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The structure and distribution of chemical elements in the coating obtained in the high-chromium cast iron by
plasma treatment with a high-current pulsed electric discharge using a cathode made of T1 high speed steel (18%W)
are investigated. It is found that the plasma treatment followed by quenching result in formation of modified layer
and hard coating with large amount of tungsten carbides. The data on the structural and phase composition, micro-
hardness and distribution of chemical elements in the cross section of the modified layer and coating are presented.

PACS: 52.77. -

INTRODUCTION

Pulsed plasma treatment (PPT) is becoming widely
used for the surface hardening of machine parts and
tools [1-3]. There are numerous works by Yu. Tyurin,
A. Pogrebnyak et al., dedicated to the technology of
modifying and protective coating deposition based on
PPP with electric current switching by ionised products
of explosion [4-6]. An alternative method of generating
the plasma pulse is a high current electrical discharge in
the chamber of axial electro-thermal axial plasma accel-
erator (ETPA). The construction and operational physi-
cal aspects of ETPA are described in detail by Yu.
Kolyada et al. in works [7-9], where the great opportu-
nities of this method for scientific and industrial appli-
cations are shown. Plasma treatment with the use of
ETPA allows to modify the treated surface due to high-
speed heating/quenching followed by formation of fine
crystalline martensite [10, 11]. Besides, EPTA allows to
combine the surface modification with deposition of
protective coatings [6]. Formation of coating occurs due
to sedimentation of atoms, ions, microdroplets which
are transported by plasma flux from the cathode after its
erosion induced by electric discharge. The above-
mentioned papers are focused on the selection of opti-
mal operating parameters of ETPA for nanopowders
fabrication and surface hardening of low-alloyed steels.
However, they do not concern the effect of cathode ma-
terial on the structure and properties of the coatings. The
cathode material usually used for plasma treatment is
tungsten [10] or low-carbon steel [8, 9].

High-carbon iron-based alloys have been traditional-
ly used as materials for wear applications. These alloys
include white cast irons alloyed with carbide-forming
elements (Cr, V, W, Ti, Nb etc.) [11-13]. Cast irons
contain in the structure a substantial (tens of percent)
volume fraction of very hard phases (carbides, carboni-
trides, borides etc.), that makes them be wear resistant
under abrasion, erosion etc. Typically the white alloyed
cast irons are subjected to bulk heat treatment which
improves their wear performance due to phase-structural
transformations [14, 15]. Up to now, the plasma surface
treatment of alloyed cast irons still remains substantially
unstudied. In the present work the pulsed plasma tech-
nique was for the first time performed for strengthening
high-chromium cast iron. Herewith, a new type of cath-
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ode, made of highly wear-resistant material, was used
for the first time as well. The objective of this work was
to study the structure and properties of modified layer
and the coating formed on the surface of 15%Cr-cast
iron by using the PPT with cathode made of T1 high
speed steel.

1. EXPERIMENTAL

The substrate material was cast iron of the chemical
composition:  2.70% Cr;  1.32% Si;  3.96% Mn;
0.21% Ni; 0.04%V; 0.10% Ti. The samples of
10x10x25 mm size were cut out of sand-mold casting
and then subsequently annealed at 650 °C to produce a
microstructure consisting of pearlite matrix and eutectic
chromium carbides M,Cs.

PPT of the samples was performed using the electro-
thermal plasma accelerator. ETPA design, circuitry and
principle of operation are described in [7-9]. PPT was
carried out as follows: the voltage of the charge of ca-
pacitive energy storage device (1.5 mF) is 4 kV; the
distance between the electrodes is 50 mm; current pulse
shape is bell-like; the current amplitude is about 10 kKA.
As the discharge chamber tubular arrester RTF-6-
0,5/10 U1 was used; a central electrode (cathode) was a
rod 5 mm with diameter made of T1 high speed steel
(0.75% C; 17.92% W; 3.85% Cr; 0.34% Mn; 0.30% Si;
1.07% V). The distance from the edge of ETPA to the
target surface was 50 mm. The treatment was performed
in an air environment, exposing tenfold plasma impuls-
es. After PPT the samples were subjected to heat treat-
ment consisted of heating at 950 °C with holding dura-
tion of 2 hours followed by oil quenching.

The microstructure was examined in cross section
of the microprobes prepared according to the standard
procedure and etched with 4%-nital solution. The opti-
cal microscope Nikon Eclipse M200 and scanning elec-
tron microscope JEOL JSM-6510 LV were employed
for the microstructure analyzing. The volume fraction
(VF) of carbides was calculated manually on SEM mi-
crographs using known Rosiwal’s lineal analysis. The
phase elements distribution and chemical composition
was investigated by using an energy-dispersive spec-
troscopy (EDS) with the detector X-Act detector (Ox-
ford Instruments). The phase composition of the coating
was determined by X-ray diffractometer DRON-3 in K,
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radiation. Microhardness was measured using FM-300
(Future-Tech) tester under a load of 50 g.

2. THE RESULTS AND DISCUSSION

The microstructural studies have shown that PPT
and quenching resulted in formation of the coating on
the cast iron surface (Fig. 1). The coating thickness is
160...170 um; it is characterized by large number of
white inclusions lying against the dark background. The
volume fraction and the dispersity of inclusions varied
with depth non-monotonically, indicating coating struc-
ture lamination (Fig. 2,a). It should be noted that the
correlation between the size of the carbides and their
volume fraction was not observed.

The inclusions VF values were found to be in the
range of 31...61%. The minimum inclusions VF corre-
sponded to their maximum size (average diameter
3.0...3.6 um) in outer layer at a depth of 25...40 um.
The most disperse inclusions were detected in the in-
termediate layer of 15...20 um thickness lying between
the coating and the substrate in a layer; in this layer the
average size and the VF of the inclusions were meas-
ured as 1.0 um and 32% respectively.

According to Fig. 2,b, the coating is distinguished by
high microhardness. At the very surface the microhard-
ness value is 1230...1270 HVs. At a depth of
30...70 um the microhardness values decreases to
1070...1220 HVy5, and further increases to
1200...1325 HVy, at a depth of 90...120 um. Close to
the border with the substrate the microhardness is re-
duced to 1110...1260 HVsy, All these values are higher
as compared to substrate microhardness
(930...1070 HVsp). Analysis of the data given in Fig. 2,
showed that the lowest microhardness values are at-
tributed to the layer with the coarsest inclusions at their
minimum volume fraction.

XRD phase identification revealed the presence of
oFe-based and yFe-based solid solutions in the coating
(Fig. 3). Considering the fact that the coating was heat
treated, these solid solutions were identified as marten-
site and retained austenite. According to the ratio of
peaks (110)4e and (111),r intensities, the metallic ma-
trix in coating is mostly martensite. Besides, the XRD-
pattern contains the numerous diffraction peaks attribut-
ed to carbide phases (Table). Some of these peaks corre-
spond to the interplanar distance, which can be referred
to different carbides, making phase identification diffi-
cult. Only using the authentic peaks the presence of car-
bides MgC, M,C, MC, M3C was clearly proved. Based
on peaks intensity, it can be assumed that W-based car-
bide MgC is dominant among the carbide phases; the
volume fractions of MC carbide and alloyed cementite
MsC are minimum. Since the coating was deposited
using the cathode of T1 steel, thus it was concluded that
the inclusions found in the coating structure are mainly
W-rich carbides (W3Fe3)C [16].
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Fig. 3. XRD-pattern of coating

Carbide phases reflexes

20,

grad d/n Phases (hkl)

40.8 | 2.778 | MegC (400)

446 | 2.550 | MegC (331)

45.7 | 2.498 | MeC (100)

48.6 | 2.352 | Me,C (002)

50.8 | 2.258 | Me,C (111), M¢C (111), M3C (111)
51.8 | 2.217 | M;C (200)

54.0 | 2.135 | MesC (511)

59.1 | 1.963 | M¢C (440), M3C (211)

62.1 | 1.877 | MC (101), M3C (113)

63.3 | 1.846 | M¢C (442), M3C (122)

66.7 | 1.763 | MgC (620), Me,C (102), M3C (212)
69.2 | 1.707 | M¢C (622), M3C (023)

75.5 | 1.583 | M,C (003), M3C (130)

77.3 | 1.551 | MgC (551), M3C (311)

81.7 | 1.482 | M,C (110), M3C (222)

86.8 | 1.410 | MC (002), M,C (111)

91.5 | 1.353 | MC (733), M,C (103)

93.5 | 1.330 | M,C (644), M5C (230)

95.7 | 1.307 | MC (822), Me,C (200), MC (111)
1055 | 1.217 | MgC (733), M5C (322)

108.5 | 1.194 | MgC (664), M3C (025)

118.5 | 1.127 | M,C (202), M3C (330)

121.0 | 1.113 | MgC (933)

129.7 | 1.070 | MgC (773), M,C (104)

XRD measurements were supported by EDS-study
of phase elemental distribution (Fig. 4). Fig. 4a presents
the secondary electron image (SEI-mode) of coating
microstructure. As can be seen, carbides M¢C are the
coarse inclusions joined in thick continuous network
lying along the grain boundaries. According to Fig 4b-d
(«mapping»-mode) carbides M¢C are enriched with
tungsten and chromium but depleted in iron. The matrix
plots adjacent to the carbides were found to have an
increased Cr and W concentration. On the contrary, ma-
trix areas lying in the distance from carbides are en-
riched with iron. EDS-point analyzing showed that MsC
contained 6.99% C, 6.17% Cr, 70.57% Fe, 14.93% W
(Fig. 5,a).

Beside MgC carbides, the structure contains small
granular inclusions, which are distinguished in Fig. 4,a
as bright white dots, located inside matrix grains and
along the coarse carbides boundaries. According to Fig.

4.b, the small inclusions are enriched with tungsten and
depleted in chromium as compared to MgC carbides.
EDS-point results for granular inclusions are: 7.32% C,
1.82% Cr, 66.09% Fe, 22.32% W (see Fig. 5,b)). This
indicates that granular inclusions are W-rich carbides
M,C [16].

. um
Puc. 4. SEl-image of coating microstructure (a) and the
distribution of W (b); Fe (c), and Cr (d)

within the same area



EDS-point results for tungsten content in MgC and
M,C carbides turned out to be two times smaller than it
had been expected [16]. It should be admitted that the
quantitative EDS method did not exactly characterize
the chemical composition of the carbides because of
their small size, in connection with which the results
obtained could be greatly affected by surrounding ma-
trix areas.
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Fig. 5. EDS-spectra of carbides M¢C (a) and M,C (b)

Electron probe micro-analysis showed inhomogene-
ous distribution of tungsten and chromium within the
coating. Fig. 6 shows the coating area adjacent to the
substrate metal. The images are given in SEI-mode (a)
and back-scattered electrons (BEC-mode) (b). The latter
mode allows to detect the distribution of elements dif-
fering in atomic number: the areas enriched with heavy
elements (with higher Z) are lighter in color and vice
versa. A comparison of SEI- and BEC-images shows
that the coating plot with coarse carbides MgC has a
lighter colorization, i.e. it is enriched with a heavier
element (tungsten). An increased amount of this element
is detected in MgC carbides and especially - in granular
carbides of M,C (see Fig. 6,b). The transition layer adja-
cent to the substrate is characterized by a darker coloriza-
tion, indicating either absence or lower content of tung-
sten. The carbides in transition layer have a lighter color
as compared to the large eutectic carbide in the substrate.
The latter indicates that these carbides are enriched with
iron and depleted in chromium unlike the eutectic car-
bides. The absence of tungsten and lower chromium con-
tent in carbides in transition layer are also confirmed by

EDS line-scan mode reflecting the elemental distribution
along the line shown in Fig. 7.
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Fig. 6. The microstructure of transition zone:
SEl-image (a), BEC-image (b)
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Fig. 7. The chemical elements distribution
in transition layer

A study of chemical elements distribution allowed to
assume that transition layer is the substrate surface layer
thermally modified by plasma flux. It is very likely that
it was formed as a result of substrate surface melting
under plasma heating. The melting was facilitated by
lower solidus temperature of cast iron due to presence
of the fusible carbide eutectic. When melting the eutec-



tic carbides dissolved led to saturation of liquid with
chromium. When solidifying, the supersaturated solid
solution of chromium formed on the surface. Further, it
decomposed with carbides precipitation during heat
treatment. The size of carbides precipitates is much
lower as compared to eutectic carbides; besides, they
have lower chromium content that reflects their meta-
stable nature. The transition layer is harder then sub-
strate, thus it is modified by plasma treatment. It should
be noted that there is no clearly defined boundary be-
tween the transition layer and the coating. It means that
the formation of modified layer occurs almost simulta-
neously with cathode material crystallization. It was
actually resulted in production of durable weld zone
between the coating and the modified layer. Thus, the
latter could be considered as an underlayer, which
strongly bonds the coating and the substrate.

XRD showed that the coating contains W-rich car-
bide phases — a stable carbide MC, MC and metastable
carbide M,C. During solidification the latter partially
transforms at elevated temperature into MgC and MC
according to the reaction M,C+yFe — M¢C + MC [16].
Assuming the ultra fast crystallization of cathode mate-
rial molten drops, then a supersaturated solid solution of
the components (C, W, Cr, V) can be expected [17]. A
great number of W-rich carbides precipitated out of this
solution at quenching heating. A similar phenomenon is
observed in the high chromium cast iron when primary
austenite decomposes at high temperatures (destabiliza-
tion process) [18]. However, if the secondary Cr-rich
carbides precipitate as nanosized isolated inclusions
[19], then in plasma coating the coarse W-rich carbides
were found to be formed as continuous network. It is
obvious, that carbides nature is largely affected by solid
solution substructure and its saturation with tungsten
and carbon.

The coating structure differs from the cathode mate-
rial with significantly higher volume fraction of carbide
phases. It is known that the numbers of carbides in high-
speed steels do not exceed 20% [20]; on the contrary, in
the plasma coating the carbides VF reached 61%. One
can assume that in the course of the PPT the cathode
material had been enriched with carbon that further
caused the increase in the carbides VF. Indeed, the
evaporation of paper-bakelite of ETPA inner chamber
and dissipation during the discharge could lead to in-
volving carbon particles into plasma. Getting on the
surface of microdroplets and liquid substrate the carbon
enriched the melt.

Thus, the investigations have shown that PPT can be
successfully applied for surface strengthening of high
chromium cast iron. The usage of the electro-plasma
accelerator allows to provide the surface modification
with simultaneous protective coating deposition. In this
process, the cathode material plays a key role defining
the coating structure. In order to obtain a wear-resistant
coating the cathode should contain an increased amount
of carbide-forming elements. In study case high tung-
sten tool steel has been used, although other options are
possible, for example, white cast iron, sintered materi-
als, composites, etc. The selection of optimal cathode
material for the manufacturing wear resistant coatings is
of interest for further research.

CONCLUSIONS

1. For the first time pulsed plasma treatment using
electro-thermal axial plasma accelerator was applied for
15% Cr white cast iron. After ten pulses the surface
modified layer of 15...20 um thick and the coating of
150 pwm thick were obtained.

2. PPT and subsequent quenching resulted in for-
mation of the coating consisting of martensite-austenite
matrix and 31...61% of W-rich carbides MgC, M,C and
MC. The microhardness values were achieved as fol-
lows: in modified layer — 1110...1260 HVs, in the
coating — 1070...1325 HVs,, in the substrate —
930...1070 HVsp.

3. Pulsed plasma treatment using ETPA is accompa-
nied with carbon enrichment of melt which results in
carbides VF increasing relatively cathode material.
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®A30BO-CTPYKTYPHbII COCTAB U CBOMCTBA NNOKPBITHUS, IOJTYYEHHOI'O
UMITYJbCHO-IVIASMEHHOM OBPABOTKOM C UCIOJIb30BAHUEM
IPOJUPYIOMIET'O KATOJA U3 CTAJIA P18

I0.T'. Yabaxk, B.U. ®eoyn, K. llumuozy, B.I. E¢ppemenxo, B.U. 3ypnaoscu

HccnenoBano cTpoeHUe M pacrpelielieHne XUMUYECKUX JJIEMEHTOB B IMOKPBITHH, TOJyYEHHOM Ha BBICOKOXPO-
MHCTOM 4yTyHE IUIa3MEHHON 00paboTKO# ¢ MPUMEHEHHEM CHIILHOTOYHOI'O MMITYJILCHOTO 3JIEKTPUYECKOTo paspsiia
TIpU UCTIOJIB30BAaHUM KaToa u3 ctanu P18. YcraHoBieHo, 4To B pe3ylnbTaTe 00paboTKH 00pa3yroTCs UMEIOITUE BbI-
COKYIO TBEPJOCTh MOJU(UIIMPOBAHHBIN CIIOH U MOKPHITHE, coliepiKaliee O0JbIIOe KOJMYECTBO KapOUI0B BOJIb(pa-
Ma. IIpuBeJeHbI JaHHBIE O CTPYKTYPHOM M ()a30BOM COCTaBe, MUKPOTBEPIOCTH M PACHPEACICHUIO XUMHUIECKUX
9JIEMEHTOB 10 CEUYCHUIO MOIU(PHUIIUPOBAHHOTO CIIOS U MOKPBITHSI.

®A30BO-CTPYKTYPHHUI CKJIAJ I BIACTUBOCTI MOKPUTTSI, OTPUMAHOIO
IMITYJIbCHO-TIJIA3MOBOT'O OBPOBKOIO 3 BAKOPUCTAHHAM KATOJIA
31 CTAJII P18, IO EPOJYE

1O.T'. Yabak, B.1. @®edyn, K. Illumiosy, B.I'. E¢ppemenko, B.1. 3ypnaoocu

JocnimkeHo OyI0OBY 1 po3NOIiNT XIMIYHIX €JIEMEHTIB B IIOKPHUTTI, OTPEIMAHOMY Ha BHCOKOXPOMECTOTO YaBY-
HY IUIa3MOBOIO 0OPOOKOIO i3 3aCTOCYBAHHIM IOTYXXHOCTPYMOBOTO IMITYJIbCHOTO €JIEKTPHYHOTO PO3PsAy NP BUKO-
pucranHi karoaa 3i crani P18. BcraHoBneHO, 110 B pe3yibTati 00poOku hopMyeThest MOAM(IKOBAaHHUHN IIap YaBYHY i
MIOKPHTTS, K€ MICTUTh BEJIMKY KUIBKICTh KapOiliB Boib(dpaMy i Mae BUCOKY TBepicTh. HaBeneHo naHi mpo cTpyk-
TypHUH 1 (a30BHH CKIIaA, MIKPOTBEPAOCTi i PO3MOAUTY XiIMIYHMX €JIEMEHTIB 10 Mepepizy MOoAn(IKOBAaHOTO MIapy i
TOKPHTTSL.
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