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The phase structure of surfaces of steel samples, modified by pulse-
plasma processing, was analyzedusingXRD and metallographic methods.
It has been shown, that after pulse plasma processing under different con-
ditions a modified structure consisting of three new phases, including
austenite, ironnitride and carbide, is formed. The dependence of phase
transition and micro hardness on plasma flow parameters has been stud-
ied. A sharp decrease in the dimensions of ferrite crystallites aftertheim-
pact of plasma flow is observed. The main purpose of hardening of carbon
steel samples is formation of nano-dimension ferrite with oriented iron
carbide on grains.Pulse plasma accelerators are effective sources of plasma
streams. To take such plasma streams it is used in researches in thermo-
nuclear power and in processing of materials with the purpose to improve
properties of materials. PPA appeared earlier than other accelerators and
made a contribution to development and use of plasma accelerators in dif-
ferent spheres of science and equipment. Sense of technical use of plasma
accelerators that with their help it is possible to take a stream of particles
the having wide range of speed and energy.

Key words: structure, surface, pulse plasma, mixed surface, micro
hardness, flow.

MMNyAbCTi nAadManbik, yaeTkiwTep (UIY) naasmanbik aFbiHAAPAbIH,
THIMAIL Ke3Aepi 6OAbIN TabbiAaabl. MyHAQM MAA3MaAbIK, aFbIHAAPABI aAy
TEPMOSIAPOABIK, SHEPreTUKAAAFbl 3ePTTEYAEPAE XKOHE MaTeprarAAPAbIH
6eTiH eHAEY Ke3iHAE KaCMeTTepiH XakcapTy MakcaTbiHAA KOAAAHBIAQADI.
UMY 6acka yaeTkiwTepre KaparaHaa epTe nanaa 60AAbl >KOHE FbIAbIM MeH
TEXHUKAHbIH, PTYPAI alMaKTapblHAQ MAA3MAAbIK, YAETKILITEPAIH AaMybl
MEH KOAAQHbIAYbIHA 30p bIKMaAbIH TUri3AQ. [TAa3MaAbIK, YAETKILLTEPAIH,
TEXHUKAADBIK, KOAAQHBIAYbIHbIH  MaHbI3bl, OAAPAbIH KOMeriMeH KeH,
AMANa3oHAAFbl >KbIAAAMADBIK, MEH 3Hepruschbl 6ap 6GeAlekTep arbiHbIH
aAyFa  BOAATbIHABIFbI.  MIMMYABCTIK MAa3MamMeH 6HAEYAEH ©e3repret
TeMip YAriAepaiH  6eTTepiHiH  hasanblk  KypbiAbiMbl  XRDAI  >keHe
MeTaAAorpadpThiK, BAICTI KOAAQHY apKbIAbl TAaAAAHAbL. Bya, apTypai
lwapTTapAa MMIMYAbCTIK MAA3MaMeH 6HAEYAEH KeWiH ayCTeHUT, Temip
HUTPUTI XK8He KapOMATI KOCKAHAAFbI YL XKaHa (pa3aaaH TypaTbiH ©3repreH
KYPbIAbIM TY3IA€TiHIH KOPCETTi. AFbIHHbIH, MAQ3MaAbIK, MapaMeTpAepiHAEri
paszaHblH YK8HE MUKPOKATTbIABIKTbIH, aybICYbIHbIH TOYEAAIAIr 3€pTTEAAI.
[MAa3MaAbIK, aFblHMEH ©CepAeCcyAeH KeliH (heppuUT KPUCTAAAAPbIHbIH
MOALLEPAEPIHAE KYPT TemeHAereHi 6arnkasasbl. KemipTekTi Temip
YAFiAepai 6epik KbIAyAblH 6acTbl MakcaTbl heppuTTiH, TyripAeri Temip
KapbuaiHe 6aFbITTaAFaH HAHO BALLEMAEPIH KAAbINTACTbIPY.

TyHiH ce3aep: KypbiAbiM, 6eT, MMMYAbCTIK MAasma, apasac 0er,
MUKPOKATTBIABIK, aFblH.

CrpykTypa hasbl MOBEPXHOCTEM CTaAbHbIX O6PA3LIOB, M3MEHEHHbIX
00paboTKOM MMIMYAbCHOM TMAa3Mbl, OblAd MPOAHAAM3MPOBAHA MCMOAb3YS
XRD ¥ MeTaanorpacmyeckme MeToAbl. ITO TMOKAa3aA0, YTO TMOCAE
MUMIMYAbCHOM  MAa3Mbl  06pabaTtbiBAIOLLEN MPU  PA3AMUHbBIX  YCAOBMSIX,
M3MEHeHHas CTPYKTYpa, COCTOSLLAS M3 TPEX HOBbIX ha3, BKAIOYAs ayCTEHUT,
HUTPUT >KeAe3a M KapOua, M3MeHsieTCs. 3aBMCUMMOCTb nepexoaa asbl
M MMKPO TBEPAOCTM Ha MAA3MEHHbIX MapameTpax MnoTtoka Gbiaa M3yueHa.
HabAloaaeTCst 0CTpoe yMeHblUeHWe B pazmepax (DeppUTOBbIX KPUCTAAAUTOB
MOCAE BO3AEMCTBMS MAA3MEHHOTO MOTOKa. [AaBHas LEAb YKpErnAeHus
06pa3LLOB YrAEPOAMCTON CTaAM IBASIETCS (POPMUPOBAHMEM HAHO M3MEPEHMSI
eppuTa C OPUEHTMPOBAHHBIM KapOMAOM >keae3a Ha 3epHe. VIMMyAbCHble
MAA3MEHHblE  YCKOPUTEAU  SIBASHOTCS  3(OEKTUBHBIMU  UCTOUHMKAMM
MAA3MEHHbIX MOTOKOB. bpaTb TakMx MAasmeHHbIX MOTOKOB WMCMOAb3YETCS B
MCCAEAOBaHWI B TEPMOSIAEPHONM 3HEepreTvke u B 06paboTke MaTepuanos
C LEAbIO YAYYLLMTb CBOMCTBA MatepuanoB. MITY MOSIBUACS paHblue yem
APYrvie YCKOPUTEAN M BHEC BKAQA B Pa3BUTHE U MPUMEHEHME MAA3MEHHbIX
YCKOpUTEAEM B pasHbix cpepax Haykm M TexHUKM. CMbICA TEXHUYECKOro
MPYMEHEHMS MAA3MEHHbIX YCKOPUTEAEH B TOM, UTO C MX MOMOLLbIO MOXHO
B3SITb MOTOK YaCTWL, UMEIOLLIMIA LLIMPOKMIA AMara3oH CKOPOCTU 1 SHEPTUM.

KAtoueBble CAOBa: CTPYKTypa, MOBEPXHOCTb, MMMYAbCHAs MAA3Ma,
CMeLLaHHas MOBEPXHOCTb, MUKPOTBEPAOCTb, MOTOK.
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Introduction

The pulse plasma processing, as one of the ways of high-energy
impact on surfaces of materials, is a promising method of creation
of materials with given properties.This method enables us tocom-
binethermal influence of hot plasma withdoping by the particles of
the plasma flow. Today, the most important applications of pulsed
plasma processing (PPP) are: formation of p-n junctions,doping of
steels with nitrogencombined with simultaneous surface recrystalli-
zation, preparation of mixed surface layers on metals and ceramics,
formation of surface alloys,and a pretreatment (cleaning) of metals
and ceramics for the PVD coatings [1-4].

One of the most important technological applications ofthePPP
process is hardening of metal surface.In [5]the authors presented the
results of investigations of properties of the modified surface layer
treated by nitrogen plasma flows, with parameters varied in a wide
range (several devices were used): time duration t = 1-100 ps, plas-
ma flow energy density E =2-30 J/cm , energy of particles W = 0.4-
10 keV. Based on the experimental results,theauthors concluded that
changes in the surface structure do not noticeably depend onchanges
in particle energy and pulse duration, but depend onthe energy den-
sity applied to the sample surface.However, these investigations do
not fully describe physicalprocessesinthe materials.

As it is shown in [6], the pulse plasma accelerator “CPA-30”
with a coaxial system of electrodes provides high power supply
(C=75 pF, U= 30 kV) for melting the surface of metal alloys after
plasma flowtreatment. However, physical properties of processed-
materialschange only under certain regimes of plasma flow, as high
density of the energy flow can cause not only improvements of
properties, but also destruction of the material. Therefore, the cor-
rect choice of processing regimes plays an important role intargeted
treatment of material surface.In the “continuously filling”’regime [ 7],
at constant initial gas pressure in the working chamber, the plasma
density varies over a wide range, and the energy has maximum E
~50 J/cm?at P = 0.05-0.1Torrof the initial gas pressure.

Thus, for metal alloys such as carbon and stainless steels, the ba-
sic result of plasma treatment is hardening. Therefore,it is necessary
to study physical properties of subsurface layers andthe detailed
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structure of materials. In this paper we study the in-
fluence of plasma processing regimes on changes in
the structure and,hence, steel hardness. The energy
density ofa one-time impact was chosen as the basic
parameter of processing.

Experiment

Samples of ST-3 common steel with 0.3At,,
Cwerestudied. The samples were processedat dif-
ferent energy densities of air plasma on the CPU-30
accelerator. The diameter of the plasma flow (about
8 cm)wasgreater than the dimension of samples
(15%15%4 mm?®). The duration of 100-250 kA dis-

Table 1 — The data for all carbon steel samples

charge current was about 4-7 us. The X-raydiffrac-
tionanalysis (XRD) of the processed samples was
carried out on “D8 Advance” diffract meter, the
micro hardness was measured on the metallurgical
microscope “Metaval”. The lattice parameters of
materials were determined by a specialized program
of the diffract meter [8].

We will further consider the results of structural
studies of the carbon steel treated by plasma flows
in a continuous mode. In this modewe got the values
of changes in the structure of materials after single
and multiple plasma treatment for different values
of the initial pressure of 0.04 — 0.5 Torr. Parameters
of carbon steel processingaregivenin table 1.

Sample number | ™ deﬁgﬁ% V1 parameier a A . | o phase LA
Initial 0 - 2.8691+0.0005 44.723 699 Fe 1160
One-time treatment
“ . 16 3.6172+0.0047 43.280 24.2 Fe-y 175

2.8631+0.0004 44.798 321 Fe 730
3.6141+0.0017 43.364 19.8 Fe-y 160
#4 1 22
2.8622+0.0007 44.798 221 Fe 610
us | 0 3.6212+0.0037 43.356 26.0 Fe-y 240
2.8630+0.0005 44787 176 Fe 460
3.6184+0.0044 43.262 13.6 Fe-y 110
#7 1 44
2.8630+0.0003 44.773 121 Fe 115
40 . 43 3.6223+0.0028 43.244 12.7 Fe-y 140
2.8610+0.001 44.737 134 Fe 145
Multiple treatment
3.6217+0.011 43.213 32.6 Fe-y 195
#1 g 25 2.056+0.001 44.005 19.9 FeC
2.8630+0.0004 44.751 125 Fe 380
3.6254+0.0011 43.095 335 Fe-y 210
#2 10 28 2.055+0.001 44.005 19.0 FeC
2.8605+0.0003 44.749 74.0 Fe 395
9.0760+0.0046 39.769 7.41 Fe, N,
#3 20 26 3.6217+0.0011 43.083 443 Fe-y 180
2.8607+0.0005 44.681 62.2 Fe 275
9.1082+0.0046 39.877 9.78 Fe, N,
#4 30 25 3.6295+0.0018 41.836 7.96 Fe-y 145
2.8603+0.0009 44.773 66.0 Fe 200
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The basis of the initial sample of carbon
steel is ferrite with a crystal lattice parameter a =
2.8691angstrom.The basic phase of the sample
has coherent diffraction areas (crystallite size) of a
dimension L = 1160A.

An analysis ofthe XRD data (Figurel) shows
that the single treatment causesstructural and
phase transformationsofthe material. The original
structure of carbon steel Fe with the space-centered
lattice and the lattice parameter a = 2.8691 + 0.0005
A is converted into a two-phase solution. One of
the phases is a solid a-solution — ferrite, the lattice
parameter is not actually changing.Pulsed plasma
treatment leads to the formation of the second phase
of'the face centered lattice, which corresponds to the
austenite (y-Fe). Thespecificfeature of processing
for all samples is the presence of anew austenite
phase. As it is shown in table 1, the maximal
crystallite size L of austenite is contained in the
sample #5 processed by 32 J/cm?. For example, a
detailed phase diagram of the processed sample #3
is given in Figure 1.The obtained results show that
the influence of the plasma flow on the structural
parameters does not have a trivial character. The
dimension of ferrite crystallites strongly depends
on plasma energy varies in the range 40-50 J/cm?.
The austenitic phase reaches a weak maximum at
an energy densityof 32 J/cm?, when the maximal
crystallite quantity and maximal dimensions of
austenite crystallites are observed.
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Figure 1 — The X-ray diffraction patternof sample #5 after a
single treatment

We will consider the multipleplasmaimpact on
the surface of this material. When the surface of
carbon steel is treated by several plasma pulses at
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P = 0.1 Torr, a further increase in the intensity of
formation of y-Fe is observed (Figure2).
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Figure 2 — The X-ray diffraction pattern
of sample #4 treated 30times

Processing of the 5-th and 10-th pulses in the
two-phase solution of a-Fe (a = 2.8603 + 0.0009
A) and y-Fe (a = 3.6295 + 0.0018 A) revealed the
presence of a small amount of marten site FeC (one
line 20 = 44.0050, samples # 1, 2). Further process-
ing of the 20-th and 30-th pulse led to formation
of iron nitride Fe, N, .Nitride was observed in the
diffraction broadened diffuse lines (samples#3, 4).
The nitride intensity peaks in the sample number 4
treated 30 times were higher than the peaks for the
sample number 3, which was treated 2 times by 20
plasma pulses. In addition, the lattice parameter of
iron nitride in the samples # 3,4 differed from the
ideal sample: a = 9,2150 A, which could be caused
by the deformation of nitridelattice.

Table lshows the results ofdetermination of-
crystallite sizeof ferrite andaustenite in thesteel-
samplesafter processing using Scherer’s method.It
can be seenthatthe crystallite sizeof ferritedecreases
andthe crystallite sizeof y-Feremainsunchangedwith
increasingQ,and increasingN,butin the case ofa sin-
gle treatment this effect ismore pronounced.These
results arein good agreementwith those obtained-
bythe SEM.The changein the grain sizecan be clear-
ly seenin the photographsof the microstructureof the
surface afteretchingfor grainvisualization (Figure3),
and may be caused bythe dissolutionof large grain-
sand increase in the number of dispersion structures
(Figure 3d, e,f) at higher Q values.

The stage of formationof the two-
phasesolutionafter plasmatreatmentat the
residualair  pressurein the CPU-30chamberis

clearly seenin Figure4.The figure shows that the
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two-phase solution is for medasprecipitatesat

the grain boundaries even at low Q (Q for the
sample#lis 5J/cm?),and the increase inthe energy
densityof the plasma flowpasses through a seriesof
successive stages. Phase transformation reachesits
maximumaftermultiple plasma treatment.
Austenitizingpromotesheating of the material
typical

surface,which is also ofelectronic

beam processing. As a result,a large amount
ofthe  carbidesource  materialis dissolved
andtransformedinto austenitewith high carbon
content. The surface profileof the carbon steel
sample after plasmatreatmentas obtainedby
atomic forcemicroscopy (FigureS). In Figure 6
acolumnargrainstructure is observed, which is
characteristic of the formation of FeC phase.

To0NEm To0NEm

a,b, c- X 400, d, e, g — x2000 sample number 3, 4, 5, respectively

Figure 3 — The structure of the surface of steel samplesafter air plasma treatmentatP = 0.04Torr, N = 1

Figure 6a shows the influence of the sample
structure on the micro hardness of the material. The
micro hardness of the processed samples changes
proportionally to the energy density, however, the
sameregularity is observed. As it is shown in Figure
3a, for the first group of samples(#1,2) the value of
micro hardness does not change considerably at 2000
MpA. For the second group (samples # 3,4,5,6) the
micro hardness increases two-fold (4000 MPa), and
for the third group (samples #7,8) it increases by
more than three-fold (7000 MPa).However, only the
third group is of practical interest because it has high
hardness in spite of greater crystallite dimensions. In

general, the proportionality of the energy is observed
for all samples.Thus, there is an optimal value of
energy density in area 20-44 J/cm?, at which the micro
hardness of carbon steel is rather high ~4000 MPaand
crystallites with minimal size 115 nm are formed.At
low energy below20 J/cm?no hardening is observed,
and at highenergies crystallite sizes increase.

HV measurements of the carbon steel surface
after repeatedtreatmentshowed that thefirst Sof
10pulsesincreased hardness, and further processing
stabilized the hardening process (Figure 6b) due to
completion of the austenitization and formation of
the marten site phase andiron nitride.
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a, ¢, e, g — surface structurex400, b, d, f, h 2000

Figure 4 — Formation ofa two-phase solution after plasma treatment
(P= 0.5 mm Hg, N = 1, samples number 1, 2, 3, and 4, respectively)
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Figure 5 — A surface profile of carbon steel sample after plasma treatment
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Figure 6 — Micro hardness as a function of energy density for single (a) and multiple (b) processed samples

Conclusion

The influence of plasma processing regimes on
changes in the structure and, as a consequence, on
steel hardness is studied. Under the action of plasma
flows,physical and mechanical properties of com-
mon steel change differently. In case ofa single
treatment,hardeningof the material is proportional to
the energy density, but after 5 pulses the saturation
stage is reached. The single treatmentcausesstruc-
tural and phase transformations of the material. The
original structure of common steel Fe with the vol-
ume centered lattice is converted into a multiphase
solution. A significant feature of processing for all
samples is the presence of a new austenitephase at

24

energiesup to 40 J/cm? and a nitride phaseat high-
er energies and multiple treatments. At high speed
crystallization process a large amount ofcarbideis
dissolved andtransformedinto austenitewith high
carbon content. In the AFM pictures a columnar-
grainstructure is observed, which is indicativeofthe
formation ofthe high carbide (martensite) phase,
formed due to quick cooling of the material. The car-
bon atoms, probably, diffusion from material bulk
to surface and participate in new phase creation pro-
cess.

The crystallite sizeof ferritedecreases, andthe
crystallite sizeof y-Fedoes not change with the in-
crease in energy and number of processing N, butin
the case ofa single treatment it ismore pronounced.
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The changeofthe grain size may be caused bythe
dissolutionof large grainsand higherdispersion. It
is shown that the two-phasesolution is formedin the
form ofprecipitatesat the grain boundaries. Phase
transformation reaches its maximum after multiple
plasma treatments. The micro hardness of the mate-
rial also depends on its structure. The micro hard-
ness of processed samples changes proportionally

to energy density, however, at multiple treatment it
reached its maximum after 5 treatments.

The refore we an conclude that grinding grains
of crystals are associated with the surface harden-
ing of steels. Small grains are formed as a result
of fast cooling (at speed of 10% — 10° K/s) of the
subsurface area and heat dissipation throughout the
material.
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