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ABSTRACT

Atomized iron powder was compacted at 500 MPa amd s
tered in a plasma atmosphere with the purpose vesti-
gate the effects occurred on the surface of thepkswith
temperatures varying from 900 to 1100°C, voltagegiag
from 400 to 700 V with time switched onJTof 80, 110

barding the cathode. This subject has been treatddw
researchers because the greater interest has beays a
given to the energy about ions only. The fast reguwtoms
are formed by symmetrical charge transference énctth-
ode sheath continuing towards cathode with the same
ergy about ion that originated it. They have affidrthat
most of the erosion in the cathode has been prplabked

and 140us for each voltage level. These samples were sin-by fast neutral atoms and not by ions, althougheftsrgy

tered in DC plasma compound of hydrogen and argen u
ing the cathode geometry. The samples have alsa be
processed in a conventional system just for contperaf-
fects. They have presented a significant atomicilityobn
the surface promoting a decreasing porosity to Hage
level around 700 V. However, when some samplessiere
tered at 400 V with low.} their surfaces presented a clus-
ter of iron atoms in a spherical shape due to lanekc
energy of ions striking the samples.

1. INTRODUCTION

The cathode plays an important role in materialgtepng
(atomic pulverization) due to be a target of enécgens
coming from glow discharge, in addition to beingaurce
of electron production to the plasma maintenangtlelL
experimental data have been made available simsésD
Vanderslice’s work published in 1960’'s [1] abouteryy
ion distribution bombarding the cathode. It wasuassd
that maybe due to the assembling these works, ey
become difficult to carry out goods results. On tiker
hand, theoretical works simulating energy ion disttion
were published [2-5]. From 1990’s until the currelays
some experimental data have appeared, for exartipe,
works cited in [6,7-12]. Some experimental resoften-
ergy ion distribution in different conditions ofeetric dis-
charge will be presented below.

Peter et al. [9,10] have approximately measureckttezgy
of H" and Af at 100 and 90 eV, respectively, in its maxi-
mum intensity for an electric discharge of 1.67%X10%s of
H,, 1.67x1F m®s of N, and 3.34x10 m®s of air with
pressure of 200 Pa (1.5 Torr), voltage of 500 afd ¥,
and current around 0.1 A using a pulsed power sourc
They have used this discharge for the nitridingathatgic
process. Mason et al. [5] have developed a theateti
model to calculate the energy of fast neutral atbos-
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could be slightly smaller, varying from 40 to 60,a¥ther
than ions energy around 68 eV. These values hase be
analytically calculated in a discharge of pure argo the
following conditions: gas pressure varying from t67133

Pa (from 0.5 to 1 Torr); current from 0,4 to 1 nelud volt-
age applied to the cathode of 800 V. Straaten. ¢6phave
measured the energy ions distribution of thie X**, X?*,

M™ and MX+ bombarding the cathode. The letter X repre
sents the gases used in the electrical dischargar(é Ne)
and letter M, material of cathode (Al, Cu, Mo ana).TThe
conditions about the electrical discharge usedbyauthors
have been the following: gas pressure from 10 @ B8
(from 0.075 to 0.75 Torr), current ranging fromals mA
and voltage varying from 500 to 1500 V. It was oeti that
Ar? presented a wide peak with energy ranging frono70
600 eV. The Af" originated in the glow discharge crosses
the cathode sheath with few or no collision reaghihe
cathode with maximum energy. The energy distrilbutio
about Af and A% has presented narrow peaks with energy
around 70 eV due to their high cross section. rmseof
quantity the Af was present 10 times greater thai"And
100 times than Af. Straaten et al. [6] have also noticed
that the cathode was significant bombarded by eamsing
from its proper material. The Cwith approximately 20%

of the flow of Ar" reached the cathode with energy between
150 and 650 eV. Most of the ions formed by cathodte-

rial M* were originated in the glow discharge with energy
loss lesser than energy of Ar+ since it has fewsiohs by
symmetrical charge transference. Budtz-Jorgenseaml.et
[13] have proved in experimental works that Arihs had
significant contribution for sputtering phenomendew
compared with Ar. These measures of sputtering rate have
been made in a cathode of stainless steel andwitm dif-
ferent compositions of Ar/Hbut they have been always
done with the voltage at 300 V, time switched oor(Jlat
100 us and gas pressure at 58.67 Pa (0.44 Torr). Budtz-
Jorgensen et al. [13] have concluded that theableydro-
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gen in the cathode erosion in these electricahdisyes was
mainly owing to chemical sputtering. It was alsaified
that the greater rate of physicist sputtering wagirtated
by ArH" for the gas mixture set out at 20%#&hd 80%Ar.
For an amount of 5% of Hinto argon had a significant
formation of the AF with energy around 80 eV. When the
H, was increased more than 5% there was a reducfion
Ar+ and consequently ArHwvas raised. Both ions have pre-
sented a similar energy distribution around 80 Attord-
ing to Budtz-Jorgensen et al. [13] the Ar#issociation is
the main source of Arin the cathode sheath. Budtz-
Jorgensen et al. [14] have carried out through rothe
periments using gold and aluminum cathodes with dis
charge of Ar/H at 20 Pa (0.15 Torr), time switched on
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der to investigate the surface of the samples,itbis pow-
der was sieved resulting in particle size with pardistri-
bution ranging from 43 to @8n. Then the powder was
mixed with 0.6% wt of zinc stearate and compacted t
pressure of 500 MPa using a double action. Thebieju
was performed in a resistance furnace at a temperaf
0500°C for 30 minutes in a hydrogen atmosphere. @tris
dition was chosen to facilitate the study of sugfporosity.
The samples with 9.5 mm in diameter and 6 mm height
were placed on a steel AISI 1020 support workingthom
cathode geometry as shown in Figure 2. Plasmarsigte
for this study was carried out for 30 minutes ab,90000
and 1100°C using a power source of 5 kW, which gead
a square waveform pulse voltage varying from 40000 V

(Ton) at 100us and voltage on the cathode at 300 V. When and the time switched on {J of the pulse period ranging

they have used the gold cathode, it was verified the hy-
drogen addition into pure argon has increased feignily
the atomic pulverization about this material. Itsweot at-
tributed to chemical sputtering because the golbisreac-
tive. In this sense, the physical sputtering dongidahe
process by wide formation of AfHwhen hydrogen was
added in the discharge with sputtering rate optahito a
composition of 20% KHand 80%Ar. Regarding the alumi-
num cathode with the same conditions used befongas
necessary much more hydrogen in the discharge due
have greater importance of chemical sputtering tlaan
physical one. The ions At have dominated the physical
sputtering because the increase of hydrogen didnfiot
ence the kind of atomic pulverization. In this cisere was
a necessity to supply ions of hydrogen to reacAliD;
through chemical reaction.

In this current paper, several unalloyed iron sasplere
sintered using DC plasma when they were put onodath
This technique was already used by different austliroror-
der to do the same metallurgic process [15-19].

2. EXPERIMENTAL AND MATERIAIS

O texto propriamente dito devera ser digitado emtefdipo
The plasma sintering apparatus is shown in Figuréhe
reactor consisted of a steel cylinder 300 mm inmaier
and 300 mm in height, sealed by o-rings and clesdabth
ends by steel plates. Connections for a gas imdyuum
pump, pressure sensor and electrodes, electricallyated,
were connected to the steel plates. Prior to simgerthe
system was pumped down by a two-stage mechanicap pu
until a residual pressure of less than 1.3 Pa washed.
The gas mixture consisting of 80% argon (99.999%e)pu
and 20% hydrogen (99.998% pure) was adjusted usiag
datametrics mass flow controllers whose full-sceddue
was 8.3 x 18 m®s* (500 sccm) and the total gas flow was
set to 4 x 16 m®s* (240 sccm). The pressure in the vacuum
chamber was adjusted and measured with accuratsr bet
than 2% by a manual valve and measured using amiEdw
capacitance manometer of 13300 Pa (100 Torr) falles

The samples were produced by water atomizationrobta
irregular powder DC177 from Hoganéas Brazil Ltda.om

from 10 to 250us. All sintering process was held at 400,
500, 600 and 700 V being used Ton at 80, 110 afd.§4
for each voltage. These parameters have been ase¢hef
levels of temperature of 900, 1000 and 1100°C.grbeess
temperature was adjusted by varying the gas pressuw
maintaining Ton and voltage fixed for each plasimies-
ing as shown in Table 1. A cylinder of sintered lioyad
iron at 9.5 mm in diameter and 6 mm height symroalisy
placed near to the sample was used for temperateses-
turements. The type K thermocouple was protectel wit
stainless steel cover, 1.5 mm in diameter, elatdtyiénsu-
lated with ALO; and inserted 5 mm into the reference sam-

ple.
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Figure 1 - Experimental apparatus.

cathode (sample support) thermocouple

Cathode geometry
Figure 2 - Schematic representation of cathode geatry.
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Table 1 - Gas pressure in (Pa/Torr) used during plsma sintering

© 2009

400 V 500 V

80 s 110 ps 140 us 80 ps 110 us 140 us
900°C 1270/9.5  1076/8.1 931/7 783/5.9  692/52  669/4
1000°C  2544/19.1 1469/11 1360/1d2 1325/9.9  925/6.9816/6.1
1100°C  2721/20.4 1653/12.4 1343/1d.1 1320/9.9  989/7 839/6.3

600 V 700 V

80 pus 110 us 140 us 80 ps 110 us 140 us
900°C 564/4.2  488/3.7  437/3.3 448/3.4  428/32 38212
1000°C  735/55  657/49  609/4.6 584/4.4 535/4 491/3.
1100°C  789/5.9  659/4.9  624/4.] 509/45  512/3.8 3186/

Surface micrographs of the sintered samples weta el
by using a scanning electron microscope in ordexvidu-
ate the efficiency about sintering process onlytunsurface
of them. The SE (secondary electron) picturestferinage
analyses were taken using a 400x magnification.

3. RESULTS AND DISCUSSION

Micrographs shown in Figure 3 were sintered inasmpa
atmosphere using cathode geometry during 30 mirattes
900°C, 400 V and Ton at 80, 110 and 14€) respectively,
to Figures 3(a), 3(b), and 3(c). Clustering of iedoms was
formed in small spherical shape which was dependgon
the voltage and Ton used. A significant amounthafse
small clusters have been observed together fosdngple
sintered at 400 V and Ton at 86 according to micrograph
shown in Figure 3(a). When the voltage was increésa
level of 700 V maintaining Ton at 8s, fewer clusters of
iron atoms in spherical shape have been visuabretheir
surfaces and became cleaner when it was raisedOtpsl
These effects are shown in micrographs of the Egdfa),
4(b), and 4(c) also sintered for 30 minutes at @000 V
and respectively Ton at 80, 110 and 140 The same con-
ditions of sintering have been repeated for tentpeea of
1000°C and 1100°C whose parameters are shown ie Tab
1. A chemical analysis focused in a small partmiehe
sintered sample has revealed that it was compoasehe
tially of by iron according to Figure 5.

Surface diffusion, grain boundary diffusion anduwk dif-
fusion are the three main mechanisms of materalsjport
in a sintering process purely in solid state asutised by
Thimmler and German [20,21]. However, another lohd
diffusion, vaporization and re-condensation, cacuoale-
pending on the vapor pressure of the processedrialate
The vaporization and re-condensation could be Westh
when these samples of unalloyed iron were sintémed  —

conventional system, though, this mechanism coelédbi- - 1’5‘331\&\/ Foash e ELl
vated when the samples were sintered in the DGnaldsy L o
adopting cathode geometry. By using DC plasma iecien (©
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ions that arrive at the interface between the glegwon and
the cathode sheath are strongly accelerated towtduels

cathode.

Figure 3 - Micrograph of surface sample sintered oithe cath-
ode geometry at 900°C, 400 V and 86 (a), 110us (b) and
140ps (c).
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Figure 4 - Micrograph of surface sample sintered oithe cath-
ode geometry at 900°C, 700 V and 86 (a), 110us (b) and
140ps (c).

According to the theoretical foundation used irstiiork,

the flow of ions have energy about 50 to 100 ewgsiery
low gas pressures around 10 to 300 Pa (from 0.076%
Torr). At usual gas pressures used in this work teve
ranged between 372 and 2721 Pa (2.8 and 20.4 frosr)
level of energy tends to diminish. In accordance&tap-

man [22] the kinetic energy of ions striking thengde sur-
face is a direct function of the electric field timée cathode
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sheath and inversely proportional to the gas presdihese
ions which bombard the cathode, promote three re&in
fects: heating, sputtering of atoms from the ca¢hadd ki-

netic energy transference to the atoms of the caiff22].
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Figure 5 - Chemical analysis focused on a small spfical par-
ticle of the samples sintered at 900°C and 400 V.

When the pressure was adjusted to 1270 Pa at 4001\80
us the number of collisions with atoms was higheanth
when the pressure was maintained at 372 Pa at 780dV

140 us. As a consequence, the amount about the cluster o

iron was higher in the former case than when coetgbar
with latter one. As the energy of ions bombarding ¢ath-
ode increased, consequently bigger the mobility@f at-
oms on the sample surface, activating the vapaoizatnd
re-condensation diffusion. Due to sputtering, ahhapn-
centration of iron atoms that occurred in the daase, fol-
lowed by an increasing of condensation that eviglemas
dependent on kinetic energy. This condensationtahs
occurs preferentially on the concave surface wheigor
pressure is lower. In an opposite way, it was easiex-
tract an iron atom from the convex part where thpov
pressure is the highest. Nevertheless, some atoisiaga

from the cathode reach the glow discharge and eonse

qguently become ions by collisions with electronsniotg
back to the cathode with high energy. Thus, whemrsé
iron atoms in the vapor phase condensate on th@leam
surface with low kinetic energy and temperatureyttend
to form a cluster because of their low mobility adi€fu-

sion, mainly at 900°C and pressure adjusted at P270n
this way a cluster of iron atoms was formed withoatk
formation between a pair of particles because tmebina-
tion among temperature (900°C), voltage (400 V) @od

(80us) was not interesting. This effect has signifibade-

creased when voltage pulse rises to 700 V and gasyre
falls to 372 Pa, even though maintaining the procs
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900°C. In fact, when the voltage was increasedjdhen-

ergy that bombard the sample surface has becomédisig

cantly higher in order to promote an activatedudiin in-
cluding the loss of particles identification thatfides the
second sintering stage according to Thummler anth@e
[20,21]. This effect is well visualized in microgta of Fig-
ure 4(c). On the other hand when the process tahper
was raised to 1000 and mainly 1100°C, as well esrtain-
tenance gas pressure around 500 Pa (4 Torr), ectg@00

V with Ton in 140us, the effect discussed above has dlsap- -

peared owing to significant increase of temperatiitee
combination of high voltage and temperature redulte
surface sealing as shown in Figure 6 and mainlgririb-

uting to the porosity sealing [23]. The effect efiperature
was not so significant because when the samples sinr
tered in conventional system, no porosity sealireg wb-
served even at 1100°C as shown in micrograph ofrEif.

Flgure 6 - M|crograph of surface sample smtered orhhe cath-
ode geometry at 1000°C, 700 V and 14(.
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Figure 7- M|crograph of surface sample sintered othe cath-
ode geometry at 1100°C, 700 V and 14(.

In short, the kinetic energy of ions bombarding gkas was
so important to close the porosity of them. Theeeféons
extract iron atoms from the convex part becausevéper
pressure is higher and deposit them in a concagdpop-
posite effect and this way the sealing is verifiecaccord-
ing to images shown in Figure 7.
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Figure 8 - Mlcrographs of sample sintered in convetional
system at 1100°C.
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4. CONCLUSIONS

The samples sintered on the cathode geometry haere p
sented a cluster of iron atoms in spherical shapenwhey
were processed at 900°C, 400 V and Ton was sél @s$.8
However, this effect slightly disappeared when ibltage
was increased to level of 600 and 700 V using Toh48
us, even maintaining the same process temperathis.is’
due to exclusively, to ion energy bombarding thea
surface promoting activated diffusion. Nonethelesken
the process temperature was increased to 10000%Q,
maintaining voltage at 700 V with Ton in 148, the effect
about iron cluster completely disappeared, owingelie-
vant increase of atomic diffusion including theméhation
of surface porosity.
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