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Abstract: A Cr-Ni-Mo overlayer was deposited on the surface of compacted graphite iron (CGID) by the plasma trans-

ferred arc (PTA) alloying technique. The microstructure of Cr-Ni-Mo overlayer was characterized by optical micros-

copy (OM), scanning electron microscopy (SEM) equipped with energy dispersive spectroscopy (EDS), and X-ray

diffractometer (XRD). Results show that the cross-section consists of four regions: alloying zone (AZ) . molten zone
(MZ), heat affected zone (HAZ), and the substrate (SUB). The microstructure of AZ mainly consists of cellular -

(Fe,Ni) solid solution, residual austenite and a network of eutectic Cr;C; carbide while the MZ area has a typical

feature of white cast iron (M;C-type cementite). The martensite/ledeburite double shells are observed in the HAZ.

With decreasing the concentration of Cr-Ni-Mo alloys, the {racture mode changes from ductile in the AZ to brittle in
the MZ. The maximum hardness of the AZ (450 HV, ,) is lower than that of the MZ (800 HV, ;). The eutectic

M, C and M;C; carbides increase the microhardness, while the austenite decreases that of the AZ.

Key words: plasma transferred arc; compacted graphite iron; microhardness; fracture; Ni-Cr-Mo coating

Due to its high strength, low-cost, good ther-
mal-fatigue resistance and excellent casting form-
ability, compacted graphite iron (CGI) is a good
candidate to produce complex castings with thin
walls such as cylinders head., engine blocks, and
brake disk'?.

wear resistance of CGI limit its further industrial ap-

However, low hardness and poor

plication. Currently, surface modification via high
energy beams such as laser, electron beam, and plasma
transferred arc (PTA) has been proved to be an ef-
fective method to increase the hardness, wear resist-
ance and erosion resistance of parts exposed to severe
service conditions. Such hardfacing can be achieved
by adopting appropriate alloying elements such as
chromium, nickel and molybdenum™. Although
PTA has relatively lower energy density than laser
and electron beam technique, PTA treatment has at-
tracted increasing attentions in recent years because

of its advantages of no requirement for any pre-
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treatment or a vacuum environment, high energy ef-
ficiency and low running costs"*™. During the PTA
surface alloying process, the powders are encroached
into a melting pool on the base material through
plasma heating source. The powders thermal behav-
ior such as melting, vaporizing and chemical reac-
tions will produce hard alloy-carbides which are the
carriers of improved properties like high hardness
and good abrasion resistance® .

However, a state of high residual stress and
poor toughness usually appears inevitably during
high-energy beam treatment process. For engine
components served in the thermal, corrosive, and
ductile property
should also be highly considered. To achieve a unique

wearing service environments,
combination of these characteristics, rational alloys
could be adopted to obtain the required microstruc-
ture and suitable mechanical properties within the

hardfacing layer. The chromium carbides combined
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with nickel solid solution show a good surface fin-
ish, and reliable wear and corrosion resistances
without heavily compromising the ductility under
the condition of stress abrasion™'. Although Ni-Cr
systems are widely acknowledged as wear and corro-
sion protective coating, little attention has been paid
to the formation of a Cr-Ni-Mo overlayer on the sur-
face of CGI by the PTA technique. Thus, in this pa-
per, PTA was used as the heat source to produce a
Cr-Ni-Mo overlayer on the CGI. The microstruc-
ture, phases, fracture and microhardness of the
PTA modified layer were studied.

1 Experimental Procedure

The starting microstructure of CGI(RuT350)
consists of vermicular graphites and ferrites sur-

| 3
7 .
2 \%_ |4
1 2 / B
2.7 / 2 5
: / . 6
< hg—
D 7
8
IOt 4

S Sample /

1—Plasma power source; 2—Pilot power source; 3—Popper

rounded by island-like pearlites and its chemical electrode; 4—Cooling water for electrode; 5—Insulating bush;
.. . . 6—Nozzle;  7—Cooling water for nozzle; ~ 8 Tungsten needle;
composition is shown in Table 1. . .
9—Nozzle tip; 10—Work distance.
Fig. 1 Schematic diagram of the PTA torch
Table 1 Chemical composition of CGI (RuT350) mass%
C Si S Mn P Mg RE Fe Table 3 Parameters of the PTA surface alloying
3.60 2.60 0.01 0.53 0.04 0.01 0.02 Balance Main  Traveling speed/ Diameter of Working

The specimens were in the form of plate with
length of 60 mm, width of 30 mm and thickness of
15 mm. The specimens were polished by 300 grit
emery paper and then cleansed via acetone to remove
oxides and residue. The alloying powders were
mainly composed of Ni, Cr, Mo, and Cu, as shown

in Table 2.

Table 2 Chemical composition of Cr-Ni-Mo coating mass %}

Ni Cr Mo Cu

20—25 20 10—15

The powders mixed with moderate amount of
sodium silicate were then brushed on the surface of
substrate. The equipment of PTA can achieve a
maximum energy level of 10° W/cm?M¥. Fig. 1 de-
picts the schematic diagram of the PTA torch. A
plasma arc is generated between the tungsten needle
and the specimen, where the sample serves as the
anode and the tungsten needle serves as the cathode.
Argon was employed as both the plasma source gas
and shielding gas during the PTA-alloying process.
The main experimental parameters of the PTA allo-
ying process are listed in Table 3.

Transverse sections of PTA Cr-Ni-Mo alloying
on CGI were obtained by parallel cutting to the length

arc/A (mm * min~ 1) nozzle/mm distance/mm

90 800 4 2

direction. The sample was prepared by mounting,
grinding, polishing and then etched with 4 vol. %5 nital
or chloroazotic acid. Microstructure and element dis-
tribution of the sample were examined by SU-70
scanning electron microscopy (SEM) equipped with
Oxford energy dispersive X-ray spectroscope (EDS).
The X-ray diffractometer (XRD) using CuKa (A =
1.5403X10 * pm) radiation was applied to identify
the phases of the built-up layer. And microhardness
of the cross-section along the depth of PTA-modified
layer was determined by Vickers microhardness
tester (EVERONE MH-6). Fracture tests were also
conducted to discuss the failure modes of the PTA
Cr-Ni-Mo hardfacing overlayer.

2 Results and Discussion

2.1 Microstructure

The macroscopic appearance of PTA alloying on
the CGI sample is illustrated in Fig. 2(a) , which ex-
hibits smooth surface without remarkable porosities
and cracks. The cross-section morphology of the al-
loying layer is illustrated in Fig. 2(b), and the arrow
shows the PTA modified depth from the surface to
the substrate (SUB). It is noticeable that the micro-
structural feature of the overlayer can be divided into
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(a) Macrograph;

(b) Low-magnified cross-section morphology;

(¢) Microstructural evolution from AZ to MZ.

Fig. 2 Observation of the PTA alloyed layer on the CGI sample

four parts by three obvious boundaries: alloying zone
(AZ), molten zone (MZ), heat affected zone (HAZ)
and the SUB. Due to the Gaussian distribution of en-
ergy™,
the matrix by forming a moon-like molten pool. The

the overlayer has a metallurgical bond with

thickness of the overlayer is approximately 0. 25 mm.
According to Fig.2 (c¢), the upper AZ obviously
presents bright white, implying a high enrichment

distribution of alloying carbides as well as a good re-
sistance against the nital’s corrosion. The compara-
tively uniform overlayer could be obtained by multi-
ple overlapping process (overlapping rate=25%).
Fig. 3 shows the microstructural feature of PTA
alloyed overlayer. It is evident from Figs. 3(a) and
3(b) that the graphite in the AZ melts almost com-
pletely and is no longer formed again during resolidi-

L.—Ledeburite; M-—Martensite;

(a) AZ (the inset is the SEM image showing cellular structure) ;

(C) HAZ;

Ar—Retained austenite;

G—Graphite;
(b) MZ (the inset is SEM image showing the bulky Fe;C) ;

(d) SUB.

Fig. 3 Microstructural evolution after PTA surface alloying

P—Pearlite; F—Ferrite.
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fication. This is because PTA treatment is a rapid
non-equilibrium solidification and the rapid self-
quenching after PTA alloying suppresses the refor-
mation of graphite in favor of the formation of white
cast iron (cementite)™. From the Fe-Ni binary

1157, Fe and Ni firstly form a reticular

phase diagram
Y-(Fe, Ni) solid solution under the liquidus line.
During the melting and solidification, pre-placed Ni
by PTA generally cannot produce chemical reactions
with other elements such as Cr, Mo and C, so it
plays a key role in forming y-(Fe,Ni) solid solution
with Fe in the substrate, which is also confirmed by
XRD analysis, as shown in Fig. 4. In spite of this, Ni
is a strong element to facilitate the formation of aus-
tenite, and this can be part of reasons for the exist-
ence of large amount of residual austenite (CFe; )
in the AZ. Another reason for the retention of aus-
tenite is the high amount of alloying elements in the
AZ which lowers the onset transformation tempera-
ture of austenite to martensite at room temperature,
and there is no enough time for the austenite to com-
pletely change into martensite in the rapid resolidifi-
cation. The complex phase Cr;C; is formed in the al-
loy as re-precipitated carbides during the fast cooling
process. Finally, at the eutectic point, remaining
liquids solidify into a network of eutectic cementite
(Fe;C)M', Hence, the microstructure of AZ mainly
consists of y-(Fe, Ni) solid solution, residual aus-
tenite and a network of eutectic Cr;C; carbide and
Fe;C-type cementite. With increasing the distance
from the surface, the temperature gradient decrea-
ses rapidly, which hinders the diffusion of alloying
elements and thus limits the depth of the alloyed
layer. The microstructure in the MZ is chiefly com-
posed of a network of eutectic Fe;C and ledeburite as
shown in Fig. 3(b), which is a typical characteristic

M'K‘v...dl’ A TS

(Fe,Ni) PDF#47-1417

CFey;; PDF#52-0512

Cr;C; PDF#89-7244

Intensity

' 1 | 10 2 ITh |
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Fe3C PDF#76-1877
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Fig. 4 X-ray diffraction pattern of the PTA-alloyed
surface layer

of white cast iron. These dendrites are characterized
by long primary and secondary arms, indicating that
there is an extremely high cooling rate during solidi-
fication. Fig. 3 (b) also shows that the needle-like
martensite is located in the transformed retained
austenite cells in the transition zones between the
MZ and HAZ. indicating that the transformed aus-
tenite partly evolves into martensite and is partly re-
tained after solidification™. The HAZ microstruc-
ture is mainly composed of needle-like martensite
with some un-melted graphites owing to the de-
creased plasma energy with the proofs of the exist-
ence of martensite and ledeburite double shells as
shown in Fig. 3 (¢). With the increase of distance
from the HAZ to the SUB, the fraction of martens-
ite decreases whereas the fraction of pearlite sub-
stantially increases until rising up to the original lev-
el as the SUB. It should be noted that the presence
of Mo carbides was not directly confirmed by the
XRD results.

Fig. 5 shows the energy dispersive spectrum of
the overlayer, which discloses the chemical compo-
sition gradient of Cr, Ni, Mo, and Cu present in the
alloying overlayer. In the area from surface to the
depth of 0.15 mm (approximately equal to the
thickness of the alloying zone), it is clearly seen
that the contents of Ni, Cr, and Mo show a gradual
decrease from the AZ to the MZ while the Cu con-
centration does not change significantly. This pro-
vides a proof for the formation of a functionally gra-
ded surface where the alloying elements are tapered
gradually along the depth direction. Meanwhile, the
content of Fe shows an opposite trend, rebounding
from the minimum in the near surface to the original
content of the as-received CGI, which further con-
firms that the alloying materials have been metallur-
gically bonded with the CGI substrate. It should be
noted that owing to energy degradation along the depth

8 000
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é 5000 . . .
S 600t Ni
. Mo
400 =2 ™
o ey,
2
200} ‘cr it Wil o s
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Fig. 5 Elemental distribution along the PTA-modified layer
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after the PTA torch moving away, the alloying ele-
ments are unable to diffuse continually during the
subsequent cooling; thus, only a limited thickness
of alloying overlayer is formed at the near-surface.
Fig. 6 shows the surface scanning microanalysis of
the middle region of alloyed zone. The backscattered
electron (BSE) image presented in Fig. 6 (a) shows
the network morphology of eutectic carbides. The
degree of light contrast in Figs. 6 (b) —6 ({) repre-

sents the relative concentrations of corresponding el-
ements, respectively. From Figs. 6(c), 6(d) and 6(D),
it can be evidently found that the elements of Cr, Mo,
and C are enriched in the bar-shaped structure or among
the grain boundaries, while on the contrary, the same
areas are deficient in Fe, This could effectively confirm
the formation of Cr and Mo carbides. Meanwhile,
the bulk-like particles or the intracrystallines shown
in Fig. 6(e) are assumed to be Ni-rich solid solution.

Fig. 6 EDS mapping of the middle region of alloying zone

2.2 Fracture analysis

The SEM micrographs of the tensile fracture of
PTA-alloyed overlayer are shown in Fig. 7. It can be
seen that the fracture mode at the AZ is predomi-
nately ductile, because a great number of dimples
and tearing ridges connecting the microscopic dim-
ples are observed in Figs. 7(b) and 7(c). This is be-
cause the Y-(Fe, Ni) and austenite at the AZ are
ductile phases, which contribute to the ductile frac-
ture features. At the MZ, the large eutectic den-
drites, martensite and blocky cementite are brittle,
which render cracks to spread along the interface of
the eutectics, presenting typical river patterns and
intergranular fractures (Fig. 7(d)). Therefore, the
fracture mode almost changes to be fully brittle. At
the HAZ, the main characteristic of the fracture is
still a bit brittle due to its intergranular and quasi-
cleavage fracture, as shown in Figs. 7 ({) —7 (h).
The SUB, however, presents obvious cleavage steps
but still seems more ductile than the brittle MZ
thanks to the relatively good toughness of CGI.
Therefore, it can be safely concluded that the AZ
shows the best plastic capability in the cross-sec-
tion, indicating that the Cr-Ni-Mo overlayer could

improve the ductile property of CGI.

2.3 Microhardness profile

The microhardness profile as a function of dis-
tance from the surface is shown in Fig. 8. According
to the microstructure analysis, four regions with
different ranges of microhardness value could be dis-
tinguished. It could be clearly seen that the maxi-
mum microhardness (about 800 HV, ,) is obtained
in the MZ rather than the top surface of AZ (approxi-
mately 450 HV,,). The microhardness decreases
gradually with an extending depth of approximately
1 mm and levels off at approximately 270 HV, ,,
which is the original microhardness of the substrate.
The microhardness of the PTA-alloyed sample is ap-
proximately 1. 5—3. 0 times that of the untreated sub-
strate, proving that PTA alloying process can en-
hance the microhardness of substrate effectively.
This significant increase in hardness is mostly relat-
ed to the phase transformations. On one hand, the
eutectic carbides Cr;C; and M;C formed at the AZ
contribute to the hardness increase; on the other
hand, the y-(Fe,Ni) and austenite CFe;; , at the AZ
lead to the hardness reduction. From the HAZ to the
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(a) Overview of AZ to MZ;

(b) Magnified AZ zone;
(e) Transition between MZ and HAZ (intergranular zone) ;

HAZ (quasi-cleavage zone) ;

(¢) Transition between AZ and MZ zone;
(f) HAZ (from intergranular zone to quasi-cleavage) ;
(h) Transition between HAZ (quasi-cleavage zone) and SUB;

(d) Magnified MZ zone;
(g) Magnified
(i) Magnified SUB (cleavage zone).

Fig. 7 Fractography of the PTA-alloyed overlayer from outer surface to inner substrate
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Fig. 8 Microhardness profile along the depth of
the PTA-alloyed layer

SUB, the microhardness shows a gradual decrease.
This is because the volume fraction of martensite
and cementite phases reduces as a result of declining
cooling rate with increasing the distance {from surface.

Notably, the abrupt discontinuity in the hard-
ness is considered as one of the key reasons for poor
adhesion, leading to exfoliation and splitting of coat-
ing. Thus, the slight gradient in the microstructure
variation along the depth of the PTA-alloyed layer
contributes to good adhesion to the matrix, which

cannot be produced by conventional processing tech-
nique. It is acknowledged that the hardened layer at
the surface could protect the matrix from wear but
at the expense of some toughness. However, in this
coating system, due to the formation of rich y-(Fe,
Ni) and the good ductility of austenite, the modified
surface still keeps a good ductile profile though sac-
rificing some microhardness.

3 Conclusions

The PTA strengthening technique successfully
produces a Fe-C-Cr-Ni-Mo alloying zone on the sur-
face of compacted graphite iron. The cross-section
after PTA alloying could be divided into four regions:
AZ, MZ, HAZ and SUB. The content distribution
of Cr, Ni, and Mo decreases gradually from AZ to
HAZ while that of Fe shows an upward trend, indi-
cating that a reliable metallurgical bond was achieved
between the hardfacing overlayer and the SUB. The
microstructure of AZ shows that it contains y-(Fe,
Ni), austenite coupled with a network of eutectic
Cr;C; carbide and Fe;C cementite, which was also
confirmed by the XRD technique.
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The maximum microhardness is determined in
the subsurface of PTA overlayer with a value of about
800 HV,.,, which is approximately 1.5—3.0 times
that of the matrix. For the fracture morphology of
the AZ cross-section, a large number of dimples and
tearing ridges connecting the microscopic dimples
are observed and the fracture surface shows mixed
intergranular fracture and river pattern morphology
in the MZ. The favorable increase in microhardness
at no sacrifice of good ductility in the AZ is attribu-
ted to the generation of y-(Fe, Ni), austenite and
the network of eutectic Cr;C; carbide as well as
grain refining induced by the fast non-equilibrium
solidification.
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