutoff and
results in a lower volume wear track under starved lubrication.
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1 Introduction structures and crack sources, are produced in the interface
zone during the welding process. Because nickel can hinder
carbon migration and prevent the formation of chilled struc-

tures, Ni-based alloy coatings produced by laser cladding

Due to its merits, such as good thermal conductivity,
mechanical properties and excellent tribological behavior

[1], gray cast iron is widely used for manufacturing hydrau-
lic/pneumatic equipment, machine tools, general industrial
machines, and transportation equipment [2]. However,
the low hardness and brittle fracture feature can seriously
threaten their regular operation [3]. Due to its high energy
density, laser cladding can be applied to fabricate compact
and metallurgically bonded high-quality coatings with a
small dilution ratio and low thermal effect on the substrate
[4]. However, owing to the high carbon content of gray
cast iron, a large number of brittle phases, namely, chilled
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on gray cast iron have been extensively studied [3, 5, 6].
However, Ni-based coatings are not a valid sustainable alter-
native [7] and are expensive. Recently, Fe-based alloys have
become attractive because of their low cost, excellent color
match and satisfactory hardness. However, limited research
[8—10] has demonstrated that it is difficult to directly laser
clad Fe-based alloy coatings on gray cast iron, even if pre-
heating of the substrate and/or post clad heat treatment are
conducted [11]. Therefore, it is necessary to develop a fea-
sible and facile approach to produce Fe-based alloy coatings
on gray cast iron components.

The problem of tribology is always an unavoidable chal-
lenge in mechanical systems. Advanced materials and sur-
face texture are the two major research branches for friction
reduction [12]. The most widely used texturing techniques
are laser surface texturing, microelectric discharge machin-
ing and electrochemical texturing [13]. Among these, elec-
trochemical machining technology is a promising option to
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fabricate microtextures using simple equipment, low cost
and nonthermal damage on the component surface [14].

In the present study, aiming to reduce the formation of
hard and brittle phases at the interface, a Ni-Cu layer with
low carbon solubility was fabricated on gray cast iron as an
intermediate layer. Then, an Fe-based alloy coating was laser
cladded on the intermediate layer. A reciprocating electro-
lyte jet with prefabricated mask (REJP) machining [15] was
employed to generate microdimples on the Fe-based coat-
ing. In addition, the tribological performances of the laser
cladded coating and the surface textured coating under dry
sliding and starved lubrication conditions were investigated.

2 Experimental Procedure
2.1 Materials

Gray cast iron with dimensions of @50 % 10 mm was used
as the substrate. Gas atomized Fe-based alloy powder (Fe
SP 465 V2) and Ni-Cu alloy powder (1015-00) (Hoganis,
Sweden) were used as the coating and intermediate layer
materials, respectively. The morphologies and particle
size distribution of the two cladding materials are shown
in Fig. 1. The chemical compositions of the experimental
materials are listed in Table 1.
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Fig. 1 Characteristics of the laser cladding powder morphology and particle size distribution of Fe-based alloy a, b and Ni-Cu alloy powder ¢, d

Table 1 Chemical composition C Mo Ni Fe Cr Si B Cu Mn

of the experimental materials

(Wt%) Fe SP 465 V2 0.14 1.04 1.47 Bal 15.04 0.97 1.29 - -
1015-00 0.01 - Bal 020 - 2.03 1.11 19.77 -
HT 300 2.5-4.0 - - Bal - 1.0-2.5 - - 0.5-1.4
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Fig.2 Laser cladding process

Table 2 Parameters for laser cladding

2.2 Laser Cladding

The laser cladding system consists of a semiconductor laser
generator (LDF 4000-100), a six degrees of freedom indus-
trial robot (KUKA KR30HA), a coaxial laser head with four
nozzles (Precitec YC52), and a double silo negative pressure
gas powder feeder (RC-PGF-D, Raycham). Argon served as
the powder feeding gas and shielding gas. A schematic of
the laser cladding process is shown in Fig. 2. Owing to its
high carbon content, gray cast iron is very sensitive to laser
cladding parameters. The optimized process parameters are
listed in Table 2. The laser scanning path was zigzag, and the
scanning directions of the two layers were parallel.

2.3 Surface Texturing

The top surface of the laser cladded coating was polished
to a roughness of 0.05 pm using a CNC milling machine
(XY-M100AH, Ruihua Machinery Manufacturing Co. Ltd.,
China). Microdimples were fabricated on the polished Fe-
based alloy coating by a reciprocating electrolyte jet with
a prefabricated mask (REJP) machine. The detailed pro-
cess of the microtextured surface was illustrated in [14].
The arrangement pattern of microdimples is presented in
Fig. 3a. The morphology and cross sectional profile of the
textured surface were measured using confocal laser scan-
ning microscopy (CLSM, Olympus LEXT OLS4000), as
shown in Fig. 3b. The dimension parameters of the dimple
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Laser spot diameter/mm 2 2
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Fig. 3 Photo of the textured coating and 3D topography of the dimples a and a cross sectional profile of the dimples b
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were approximately 160 pm in diameter, 40 pm in depth and
area ratios of 15.6%.

2.4 Characterization

The laser cladded sample was cut perpendicular to the
treated surface using wire electrical discharge machining
(WEDM, DK 7740, Taizhou CNC Machine Tool Company,
China). The cross-section sample was polished by emery
paper, then by diamond powder, and finally etched using
an aqua regia solution (3HCI: HNOj;, volume fraction). The
morphology and microstructure of the cross-section were
examined by optical microscopy (OM, GX51, OLYMPUS,
Tokyo, Japan) and scanning electron microscopy (SEM,
ZEISS-SUPRA 55 SAPPHIRE, Oberkochen, Germany)
equipped with energy dispersive spectrometry (EDS, Oxford
Instruments, Oxford, UK). An X-ray diffractometer (Rigaku
Ultima I'V) equipped with a CuKa X-ray source was utilized
to examine the phase composition of the top surface of the
Fe-based coating and the cross section of the Ni-Cu alloy
layer. XRD patterns were taken at 20 angles from 10° to 80°
at a scanning rate of 5°/min. The hardness of the coating
was measured by a Vickers microhardness tester (LW-HV
1000, Beijing Leweiwulian Science and Technology Co.,
Ltd., Beijing China) with a load of 200 g and a load dwell-
ing time of 20 s.

2.5 Friction and Wear Tests

To comparatively investigate the friction and wear prop-
erties of the laser cladded and textured coatings, both dry
and starved lubrication sliding tests were carried out using
an in-house developed reciprocating ball-on-plate tribo-
tester, as shown in Fig. 4. The counterpart ball was GCrl15
with a diameter of 10 mm and was stationarily fixed by the
upper jig and vertically pressed on the lower specimen. The
tested specimens were fixed on the lower holder, which was
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Fig.4 Schematic of the tribotester

reciprocated at a defined speed. The dry sliding tests were
conducted under a load of 100 N at a sliding speed of 0.1 m/s
and sliding time of 30 min. The starved lubrication tribotests
were performed under a load of 200 N at a sliding speed
of 0.1 m/s. The base oil (CD40 diesel oil) was used as the
lubricant. At the beginning of the starved lubrication tests,
the oil was supplied at a rate of 0.1 mL/min, and after 5 min,
the oil was cut off. When the friction coefficient increased
to a value similar that under dry sliding, the tribotest was
ended. The period of time for retaining the stable friction
state was recorded to evaluate the tribological performance
under starved lubrication.

To examine the worn surface morphology and charac-
terisic of microdimples during different friction stages, it
helps to clearly understand the wear process evolution. Thus,
interrupted tests were carried out as well. According to the
variation of the friction coefficient, two points were selected
under dry sliding: (1) the end of running-in stage, and (2) the
end of dry sliding test; and three points were selected under
starved lubrication sliding: (1) 5 min after the oil cutoff, (2)
the moment of variation state, and (3) the moment of dry
sliding. In addition to the laser cladded coating and surface
textured coating, gray cast iron was employed as a reference
sample under the same tribotesting conditions.

The friction coefficient and sliding time were recorded
automatically by a signal acquisition system. The worn sur-
face was observed by SEM and EDS. The cross sectional
profile and worn volume of the wear track were measured
using CLMS. The results displayed in the paper are the aver-
age value of three samples.

3 Experimental Results and Discussion
3.1 Characterization of Laser Cladded Coating

Figure 5 shows the optical microstructure of the laser clad-
ded coating at the cross section and the magnified mor-
phology of different regions. The Ni-Cu alloy layer and
Fe-based coating adhered firmly to the gray cast iron and
intermediate layer, respectively. A fusion line could be easily
found between the adjacent claddings, and recrystallization
occurred in the fusion zone, as shown in Fig. 5a. Along
with the graded changes in the temperature gradient and
solidification rate from the fusion zone to the coating sur-
face, the microstructure exhibited a typical structural trans-
formation sequence from planar crystals, cellular crystals,
and columnar dendrite crystals to equiaxed crystals [16], as
shown in Fig. 5b-d. The microstructure in the middle of the
Ni-Cu alloy layer exhibited a cellular structure, as shown
in Fig. Se. Figure 5f shows that the interface zone between
the Ni-Cu alloy layer and gray cast iron was characterized
by tiny patches of retained austenite, acicular martensite,
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Fig.5 Optical micrographs of the cross section of the laser cladded
coating a, microstructure of the Fe-based coating in the upper layer
b, the middle layer ¢, and the interface between the Fe-based coating

lamellar cementite and irregularly dispersed graphite. Simi-
lar results were reported in reference [17].

Figure 6 shows the X-ray diffraction patterns of the Ni-Cu
alloy layer and the Fe-based coating. Strong peaks of (Ni,
Cu) solid solution phases can be easily found in the cross
section of the intermediate layer, and it seems that there
is no obvious appearance of carbides, as shown in Fig. 6a.
The coating surface is mainly comprised of retained austen-
ite a(Fe, Ni, Cr) and martensite (Fe; 4,C o), as shown in
Fig. 6b. The bright interdendritic microstructure in Fig. 5b
is probably the carbide; however, due to its small amount,
there were no obvious peaks in the XRD results [18]. Moreo-
ver, the X-ray diffraction results reveal that the grain growth
orientation in both laser cladded coatings was perpendicular
to the substrate [8].

The overall elemental distribution at a cross section of the
laser cladded coating is shown in Fig. 7. Elemental diffusion
in the two almost flawless interface zones was not obvious.
Due to the low solubility of carbon, the Ni-Cu alloy layer
can prevent carbon migration from gray cast iron [17] and
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thus reduce chilled structure formation in the interface zone.
Additionally, small amounts of Cr, Ni and Cu in the Ni-Cu
layer diffuse into the substrate so that metallurgical bonding
is formed [19].

Figure 8 displays the hardness profiles of the cross sec-
tion in the laser cladded coating. The hardness distribution
presents graded changes from the top coating surface to
the substrate. The hardness underwent a smooth transi-
tion from the substrate to the Fe-based coating because
the Ni-Cu alloy layer serves as a buffer layer between the
Fe-based coating and gray cast iron substrate [20]. The
fluctuation in the Fe-based coating was more violent than
that in the Ni-Cu alloy layer, indicating that the former
possessed a more uneven microstructure and grain size
distribution than the latter. In addition, the hardness var-
ied more sharply in the interface zone near the Fe-based
coating than near the substrate. The external surface of the
Fe-based coating possessed the highest hardness (approxi-
mately 727 HV), which was similar to that of the interface
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Fig.6 XRD patterns of the Ni-Cu alloy layer a and the Fe-based alloy coating surface b
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Fig.7 EDS line scanning at the cross section of the laser cladded coating

zone between the Fe-based coating and Ni-Cu alloy layer.
This is due to the formation of martensite in the Fe-based
coating. The average hardness value in the intermediate
layer was approximately 350 HV. The internal layers are
subject to the in situ tempering effect of the subsequent
layer in multilayer laser cladding [21], consequently result-
ing in the homogenous microstructure distribution in the
intermediate layer in the present study. Therefore, a rela-
tively low hardness in the intermediate layer and gradient
hardness distribution in the cross section are beneficial for
reducing the stress level within the laser cladded coating
and preventing crack initiation and growth [4]. Moreover,
this also helps improve the wear properties.

4 Tribological performance under dry
sliding

The friction coefficient of the tested samples under dry slid-
ing is shown in Fig. 9a. It is noted that gray cast iron took
a comparatively long time to reach a stable friction coeffi-
cient, namely, a long running-in period. At the stable friction
stage, the average friction coefficients of the laser cladded
coating and gray cast iron were approximately 0.5 and 0.55,
respectively. The primary reason for the lower friction coef-
ficient of the laser cladded coating is that the coating had a
hardness that was three times higher than that of the gray
cast iron. In general, materials with higher hardness possess
excellent wear resistance, and the friction coefficient relates
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Fig. 8 Microhardness profile of the cross section of the laser cladded
coating

to the hardness [22]. Due to its high content of graphite, gray
cast iron showed superior tribological behavior [1], result-
ing in a relatively low friction coefficient under dry sliding
conditions. Therefore, there is a limitation on the friction
coefficient reduction by laser cladded Fe-based coating. Due
to the presence of microdimple edges and nonconformal
contact between friction pairs, the friction coefficient vio-
lently fluctuated in the initial test period and then gradually
increased. The average friction coefficient of the textured
coating stabilized at approximately 0.7. Slawomir et al. [23]
found similar results under starved lubrication. The textured
samples show a sharp increased friction coefficient at the
beginning of the test, followed by a gradual decrease after
reaching a peak value. The reason for this phenomenon is
probably due to the change in the contact type from point
to conformal as the friction process proceeds. It is worth
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Fig.9 Friction coefficient a and worn volume b under dry sliding
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(b) 7

noting that introducing microdimples possibly deteriorates
the friction performance of the laser cladded coatings under
dry sliding conditions.

It can be clearly seen in Fig. 9b that the gray cast iron
shows the largest worn volume owing to its relatively low
hardness. The average worn volumes of the untextured and
textured coatings were 6 and 20 times lower than that of
the substrate. It is evident that increasing the hardness can
improve the wear resistance, and thus, a laser cladding Fe-
based coating can be applied to enhance the anti-wear prop-
erties of gray cast iron. Compared to the untextured coating,
the textured coating possesses a 4 times lower worn volume,
which is mainly attributed to the debris entrapment of tex-
tured microdimples.

After running-in, the worn surface of Fe-based coating
presented a relatively flat wear track, and small patches of
friction layers and shallow grooves existed on the wear track,
as shown in Fig. 10a. The worn surface topography of tex-
tured sample after running-in are shown in Fig. 10b and c.
It can be found that small amount of debris was entrapped
in the microdimple and the edge of microdimple presented
slightly plastic deformation along the sliding direction.
Compared to the untextured coating, a thicker and rougher

friction layer discontinuously attached on the textured coat-
ing. The results provide the evidence that the friction coef-
ficient of textured coating fluctuated violently at the running-
in stage than that of the untextured coating. For the gray
cast iron sample (Fig. 10d), the delamination and plastic
deformation can be observed on the wear track.

As shown in Fig. 11a, two discontinuous black friction
layers tracks appeared on both sides of the wear scar, and a
large amount of deformed adhesive layer existed on the laser
cladded coating surface. In addition, the noticeable plastic
rheology of the friction layer was along the sliding direction.
The magnified view (Fig. 11b) is assumed to be the oxidized
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Fig. 10 Morphology of the worn surface after running-in under dry sliding of the laser cladded coating a, the textured as-deposited coating (b,

¢) and the gray cast iron d

mechanical mixing layer (MML), which was formed by the
extrusion and adhesion of debris [3, 24], and then the severe
oxidation reaction was induced by friction heat. The worn
surface of the untextured coating indicates that the main
wear type was adhesive wear. The worn surface of the tex-
tured coating is shown in Fig. 11c and d. Owing to the non-
conformal contact between the contacting pairs, the edges of
the microdimples were repeatedly crunched by a counterpair
ball, resulting in collapse and severe plastic deformation at
the edges of the microdimples. Even under fully lubricated
conditions, the presence of microdimple edges leads to
degraded friction performance in nonconformal contact [25].
Small particle sizes of wear debris and patches of friction
layers were scattered on the coating surface without micro-
dimples. In contrast to the untextured coating, microdimple
texturing has the effect of debris entrapment, resulting in
a smoother friction surface. It is evident that the dominant
wear mechanism of the textured coatings was light abrasive
and adhesive wear. Figure 11e and f show the SEM images
of the wear track for gray cast iron. Due to the self-lubrica-
tion role of graphite, a continuous friction layer was firmly
attached to the surface of gray cast iron. However, owing
to the low hardness of gray cast iron, noticeable grooves
and delamination occurred on the wear track, indicating that
severe abrasive and fatigue wear prevailed.

4.1 Tribological Performance Under Starved
Lubrication

The friction coefficient of samples under starved lubrication
is shown in Fig. 12a. It can be clearly seen that the friction
process can be roughly divided into three stages: steady state
(D), variation state (II) and dry friction (III). In stage I, the
friction coefficient remained steady and low. The untextured
coating showed the lowest friction coefficient in comparison
to the textured coating and gray cast iron, approximately
0.13. However, the textured coating was prone to maintain
a steady state with a low friction coefficient for a relatively
long sliding distance compared to the untextured coating and
substrate. Entering Stage 11, the friction coefficient increased
with slight fluctuation and subsequently arrived at the dry
friction value. The untextured and textured coating had a
short sliding distance in the variation state, revealing that the
transformation of the lubrication regimes occurred quickly.
However, the variation state for the gray cast iron lasted for a
relatively long sliding distance, and then dry friction ensued.

The worn volume of the tested samples under starved
lubrication is shown in Fig. 12b. The textured coating
showed the lowest worn volume (0.74 mm?), followed by
the untextured coating (1.11 mm?), while the gray cast iron
had the highest worn volume (2.02 mm?). It seems that the
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Fig. 11 Morphology of the worn surface under dry sliding and magnification of the laser cladded coating (a, b), the textured as-deposited coat-

ing (c, d) and the gray cast iron (e, f) at the end of wear tests

microdimple texture can improve the friction and anti-wear
properties under starved lubrication.

As shown in Fig. 13a, a smooth wear scar and only
small spots of black tribolayer are present on the untex-
tured coating surface after the oil cutoff. For the textured
coating (Fig. 13b), the microdimples along the wear
track showed smaller dimension compared to the original
one. The presence of the microdimple edge generated an
intensification of the stress distribution [25], so that plas-
tic deformation appeared firstly at the microdimple edge.

@ Springer

Although small amount of tribolayer are visible on the tex-
tured coating surface, the wear scar on the textured coating
was much narrower than that on the untexture coating.
Figure 13c gives the morphology of the worn surface of
gray cast iron. The severe extrusion deformation can be
seen on the gray cast iron, accompanied by the scattered
particle debris.

Entering the variation state, due to the lack of lubricant
on the untextured coating surface, spalling of the tribolayer
occurred regionally and the light plowing was formed, as
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Fig. 14 Morphology of the worn surface under starved lubrication and a magnification of the laser cladded coating a, the textured as-deposited

coating b and the gray cast iron ¢ in the variation state

shown in Fig. 14a. The microdimples kept almost simi-
lar dimension compared to the previous friction stage
(Fig. 14b). Moreover, the reciprocating loading caused the
initiation of a micro-crack at the edge of microdimple. In
addition, the wear track showed relatively flat and minor
furrows on the untextured surface. The worn surface of gray
cast iron sample was dominated by a compact and thick

friction layer, and plastic plowing along the sliding direc-
tion, as shown in Fig. 14c.

Figure 15a and b show the worn surface topography of
the untextured cladding coating at the end of wear test. It
can be clearly seen that a continuous and dense friction layer
attached to the coating surface. The energy spectrum result
at point D indicates that a low content of O appears on the
friction layer. Moreover, there was a large amount of spalling
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on the friction layer, indicating that the tribofilm hindered
the direct contact between the friction pair to reduce the
coating wear [26]. The worn surfaces of the textured coat-
ing are shown in Fig. 15¢ and d. A flat and compact friction
layer was attached on the surface without microdimples,
accompanied by noticeable plastic deformation at the rim of
microdimples. Additionally, some microdimples were filled
with the wear product and became even. Because micro-
dimples can provide secondary lubrication and trap debris
and because the tribofilm forms on the specimen surface
to protect the surface from metal-metal contact in starved
lubrication [27], the textured coating can maintain a long
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time period of steady-state friction. However, as friction
continued, the textured microdimples were worn out, and
there was no effective lubrication. Consequently, the con-
tact regime rapidly transferred to dry friction. A lot of heat
accumulated at the contact area in a short time, which led
to strong adhesion wear and oxidation of the surface [28].
The morphologies of the typical worn surface of the gray
cast iron are shown in Fig. 15¢ and f. Severe wear with sev-
eral craters and a coarse surface can be observed. Because
gray cast iron contains large graphite, graphite flakes can
be easily peeled off due to their low strength, resulting in
craters [1]. Additionally, a scattered oxidation film with a
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high oxygen content adhered to the surface of gray cast iron,
revealing that oxide reactions occur during the friction pro-
cess. Furthermore, after oil film depletion, a large friction
layer area peeled off, and obvious scratches occurred on the
fresh metal matrix. This wear surface damage characteristic
will lead to a large worn volume.

5 Conclusion

(1) The multilayer coating was laser cladded on gray cast
iron. The Ni-Cu alloy layer is used as an intermediate
layer to hinder carbon migration and reduce the forma-
tion of a chilled microstructure. The Fe-based alloy was
coated on the Ni-Cu alloy layer and served as a surface
coating. Microdimples were created by REJP on the
as-cladded coating.

(2) The morphology of the cross section of the laser clad-
ded coating showed that there were no cracks or crev-
ices in the Ni-Cu layer/substrate or in the Ni-Cu layer/
Fe-based coating interface zone, and the shapes and
growth orientation of dendrites depended on the heat
transfer direction. The EDS results indicate a small
amount of element diffusion occurred at the bounda-
ries, which was beneficial for maintaining the nomi-
nal elemental composition of the alloy coatings. The
microhardness profile further revealed the graded dis-
tribution of the microstructure.

(3) Laser cladded coatings slightly decreased the friction
coefficient compared to gray cast iron under dry slid-
ing. However, due to the presence of the sharp edges of
microdimples in the contact region, the textured coat-
ing showed a deteriorated friction performance. Both
untextured and textured coatings exhibited noticeably
lower wear track volumes than the gray cast iron. Addi-
tionally, owing to the debris entrapment effect, the tex-
tured coating presented a smoother worn surface than
the untextured coating.

(4) After the lubrication oil was discontinued, the micro-
dimple textured coating maintained a steady friction
state with a lower friction coefficient for a longer time
period; this result is attributed to the oil reservoir and
debris entrapment of the microdimples. When the
microdimples were worn out, the friction coefficient
increased sharply. The textured coating showed excel-
lent anti-wear performance under starved lubrication.
Additionally, the laser cladded coating exhibited better
tribological performance than gray cast iron.
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