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Abstract

Samples of Armco iron with electrolytic Fe coatingre hardened by vacuum oxy-nitrocarburizing at low
temperature. The carbon amount ¢Ei the nitriding atmosphere (NHwas 10 vol. % at a pressure of & F& and
the process time wash. The influence of the structural difference on depth profile, hardness distribution and X-
ray diffraction pattern of the oxy-nitrocarburizegpecimens were performed. The indicated parametethe
modified surfacef electrolyte-precipitated Reere compared to those of re-crystallizédow-temperature and fully
annealed in vacuum and oxy-nitrocarburized specém&he results confirmed formation wf and e-phases in the
compound layer in all samples in different propmrsi. A significantalteration/ in the phase distribution
between the electrolyte-precipitated Fe layer dmel Substrate was demonstrated due to the ultradinmed
structure of the iron.
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1. Introduction

There are different gaseous ferrite nitrocarbugzmethods among which are the low pressure
processes in NFand CQ atmosphere. At temperature lower than %9€@%e carbon solubility in
a-Fe is ufinsignificant andits/ atoms participates only in-Fe.3(N,C) formation. TheCO,
containing gas phase has a comparatively high oxpotential and the oxygen atoms catalyise e-Fe,.
3(N,C) formation[1]. At low pressure conditions oxygen contributes dhexrent nitrocarburized layers
formation [2]. The structure of the layers depends on processlitcams, gas composition and the
substrate specific featurd8]. It is established that gaseous oxy-nirtrocarbngzincrease surface
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hardness and wear resistance, enhafetigue strength and corrosion resistance naxpensive non-
alloyed or low-alloy steels. The aim of the studyto determineg(t)e the structural and hardness
differences of vacuum oxy-nitrocarburized layersrnfed on metallurgically andgalvanically
obtaineds iron substrate in Niand CQ containing gas phase.

2. Experimental details

Samples of an Armco iron whith thickness aboutrt@ and chemical composition (“SPECTRON”
quantometer) accordingi¢ Table 1 are used as substrates for electrolytidep@sition and oxy-
nitrocarburizing. Before electroplating, the sansphere electrochemically cleaned...

Samples of an Armco iron with an electrolytic ircmating (overall thickness about &) are
used for the metallographic study, X-ray diffraatianalysis and hardness measurements in depth of
the oxy-nitrocarburized layer. The chemical comfosi of Armco and electrolytic Fe
obtained/analysedsing “SPECTRON" quantometer is shown in Tablgsl
Table 1. Chemical composition of Armco and electrolytic ir@rt %)

Element C,% Si,% Mn,% Cr, %Mo, % Ni,% Co,% Cu, % P,%,% Fe, %
Armco Fe 0,020 0,130 0,139  0,0330,002 0,073 0,008 0,090 0,0@7020 Bal.
Electiolytic Fe 0,000 0,015 0,003 0,004 0,000,028 0,015 0,040 0,006 0,00Bal.
The Armco samples weresed as anodes for 20-30 s in 30% water
solution of HSQO, and current density ob,~100 A/dnf in order to improve the adhesionThe
electrolytic Fe coating was obtained in water solubf FeC}.4H,0O (30 g/l)turned souk HCI

up to pH = 1 — 1,2. The electrolysis is carried au80 + 2€, current density of P = 10A/dn? and a
run time of 8h. Steel strips (DIN - R St 37-2) weised as anodes. Afterwards two of the samples were
vacuum annealed for 1h under a pressure of 20@ 6@04C and 950°C. Thehemical composition of
the electrolytic Fe layer is shown in table 1.

The vacuum oxy-nitrocarborizing was carried oufridustrial equipment for 7 hours at 580
NH; and CQatmosphere. The pressure in the vacuum chahisebeer.10' Pa for the first 5 hours and
1.1 Pa during the last 2 houfé]. The surface hardnessas measured by a mobile ‘Krautmer’
Vickers tester (before and after the nitrocarbagyiunder a load of 1 kg. The microhardness was
measured under a load of 0,05 kg according to ascheard order 4...5 times for each sample. The
microstructure was etched by 4%-solution of HN®Dethyl alcohol (Nital) and Murakami reagent. a{r
diffractometer URD 6 using FeKradiation was used to determine the phase conpuositFe, 3(N,C)
lattice parameters were determined accordingbio The structural characterizations before and after
modification of the layers were investigated usiigmpusBX41M optical microscopy.

3. Resaults and Discussions
3.1 Microstructure

Fig. 1 displays the microstructures éunded Armco Fe, electrolytic Fe and vacuum annealed
electrolytic Fe at 600°C and 950°C respectivelye Brmco Fe ferrite microstructure with J&2at the
grains’ boundaries and rarely in the graifig.{a) is comparatively coarse (average 2@ grain size).
Unlike, thegalvanically received F#ig. 1b) has aotally/ different structure and properties. The
electrolytic Fe is obtained at a low density asyrmimeurrent in the batfsee 2)In/at this condition, the
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ferrite nuclei are small because of the lower Fesianobility in low voltage. The supply ions rate i
lower than the ferrite nuclei growth. As a reshk tensity current is redistributed over nucleefezeas.
In restrain growth conditions, oxygen and othefae active components passivate the nuclei. look s
as Ni, Mn, especially Cu from the anodes &magOH) from the solution als@recipitatei in
the nuclei, increases the surface strain which is a precamdifor development of micro- and
submicrocracks. Sdahe electrolyte F@resents a porous and tense aggreg#temall, slightly bounded
crystals whichmounted perpendicularlio the substrate thus decreasing the surfaceefneegy of the
growing up layer.

The vacuum annealed electrolytic Fe at 600f¢ (c) contains re-crystallized ferrite grains located
predominantly nearo the surface where the microstrains of the ultra fineins are higher. The fully
vacuum annealed electrolytic Fe structure (figdlthws that coarse ferrite grains substitute tha Gilhe
structure. Globular fine phase intooxides are present in theFe grains.

Fig.1 Microstructure images of the iron before awyocarburizing: a) Armco iron (200x, etched int&l); b) untreated
electrolytic iron (500x, Nital); c) vacuum annealel@ctrolytic iron at 600°C. (500x, Nital); d) vagu annealed electrolytic
iron at 950°C (500x, Nital).

Fig.2 represents the microstructure of the oxy-nitrouesed layers formed on the different
substrates. The distances of N and C diffusionltia dine grained Fe are less than that in the alede
samples as seen (ig.2a The gas-solid interaction rate depends on therptlen rate and the latter has
a constant quantity at a constant temperature nékeent atoms retard the diffusion rate when thagh
up the substrate grains. The diffusion there runess thei-Fe grains and the boundaries. The Arnfeo
FeN needles are coarse and consolidated deeper isuthstrate. Darker coloredFe, 3(N,C) are seen
mainly near to the surface, at the grater micrdcaend the electrolyte-Armco Fe boundary. Theahfl
enrichment precedes compound layer formation dugag nitrocarburizing of Fe and stgé]. As a
smaller molecule, COis absorbed through the pores of the layer. A @artoncentration gradient in
depth probably renders the N penetration becauser€ases the nitrogen activity. This fact corres}so
with the slower rate of compound layer formatioheTatter seems comparatively thin and torn togsec
The faster diffusion in the electrolytic Fe rendsusface limited concentration for dense compoaye
formation. At the same time, N and C nascent atgatker the electrolyte-Armco Fe boundary where a
secondary adjacent compound layer could be forffigd]. Some re-crystallized. grains are present in
the electrolyte Fe layer after oxy-nitrocarburrginvhereas they are absent before the saturation. A
possible reason for this is the formation of(Rg or Fg(N,C). Hence the process time and temperature
are enough for primary re-crystallization to begapecially in microstrained zones.

Carbon enriched areas in vacuum annealed atGectrolyte Fef{g. 2b) are closely adjacent to
the compound layer where carbonitrides in the tatized grains are very fine. The compound lager i
thicker than in the untreated oxy-nitrocarburizégc®olytic Fe and there is legsFe;N needles in the
substrate. The recrystallized dendrite-shaped ufgpete layer retards the diffusion of the nascatoims
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and their penentrance is cramped. In spite of thate are compound layer nuclei in the non-
recrystallized areas of the electrolityc Fe likattim the untreated oxy-nitrocarburized electralyie.

The oxy-nitrocarburized structure of the vacuumeabed at 950C electrolytic Fe andulk Armco
Fe fig. 2c,0 shows differently shaped, sized and distributiédides. The finest needle-shaped nitrides in
the electrolytic Fe probably ax€-precipitates[9]. The a’-crystal structure represenisght joined
body-centred tetragonal lattices §Neor FggN>,). a-Fe is in equilibrium withn” under 400°C. Theéatter
formationis facilitated due to the lattice resemblance. @heitrides contain less N atoms thgrones.
That's whya”-precipitates are centred in the electrolyte Fairgg where the N concentration is less than
at the boundaries. Consolidatgd-e,N are evident not only at the boundaries and neastirface but at
the electrolyte-Armco Fe boundary where the nigidealesce because of the intensive N diffufién
and the defective structur€uumxume ca nenooxoosuo uspsazanulll!

The surface orientation of the Armco graifig.(2d) affects they/-Fe,;N growth. In this substratg-
nitrides development depends mainly on the N diffusin the a-grains. FgN grows up in {210}
orientated grains in <100> directiqil]. Sometimes there are “lack of nitrides” areas ettain

L) x| distances which are thought to be
related with Z co-ordinatgl2]. During
full annealing and oxy-nitrocarburizing
Compound . !
layer the a-grains release the excess C in
LS form of boundary located E&. The
nitrides rich latter renders the N diffusion and the
£ y-needles morphology has changed.
As the C concentration ino-Fe
increases the N activity and thus
decreases its solubility in the ferrite
[3], this could be the reason for less
nitride needles in Armco than in fully
annealed electrolyte Fe. Consequently,
the higher N and C surface

) . . . . concentration and the F& presence
Fig.2 Microstructure images of the oxy-nitrocarlirg iron samples etched .
with Nital and Murakami reagent (500x): a) oxy-otarburized untreated enhance a d_ense and integral compoqnd
electrolytic Fe;b) oxy-nitrocarburized vacuum annealed electrolfticat  layer formation. The spectral analysis
600°C; c) vacuum annealed electrolytic Fe at 95@fCvacuum annealed Shows a carbon concentration increase
Armco Fe at 950°C. at an average of 0,035% in 0,1 mm

depth.
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3.2 XRD analysis for the non- and heat treated andmtpcarburized samples.

It is found that the traces of C, Mn, Si, Ni, @tcthe untreated Armco Fe and the oxides and other
solid solutions in the vacuum annealed electrolfe don't substantially change theFe lattice
parameters because there is a coincidence of ttee thphase diffraction peaks. The untreated
electrolytic Fe peaksre shifted togethe??? and as a result, there is a total coincidehtiee theoretical
and experimental-Fe parameters. There is symmetrically wideninglad latter peaks which means fine
grained and strained structydes].

Fig.4 compares the X-ray diffraction patterns of the -atyocarburized samples. The quantity of
FeN is more than FEg(N,C) in the untreated oxy-nitrocarburized elegttiol Fe (ig. 4a). From
thermodynamic point of view the Gibbs free energy diltra fine grained material at 5@9s -8,22
kJ/mol fory- and -1,69%J/mol fore-phase formation. A grate part of free energy ¢kéal in this strained
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structure in form of non-equilibrium defects thdscapush ahead thg-phase transformation. Each
crystal reacts according to its size — the inita@k is higher because the smaller grains reagtt fihe
extent of the phase transformation depends on th@én gize distribution[14]. As the fine grains
predominate the quantity of théphase is greater. The activating energy for Nudibn through the
boundaries is approximately half in comparison weitpstal lattice diffusio15]. An approval of thes-
phase carbo-nitride character is the decreasaitattice parameteifd6]. There is such a decrease in all
of the treated samples but the calculated one ascsly perceptible probably due to the low carbon
potential in the gas phase. Accordind1d@] the gas phase carbon potential should be highginaten

Fe and low-carbon steels were nitrocarburized.
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Fig.4 XRD pattern of oxy-nitrocarburized sampkesoxy-nitrocarburized untreated electrolytic Fe;dxy-nitrocarburized vacuum
annealed electrolytic Fe at 600°C; c) oxy-nitrocgided vacuum annealed electrolytic Fe at 950°C;oxly-nitrocarburized
annealed at 950 °C Armco Fe.

The content ot-phase in the low temperature annealed electrobgidfig. 4b) is higher than that
shown in fig.4a. In steels-Fe,3(N,C) forms easily from RE [18]. The e-phase here is a result of a
continuous increase in the surface N concentratiwhretard diffusion through the re-crystallizedigs.

The X-ray diffraction pattern of the vacuum anndad¢ 950 € electrolytic €ig. 4c) and Armco-Fe
(fig. 4d) showsy'-nitride prevalence in both of them. In the ArmEe- sample except due to the
continuous increase in the surface nitrogen conagon, e-Fe, 3(N,C) phase may be formed by means of
FeC transformation. The spectral analysis shows #&ararconcentration increase at an average of
0,027% at the surface of the nitrocarburized Arreo-The extension of some diffraction peaks probabl
corresponds with the strain field anisotropic chiea around the nitride precipitates and their
predominant crystallographic orientation in thd=e matrix[13]. As a result of the uneven nitrides
distribution in the tree possible directions, aggbnal distortion ofi-phase occurfl9].

3.3 Cross-sectional hardness profile
The hardness of the diffusive layéalfle 9 should be associated with the pre-saturatioh@fitsolution,

nitrides’ precipitation, compressive residual sr@®9,21]and the initial hardness of the substrate. As it
could be expected the increase in the hardnegst igreat because it is due to the fine but sodtsph or
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reside stress in the structure. The vacuum anneal®80 € electrolytic-Fe fig. 5¢) and Armco-Fef{g.

5d) shows a gradual microhardness decrease. Thednltgaled electrolytic-Fe microhardness remains
slightly higher than the Armco-Fe one because efdimaller nitride phases. The pre-saturation ofithe
Fe and low compressive stress determine the iner@aghe Armco-Fe hardness. The microhardness of
the vacuum annealed at 6Q0&lectrolytic-Fe at a distance of 15t from the compound zone towards
the core slightly decrease and then maintains urgdth(ig.5b).

Table 2. Hardness values (HY before and after oy —#=a Unlreated ONC eectrolytcon
oxy-nitrocarburizing. " =w=by = Vacvum enreled ONC electiolyticioTarcooe

Sample Untreated 600°C 950°C ‘

[Hy,] annealed annealed j“; ~ —
R, N

Before El.-Fe 400 80 75 150 &3 ]
reament aArmco 130 125 120 -
After El.-Fe 550 350 235 v
treatment o ) i 205 ¢ 0 100 150 a0 20 400 Depth Lm0

Fig.5 Comparison of the depth profile of the

microhardness results of the  vacuum
These values corresponds to thHendrite-like re-  oxynitrocarborized electrolytic and Armco-Fe
crystallized grains.The underneath increase of thewithout and after vacuum annealing.
hardness is in the ultra fine, strained and nitnaigeh
electrolytic zone. The highest microhardness vahetongs to the untreated oxy-nitrocarburized
electrolytic-Fe fig.5a). The fluctuation in the measurements is due epértial relaxation of the Iif
type structural stresses and the re-crystallizgtimeessiear thesurface as well as the nitrogen saturation
in depth. The lack of coincidence in the maximunuea of the untreated and annealed at 60B¢é is
due to the difference in electrolyte-Fe thicknasd the position of the re-crystallized boundaryhiem.

4, Conclusion

The main conclusions from this investigation cooddsummarized as followed:
1. The structural characteristics of the substdmrmine to a great extend the diffusion rate tued
saturation depth of the vacuum ONC layéfs 2o pasbupam!
2. According to the metallographic analysis, thertiched areas appears in the ONC sampies t the
surface, in some defective regions in the electeele and in the electrolyte - Armco Fe boundarensh
the nascent atoms decrease their diffusion rate.diffusion of N is many times greater than ther@.o
In the oxy-nitrocarburized Armco Fe, the increasgdtontent at a distance of 0,1 mm is due to C
diffusion in the substrate.
3. It is found out that thephase C content is comparatively low in the in@tidgprocess conditions.
4. The essential structural differences in theyfalhnealed electrolytic and Armco Fe compound and
diffusion layer are shown. While the electrolytie Baturated zone contains a thineerand y-built
compound layer and” and y- constructed diffusion layer, the Armco showsamparatively dense-
andy-built compound layer and coargenitride precipitates in the diffusion layer.
5. There is an inconsiderable hardness increase tafiatment due to the pre-saturation ofdHee and
compressive stress in the Armco substrate. Thetipamd the dispersion of the nitride phases i th
annealed samples contribute the hardness risehenuhtreated and low temperature annealed oxy-
nitrocarburized samples there is an additionahgtite because of the residual stress in the streictur
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