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A high-vanadium high speed steel (HVHSS) alloying layer was synthesized from pre-placed powders (V-Cr-Ti-
Mo) on ductile iron (DI) substrate using plasma transferred arc (PTA) technique. The PTA-alloyed layer, charac-
terized bymicrohardness, optical microscopy, XRD, EDS enabled SEM, TEM and pin-on-disk tribometry, consists
of threemain regions: top alloyed zone (TAZ), intermediate remelted zone (IRZ), and heat affected zone (HAZ) of
the DI substrate. A large number of globular carbides particles with size smaller than 5 μm form in the TAZ
through in-situ reactions between the alloying elements and graphite in themolten pool. Furthermicrostructural
characterizations indicate that the carbides are primarily vanadium carbide (VC), confirming the formation of the
HVHSS layer. The maximum microhardness of the PTA-alloyed sample occurring at the subsurface is 950 HV0.2

which is 5 times that of the substrate. The HVHSS layer exhibits superior tribological performance in comparison
to PTA-remelted DI, Mn13 steel and DI substrate. The enhanced performance is attributed to the formation of
mixed hard-phases such as MC, M7C3, M23C6, martensite and grain refining through rapid solidification accom-
panying the PTA process.

© 2016 Elsevier Ltd. All rights reserved.
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Table 1
Chemical composition of the ductile iron substrate (wt.%).
1. Introduction

Ductile iron (DI) is widely used in a broad range of industrial appli-
cations such as machine tool beds, cams, valves, cylinder blocks, etc.,
due to its low production cost combined with favorable properties like
machinability, excellent castability and comprehensive strength-
toughness [1–3]. However, in severe service circumstances like those
in mining and rolling sectors, the low hardness and poor wear resis-
tance limit its further industrial applications. Moreover, bulk or conven-
tional surface treatment like flame surface hardening is ineffective to
strengthen ferrite-matrix ductile iron since there is insufficient pearlite
that can be transformed intomartensite [4]. Recently, hardfacings intro-
duced by melting and alloying via high-energy beams (e.g. laser beam,
electron beam) are new trends in surface strengthening of ductile iron
[5–7]. Rapid solidification and self-quenching during desired local sur-
face remelting result in metastable phases which further transform
into cementite, ledeburite and martensite, forming a similar structure
with the hardened white cast iron [8–10]. However, the low-hardness
cementite dominates in thewhite cast ironwith a blocky or continuous-
ly interdendritic networkmorphology, elucidating its role as stress con-
centrator favoring matrix cracking. Therefore surface alloying is
g), y.pei@rug.nl (Y.T. Pei).
considered as a more viable alternative because during the surface
alloying process, the alloying powders dissolve into a melting pool to
formhard,fine alloy-carbides acting as reinforcements to achieve favor-
ablemechanical properties such as high hardness and good abrasion re-
sistance [11].

High-speed steel (HSS) coating could be an ideal candidate for pro-
viding highly desired properties on a DI substrate because the HSS con-
tains a variety of primary carbides rich in vanadium, chromium,
tungsten and molybdenum, etc., which exhibits excellent comprehen-
sive mechanical properties, highlighting its high resistance to wear, re-
liable toughness and hot hardness even at elevated temperatures
[12–16]. For instance, Bourithis and Papadimitriou synthesized a M-
type HSS coating on the surface of a plain steel by PTA technique [13].
However, the carbides were mainly a network of fishbone-shaped
M6C-type and plate-like M2C-type carbides [17] that unfavorably grew
around the grain boundaries instead of dispersive metal carbides
(MC). V. Lazić et al. pointed out that carbides precipitated at the grain
boundaries or arranged in a line significantly decrease resistance to
C Si S Mn P Fe
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Fig. 1. SEM image of as-received DI, α: ferrite, G: graphite and P: pearlite.

Table 2
Chemical composition of the alloy powder (wt.%).

Element V Cr Ti Mo

Weight ratio 10 4 3 3
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wear [18]. In general, alloy carbides provide higher hardness than ce-
mentite andmartensite and hence greater resistance towear. However,
one should also note that the resistance to wear of carbides reinforced
composites is not only determined by the hardness of carbides, but
Fig. 2. PTA apparatus for surface alloying: (a) plasma generator, (b) plasma torch,
(c) plasma beam and (d) diagram of the plasma torch [3].

Fig. 3. (a) OMmacroview and (b) XRF spectrum of the PTA-alloyed sample showing the
alloying elements.
also by their size, distribution and shape. Large and irregularly-shaped
carbides may be easily pulled out of the metal matrix or trigger stress
fracture during the sliding tests [19]. Recently an as-cast high carbon
Fig. 4. (a) Cross-sectional overview of PTA-alloyed HVHSS layer on DI substrate showing
three distinct zones: the top alloyed zone (TAZ), the intermediate remelted zone (IRZ)
and the heat affected zone (HAZ); (b) EDS linear scan showing the element distribution
along the depth direction as indicated by the arrow in panel (a).

Image of Fig. 1
Image of Fig. 2
Image of Fig. 3
Image of Fig. 4


Fig. 5.Microstructural evolution: (a) the top alloyed zone (TAZ); (b) the transition zone (TZ) between TAZ and IRZ; (c) the intermediate remelted zone (IRZ); (d) the heat affected zone
(HAZ).
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high vanadium high speed steel (HVHSS) produced via traditional in-
duction melting furnace has been extensively investigated by Wei
et al [20–23]. The addition of 9–10 wt.% vanadium and 3–3.4 wt.% car-
bon in this newly developed HSS is intended to predominantly facilitate
Fig. 6. (a)Highmagnification view of the areaA in Fig. 5(a) in the upper TAZ; (b) highmagnifica
(d) high magnification view of the area D in Fig. 5(d) at the bottom of the IRZ close to the HAZ
the formation of fine and globular vanadium carbide (VC) particles,
which couldmaximize thewear resistance by a combined effect of abra-
sive wear and impact toughness. Essentially, the high carbon high-
vanadium high speed steel still belongs to the scope of white iron due
tion viewof the area B in Fig. 5(a) in themiddle TAZ; (c) highmagnification view of the IRZ;
.

Image of Fig. 5
Image of Fig. 6


Table 3
EDS analysis of PTA-modified layer (at.%).

Element Tested spot

1 2 3 4 5 6 7 8 9

V 2.42 – 20.42 11.96 9.76 0.67 21.87 13.69 8.33
Cr 2.89 – 4.23 6.69 8.30 0.29 5.24 6.20 9.66
Ti 0.29 – 3.24 0.39 0.27 1.59 1.33 1.21 0.11
Mo 0.61 – 2.76 2.82 3.32 0.43 3.44 2.39 6.51
Fe 60.94 71.89 36.60 56.24 62.94 8.85 32.37 53.61 56.80
C 32.85 28.11 32.76 21.91 15.04 88.17 35.76 22.90 18.59
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to the high content of carbon, so it is reasonable and feasible to think of
alloying a HVHSS layer on a DI substrate through the in-situ reactions
between the strong carbide-forming elements (particularly vanadium)
with the graphite from the DI. Notably, graphite is undesirable in
terms ofwear resistance because soft graphite phase interrupts the con-
tinuity of the hardened layer and acts as a potential source of crack nu-
cleation [24,25].

Plasma beam has a number of remarkable advantages in surface
modification compared with laser and electron beam processes due to
its good surface quality, release of pre-treatment or vacuum environ-
ment, high energy efficiency and competitive running costs [11,
26–28]. In the present study, a plasma transferred arc (PTA) was
employed to fabricate hard HVHSS layer on ductile iron substrates,
achieving a HVHSS–white iron–ductile iron graded structure that ex-
hibits good toughness, high hardness and wear resistance. The micro-
structure evolution, hardness and wear properties were preliminarily
studied. Meanwhile, some prior results of PTA surface remelting are
also presented for comparisons [3].
Fig. 7. Cross-sectional TEM image of the upper HVHSS layer showing vanadium carbide formed
(PDF:065-7885); (b) [211] V6C5 carbide (PDF: 080-2287).
2. Experimental procedures

The chemical composition of the DI substrate is listed in Table 1.
Fig. 1 presents the typical microstructure of the DI (QT-450) substrate
consisting of spheroidal graphite nodules, ferrite and a small fraction
of island-like pearlite. The diameter of the graphite nodules is in the
range of 20 – 80 μmand the average hardness of the substrate is approx-
imately 200 HV0.2. The dimensions of the substrate specimens were
100 mm × 50 mm × 20 mm. Before PTA treatment, the surface of the
substrates was ground thoroughly by 400-grit abrasive paper and
then cleansed with acetone to remove oxides and contaminants.

The main chemical composition of the powder (all purities ≥99.0%)
is given in Table 2. It is noteworthy that ferrovanadium (FeV50) rather
than pure vanadium was used because the latter is not merely active
but expensive. The raw powder of 45 – 75 μm in size was mechanically
blended in a planetary ball mill for 35 h to reduce its average diameter
to be b5 μm. The milling process was interrupted for 30 min every
4.5 h to avoid overheating and to invert the direction of rotation to pro-
mote homogenization. Afterwards, the powder mixed with some or-
ganic binders was smeared onto the DI substrate to form a pre-placed
layer with a thickness of about 25 μm and then dried in a furnace for
30 min at the temperature of 150 °C.

Fig. 2 shows the plasma apparatus and the schematic diagram of the
plasma torch. This upgraded plasma torch could provide much higher
energy density after a series of mechanical compression (narrowing
the torch size) and thermal compression (water cooling) than conven-
tional plasma arc. It was estimated that the maximum energy density
could reach as high as 106 W/cm2. Several trials were conducted to op-
timize the final processing parameters: transferred arc current 70–
100 A, scanning speed 0.9–1.6 m/min, spot diameter of plasma 4 mm,
argon flux 2.5 L/min and an overlapping rate of 25% between tracks.
Argon was also used as shielding gas to prevent oxidation of the PTA
in the coating and the corresponding selected area diffraction (SAD) patterns: (a) [011] VC

Image of Fig. 7
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alloyed layer. More details about the PTA apparatus are described in
elsewhere [3].

After PTAmodification, transverse cross-sections (marked by a rect-
angle in Fig. 3(a)) were cut from the surface-alloyed samples by electri-
cal discharge machining. Specimens were subsequently mounted,
ground, polished sequentially and then etched by 4 vol.% nital solution.
The microstructure was first examined with an optical microscope
(OM). Further microscopy and compositional analyses were performed
using a Philips XL30-FEG E-SEM and FEI Quanta 200 scanning electron
microscope (SEM) equipped with energy dispersive spectrometer
(EDS) and JEOL 2010-FEG transmission electron microscope (TEM).
The phases presented in the PTA alloyed layer were examined by a
PANalytical X'Pert PRO X-ray diffractometer (XRD) using CuKα radia-
tion. Moreover, X-ray fluorescence (XRF) was used to examine the su-
perficial alloying elements of the samples. The microhardness of
transverse sections across the depth was measured using a TMVS-1
Vickers microhardness tester with a load of 200 g and a dwell time of
15 s. The average value of macro-hardnesswas taken from sixmeasure-
ments evaluated by an HR-150A type Rockwell hardness tester. Dry
sliding wear tests were carried out on a standard MG 2000B pin-on-
disk tester (made by Xuanhua Testing Machine Factory, China). The di-
mensions of the sample pins were 6 mm in diameter and 12 mm in
height. The rotating disk (GCr15 bearing steel, hardness of 60 ± 1.5
HRC) with a diameter of 70 mm was used as the counter-body. All the
wear testswere performedwith a sliding timeof 10min at a fixed linear
velocity of 0.75 m/s and normal load of 100 N, 150 N, 200 N, 250 N, re-
spectively. The DI substrate, PTA-remelted DI sample and known wear-
resistant Mn13 tool steel were also tested for comparisons. The wear
mass loss of the specimens was calculated from the weight change
after each test weighed by a METTLER TOLEDO analytical balance with
Fig. 8. Microstructural evolutions of PTA remelted sample (90 A, 400 mm/min): (a) cross-sec
(d) the heat affected zone (HAZ) [3]. (Note: red and yellow arrows refer to intergranular fractu
a weight accuracy of 0.1 mg. After the tests, the wear tracks were ana-
lyzed by SEM.

3. Results and discussion

3.1. Microstructure evolution

Fig. 3(a) shows the optical macrograph (OM) of a PTA-treated sam-
ple. The surface of overlapped large area HVHSS coating is continuous,
relatively smooth and flat. There is no visible crack or porosity except
few small pores (indicated with circles) in the overlapping areas at
the end of every two scanning tracks because the long residence time
at the turning points of PTA scans causes excessive thermal accumula-
tion. It can be initially inferred that a hard alloyed layer on the DI sub-
strate was successfully fabricated with proofs supported by the
superficial metallic color and the XRF analysis result showing high con-
tent of vanadium in the PTA alloyed surface layer (Fig. 3(b)).

Fig. 4(a) and Fig. 5 are cross-sectional backscattered electron SEM
micrographs of the specimen showing microstructural evolutions
along the depth from the surface. The surface modified layer can be
roughly divided into three regions as shown in Fig. 4(a): (1) the top
alloyed zone (TAZ), (2) the intermediate remelted zone (IRZ) and
(3) the heat-affected zone (HAZ). Besides, between the TAZ and the
IRZ there is also a narrow transition zone (TZ) (refer to Fig. 5(b))
where a gradual transition occurs from the growth of dendrites in the
IRZ to the formation of fine carbide particles, indicating a goodmetallur-
gical bonding between the TAZ and the IRZ zones. The three distinct
zones exhibited in the cross-section are because the plasma beam
melts simultaneously the pre-placed powder and the substrate surface,
and the enrichment of alloying elements decreases in the melt pool
tion overview; (b) the upper remelted zone (URZ); (c) the bottom remelted zone (BRZ);
re and transcrystalline fracture, respectively).

Image of Fig. 8


Fig. 9. XRD patterns of (a) DI substrate, (b) PTA-remelted and (c) PTA-alloyed samples.
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along the depth direction. The alloying elements are dissolved into a
limited depth and form a thin alloying zone of about 200 μm thick at
the near-surface. The alloying composition gradient can be clearly de-
duced from the EDS line-scan microanalysis (Fig. 4(b)) conducted on
the cross-section of the PTA-alloyed HVHSS layer with the scan line in-
dicated in Fig. 4(a). It is interesting to note that the content of V in-
creases gradually from the outer surface until reaching its peak at the
base of TAZ and since then levels off, corresponding to the loose distri-
bution of VC particles in the upper TAZ, much denser distribution in
the lower TAZ and none in the IRZ, respectively. The content of Fe, how-
ever, displays an almost opposite trendwith that of V in the TAZ and in-
creases gradually since TZ until reaching its peak in the IRZ. The carbon
content remains nearly constant in the TAZ and IRZ. This suggests that
the soft graphite nodules, which can be considered as pre-cracks or
holes in DI under heavy loading, are effectively dissolved and reacted
to formmicro-sized spherical carbide particles. This consequently elim-
inates potential cracking sources [25]. The contents of the rest three
alloying elements (Cr, Mo, Ti) remain nearly constant in the TAZ before
all drop to almost zero in the IRZ. Notably, the content of vanadium is
distinctly higher than that of the other three alloying elements in the
TAZ and the gradual decrease of vanadium in the TZ corresponds to
the graded microstructure (Fig. 5(b)) that integrates well the TAZ
with the IRZ.

As overviewed in Fig. 5(a), a large volume fraction of fine and gran-
ular dark particles are uniformly dispersed in the TAZ. The detailedmor-
phology of the dark particles is shown in Fig. 6(a) and 6(b) at higher
magnification. These dark particles can be identified mainly as primary
MC with the EDS analysis results shown in Table 3 (Spot 3, 4 and 7 in
Fig. 6(a, b)). It is noteworthy that all these carbides contain a high con-
tent of vanadium and a small amount of chromium, titanium and mo-
lybdenum, which implies that the MC have a similar structure to
general VC, but in someof theVCvanadiumatomsare partly substituted
by other alloying atoms to form (V, Cr, Ti, Mo)C [29]. The MC are recog-
nizedwith TEManalysis as shown in Fig. 7, and the selected area diffrac-
tion patterns ascertain two kinds of vanadium carbides, VC and V6C5.
Besides, some irregular bright carbides are also observed (refer to Spot
5, 6 in Fig. 6(a) and Spot 9 in Fig. 6(b)). The EDS microanalyses of Spot
5 and Spot 9 suggest these lath-like white areas tend to be
molybdenum-containing carbides, probably the Mo2C/MoC carbides or
Mo-Cr eutectic, while the platelike bright areas (Spot 6 in Fig. 6(a)) in
the TAZ are likely titanium carbides because of relatively higher content
of titanium than other carbides. The microstructural feature of the
hardfacing layer is similar to the microstructure of as-cast high-
vanadium HSS reported [23,30,31]. However, according to the magni-
fied images of area A (Fig. 6(a)) and area B (Fig. 6(b)) taken from the
upper andmiddle region of the TAZ as indicated in Fig. 5(a), respective-
ly, the carbides observed in the present study are with higher spherical
degree and show a denser and more homogeneous distribution with a
diameter of b2 μm, which is almost one order of magnitude smaller
than that of the as-cast HVHSS. Even in the upper alloyed layer where
carbide particles evolved into bulk, cross and blossom shapes due to rel-
atively longer solidification time, the size of the carbide particles is still
in the range of submicron to ~5 μm. This is because the rapid solidifica-
tion and high cooling rates prevailing in the PTA process prevent the
carbides from excessive growth in the melt. The rough cooling rate re-
ferring to Ref. [13] is estimated of a value of 100 °C/s for PTA process
while only 0.1–5.0 °C/s for casting ingots. These characteristics are sig-
nificant advantages of PTA process compared to the conventional cast-
ing techniques. Also note that some wormlike or short rod-like MC
eutectic carbides exist with the evidence from the EDS result of Spot 4
taken in Fig. 6(a). In the transition zone shown in Fig. 5(b), some cellular
dendrites are visible as well as isolated or partly interconnected bulky
carbides rich in chromium (refer to the EDS result of Spot 1 in
Fig. 5(b)), which indicates probably the M7C3-type (M = Cr, Fe) car-
bides. Part of the plasma energy is also absorbed by the DI substrate to
trigger melting, further yielding a typical characteristic of white cast
iron as shown in Fig. 5(c) and Fig. 6(c) at higher magnification. The
IRZ is mainly composed of coarse dendrites and a network of
interdendritic eutectic ledeburite and prime lathes of cementite (gray
area). These coarse dendrites are characterized by long primary and sec-
ondary arms. EDS result of Spot 2 in Fig. 5(c) confirms that the lath car-
bides only involves Fe and C. Marked dark areas in Fig. 6(c) are former
transformed austenite dendrites which are enveloped by the eutectic
and have partially transformed to martensite during cooling after the
completion of solidification. It is noteworthy that the graphite nodules
in the IRZ are nearly completely dissolved and are no longer formed
again during solidification. This is because the extremely high cooling
rate in the PTA treatment suppresses graphite from nucleation and
favors the formation of Fe3C-type cementite according to the meta-
stable Fe-Fe3C binary phrase diagram [1,2,32]. At the bottom of the
IRZ, however, partial dissolution of graphite occurs and some graph-
ite nodules are retained although diminished in diameter. The rapid
solidification process also leads to insufficient time for γ-austenite
transformation, eventually giving rise to a mixture of modified
ledeburite, high carbon needle-like martensite or twinned martensite
as well as the residual austenite (tiny light areas segregated by acicular
martensite).

Image of Fig. 9


Fig. 10. EDS surface scanning of TAZ: (a) SEM morphology; (b) V element; (c) Cr element; (d) Ti element; (e) Mo element; (f) Fe element.

Table 4
Gibbs free energy of reactions as a function of temperature [36–39].

Reactions Gibbs energy ΔG0 (kJ mol−1) T (K)

V + C → VC −102.09 + 0.009581 T 293–2073
7Cr + 3C → Cr7C3 −174.401 − 0.0259 T 298–2171
Ti + C → TiC −186.606 + 0.0132 T 293–2000
Mo + C → MoC −75.3 − 0.0544 T 298–973
2Mo + C → Mo2C −45.6 − 0.00418 T 298–1373
3Fe + C → Fe3C 25.958 − 0.02327 T 298–463

26.711 − 0.02478 T 463–1115
10.360 − 0.01017 T 1155–1808
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The microstructure of PTA remelted DI is presented in Fig. 8 for
comparison. Unlike the intercellular eutectic ledeburite as shown
in Fig. 5(c), Fig. 8(b) and 8(c) indicate the predominance of primary
laths of cementite together with a partial ledeburite structure con-
taining fine pearlite. Sohi et al. [8] described that high solidification
rate resulted in positive carbon segregation of zones between aus-
tenite dendrites, which transformed the melt into hypereutectic
compositions that led to the formation of primary cementite laths.
From Fig. 6(d) and Fig. 8(d), it is also seen that the HAZ in alloyed
sample has much higher amounts of martensite, and this is because
the addition of alloy elements extremely increases the hardenability

Image of Fig. 10


Fig. 11.Microhardness profile of PTA-modified samples as a function of the depth: (a) PTA
alloyed and (b) PTA remelted.
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and lowers the martensite starting (Ms) temperature. Also, it has
been stated by Durand-Charre [33] that the vanadium carbide has
higher solubility product, accordingly, austenite can contain a great-
er amount of carbon with the presence of vanadium, which promotes
martensite formation in that martensite (over-saturated solid
solution of carbon) generally requires certain amounts of carbon in
solution in the austenite.
Fig. 12.Weight loss of different samples as a function of normal load in tribo-tests of the
same condition (sliding for 10 min).
3.2. Phases and composition distribution

The X-ray diffraction patterns of the untreated DI substrate, PTA-
remelted and PTA-alloyed are shown in Fig. 9, respectively. It can be ev-
idently seen that the α-Fe (ferrite) dominates in the untreated ductile
iron while the PTA-remelted sample shows strong peaks of cementite
(Fe3C) and martensite. In contrast, no diffraction peak of α-Fe (ferrite)
is found in the PTA alloyed sample, and instead a large number of dif-
fraction peaks of new phases can be observed. Fig. 9(c) confirms they
are mainly metal carbides comprised of VC (PDF 65-7885), V6C5 (PDF
080-2287), MoC (PDF 065-3494) (Note: MCX (x ≤ 1) carbides are classi-
fied as MC). The peaks of Cr7C3 (PDF 036-1482) and Cr23C6 (PDF 065-
3132) instead of Fe3C are noticed as the alloying powder contains Cr el-
ement that has a stronger affinity with C to form carbides [34]. Besides,
the peaks of martensite (PDF 044-1292) and solid solution (e.g.
Mo2V4C5) are evidenced from the XRD patterns together with the resid-
ual austenite (CFe15.1). This is in part because V, Cr, Ti, Mo are elements
to stabilize austenite and also because the high cooling rate results in in-
sufficient time for complete austenite–martensite transformation. It
should be pointed out that there are chances of other complex carbides
formation (such as Ti-V-C, Cr-V-C ternary compounds) due to the addi-
tion of multiple alloying elements, and to give a confirmatory analysis
other advanced characterization techniques such as TEM and electron
backscatter diffraction (EBSD) may be needed.

The EDS area mapping results of V-Cr-Ti-Mo-Fe elements presented
in Fig. 10 reveal that the micron-sized dark particles are evidently
enriched in vanadium and hence are most likely vanadium carbides
(see Fig. 10(b)). In addition, it is clearly seen in Fig. 10(a) that the MC
particles serve as pins to interrupt the cementite from large lath-like
shape as shown in Fig. 5(c) to short rod-like shape, which is supposed
to suppress stress concentration against crack initiation. Therefore,
it can be concluded that the microstructure of the TAZ shown in
Fig. 10(a) reflects that the PTA-alloyed HVHSS layer have an interrupted
ledeburite/cementite matrix rather than ferrite, austenite or tempered
martensite matrix commonly observed in the traditional HSS with va-
nadium [23,29,35].

3.3. Thermodynamics and solidification process

Due to the presence of V, Cr, Ti and Mo, possible reactions between
V-C, Cr-C, Ti-C, Mo-C and Fe-C should be considered in the HVHSS sys-
tem. The different reaction equations accompanied by their respective
free energy variations are summarized in Table 4 referring to the pub-
lished literatures [36–39]. The value of Gibbs free energy ΔG0 for M-C
(M=V, Cr, Ti,Mo) reactions are found to be negative, therefore, accord-
ing to the thermodynamics, the M-C reactions can thermodynamically
occur prior to the formation of Fe3C (ΔG0 N 0). Notably, the coefficient
for MC is very low (0.009581 for V and 0.0132 for Ti), which indicates
the carbides are stable and the free energy of formation does not change
significantly with temperature. It should be noted that the rapid heating
and cooling cause nonequilibrium solidification in the molten pool,
thereby promoting the formation of refined and uniformly dispersed
MC particles. Furthermore, the formed tinyMC particles become the fa-
vored heterogeneous nuclei for the formation of the primary austenite
phase [39,40], and thereafter L→ (γ-Fe +MC) eutectic reaction occurs
when themelt arrives at the eutectic composition and temperature. The
unceasing formation of eutectic MC (the ultrafine rod-like and worm-
like carbides shown in Fig. 6(a)) takes place with V depletion and also
decomposition of residual interdendritic liquid. Accordingly, this could
increase the relative content of Cr and Mo, and eventually leading to
the L → (γ-Fe + M7C3 + M23C6 + M2C) eutectic reactions [14]. In par-
ticular, chromium carbides are finally formed due to its lower melting
point (1520–1780 °C) compared with other alloy carbides. However,
the Gibbs free energy associated with the other carbides is less negative
than that of Cr7C3 and as such their formation is less favored thermody-
namically. Sil'Man [41] showed with thermodynamically calculated Fe-
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C-V phase diagram that in cast iron containing N6.5% V and 3.2–3.3% C it
could be possible to obtain a structure containing only the binary eutec-
tic austenite and VC. In such case (namely high vanadium content) the
stabilization of cementite and transformation from stable Fe-C system
to stable Fe-alloyed M3C would not be reflected. This also partially ex-
plains why cementite is not found in the PTA alloyed HVHSS layer.

3.4. Microhardness and wear properties

The macro-hardness of the PTA-alloyed surface is about 58.7 HRC,
slightly higher than that of the PTA-remelted sample (57.4 HRC).
Fig. 11 shows the microhardness profile of the PTA-modified samples
across the depth. It can be seen from Fig. 11(a) that the microhardness
of the TAZ in HVHSS alloyed sample increases from the outer surface
(~680 HV0.2) and reaches a maximum value of 950 HV0.2 at the middle
of the zone, which is nearly 5 times as high as that of the substrate.
Therefrom, the microhardness fluctuates within the range of 630 to
820 HV0.2 in the IRZ and then gradually decreases in the HAZ to the ini-
tial hardness of the substrate, approximately 200 HV0.2. This result is
consistent with the gradual distribution of V element shown in
Fig. 4(b) and verifies the dominant role of VC in enhancing themechan-
ical properties of the PTA alloyed HVHSS. It should be pointed out that
the maximum hardness occurring at the subsurface of the alloyed
HVHSS layer was also observed in other alloyed systems [25,42]. Zhao
et al. [42] attributed the relatively lower hardness at the outermost
part of alloyedHSS layer to the presence of a high fraction of soft austen-
ite because austenite stabilizer elements such as Tiwere enriched there.
In fact, some retained austenite during sliding, to a certain degree, is
beneficial for resistance to abrasion by hard particles. An explanation
for this behavior is that the strain-induced martensitic transformation
can enhance wear resistance at low impact energies [43]. For compari-
son, the PTA remelted layer exhibits a microhardness ranged between
Fig. 13. Secondary electron SEM images showing wear morphologies of different samp
580 and 805 HV0.2 as shown in Fig. 11(b). It can be further observed
that the hardness distribution across the remelted depth is more uni-
form compared with that of the PTA alloyed sample, and this can be
interpreted by the homogeneous microstructure of eutectic ledeburite
and cementite. It is worth elaborating that the larger remelting depth
in the PTA remelted sample (~0.9 mm shown in Fig. 8(a) and
Fig. 11(b)) in comparison with the alloyed one is ascribed to the used
lower traveling speed of the plasma torch,which caused a higher energy
density for deeper remelting according to the equation: E=P/(νD),
where E, P, ν and D refers to the energy density, power, torch traveling
speed and diameter of the plasm beam, respectively [3,24].

The weight loss of the samples of PTA-alloyed, PTA-remelted, stan-
dard Mn13 steel and DI substrate respectively under dry sliding tests
are illustrated in Fig. 12. The PTA-alloyed and remelted samples experi-
ence little changes in weight loss as the normal load increases from
100 N to 250 N. Especially the PTA-alloyed sample loses only 0.4 mg
to 1.1 mg with increasing the normal load from 100 N to 250 N, and in
comparison, the wear loss of the PTA-remelted sample is 0.9 mg to
2.1 mg. In contrast, the DI has suffered the greatest weight loss from
13.4 mg to 22.6 mg correspondingly, which are N20 times higher com-
pared to theweight loss of the PTA-alloyed samples. As can be seen, the
Mn13 sample is also inferior to the PTA-treated samples whether by
alloying or remelting in terms of wear resistance to mass removal. Fur-
ther details can be deduced from the worn surfaces revealed in Fig. 13.
The PTA-alloyed sample has an extremely smooth and compact mor-
phology with only slight scratches, suggesting that the HVHSS layer is
inherently hard yet tough. This is primarily attributed to the large
amount of reinforcing carbides particles (MC, M7C3, M23C6) that act as
obstacle against abrasive and adhesive wear as shown in Fig. 13(a). An-
other contributing factor is that the refined globular particles may lead
to low brittleness and suppress crack propagation. It is well-known
that the ductile iron is far superior in toughness to gray cast iron,
les (200 N): (a) PTA-alloyed; (b) PTA-remelted; (c) Mn13 steel; (d) DI substrate.

Image of Fig. 13


Fig. 14. (a) Schematic of gradedmaterialmodel of PTA-alloyedHVHSS. Crack propagation at the interfaces between two types of carbides andmatrix: (b)MC-type spherical reinforcement
in PTA-alloyed HVHSS (deflected crack propagation); (c) M3C-type plate-like reinforcement in PTA-remelted white iron (linear crack propagation and transcrystalline fracture).
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because the nodular graphite generates much less fragmentation to the
matrix than theflake-like graphite in gray iron does. It is considered that
themuch finer and spherical MC particles replacing large graphite nod-
ules should contribute to ever higher toughness. Furthermore, the hard
IRZ at the subsurface can better support the TAZ to bear higher loads
and thus protect the substrate from severe wear by wear mechanisms
like fragmentation or micro-fracturing. While the worn surface of
PTA-remelted sample is relatively smoothwith plastic deformation fea-
tures as a result of enhanced hardness due to the formation of cementite
and ledeburite, the randomly formed craters (see Fig. 13(b)) disclose
that the plate-like cementite and cellular ledeburite reinforced hard
layer is brittle and more susceptible to spalling and cracking.

The graded HVHSS material model and comparative crack propaga-
tionmechanisms for PTA-alloyed and remelted samples are described in
Fig. 14. Stress concentrationmay occur readily at the carbide-matrix in-
terface due to the large hardness differences between the carbides and
matrix causing an uneven stress field. Less energy is required for inter-
granular cracks to propagate through the interfaces than through the
matrix; therefore the interfaces become preferential pathways for
crack propagation. It is reasonable to assume that cracks become hin-
deredwhen encountering the hardMC particles as a result of the strong
M-C bonding forcewithin a face-centered cubic structurewhere some C
atoms are located at octahedral interstices formed byM (M= V, Ti, Mo
and Fe) atoms [44]. Thus the crack tip deviates from the original propa-
gating direction to the direction along the arc interface as shown in
Fig. 14(b). The initial main stress σ under the sliding tests can be re-
solved into σ1 (normal) and σ2 (tangential), and only the normal stress
component σ1 effectively acts on deflecting crack propagation direction
[25,44,45]. The related stress formulas are shown in Eq. (1) and (2) for
cracking towards a spherical carbide particle and along a cementite
lath, respectively, where θ is the included angle between the direction
of crack propagation and the direction of initial main stress:

σMC ¼ σ1 ¼ σ � sin θð Þ ð1Þ

σM3C ¼ σ ð2Þ

It is shown that the driving force for crack propagation at spheroidal
MC/matrix interface gradually becomes smaller with decreasing θ as a
crack propagates (sin(θ)b1). Shi et al. [25] also proposed that frequent
deflections prolong the propagating route which consumes more
absorbed energy and resistance to crack propagation is thereby in-
creased. It then can be concluded that crack blunting occurs when it
propagates to spherical surface of MC particles, ultimately retarding
propagation rate or even ceasing crack propagation. In contrast, the
stress is intact when a crack propagates along a cementite lath because
its platelike shape causes hardly crack deflection (linear propagation) as
indicated by red arrows in Fig. 8(b, c) and Fig. 14(c). Besides, the con-
centration of residual stresses may easily occur at the sharp corners of
the intercellular carbides, thereby engendering crack origins and conse-
quently fractures. What is even worse for the white iron is that
transcrystalline fractures, which are marked by yellow arrows in
Fig. 8(b) and Fig. 14(c), take place easily at the weaker parts of coarse
dendrites due to the relatively lower hardness of Fe3C (HV 980–1110)
compared with that of VC (HV 2600–3000) [45,46].

As for the Mn13 sample comprised of single austenite, though hav-
ing excellent toughness, the lack of hard reinforcement and possibly in-
sufficient sliding pressure to induce work-hardening make it unable to
resist the shear forces from the counterpart [47], which is the reason
why themicro-cutting and lots of adhesive characteristics are observed
in Fig. 13(c). A comparison of the PTA-modified samples and untreated
substrate reveals that the DI substrate exhibits loose rippled surface to-
pography with enormous adhesive chippings and serious ploughing
grooves. The deep pits and wide furrows formed on the wear surface il-
lustrate that large areas of bulk material are worn off because of its low
hardness since the DI consists mainly of soft ferrite and graphite.
4. Conclusions

(1) A gradedHVHSS-white iron coating on ductile iron substratewas
produced by PTA alloying process. The alloyed layer has the mi-
crostructure primarily comprised of spheroidal V-rich MC parti-
cles with size smaller than 5 μm.

(2) Globular MC particles combined with multiple hard phases such
as M7C3, M23C6 and martensite dispersed in a ledeburite matrix
make the PTA-alloyed HVHSS material hard yet tough, less sus-
ceptible to cracking compared with lathy cementite dominated
white iron obtained by PTA remelting.

(3) Wear tests show excellent tribological performance of the PTA-
alloyed HVHSS layer. The hard carbides particles act as obstacle
against abrasion and adhesive wear. The PTA-alloyed HVHSS
layer provides a superior solution for improving the wear resis-
tance of ductile iron.
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