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Abstract

Microwave plasmas have enormous potential as a rapid and energy efficient sintering
technology. This paper evaluates the influence of both plasma atmosphere and metal
powder type on the sintering temperatures achieved and the properties of the sintered
powder metal compacts. The sintering is carried out using a 2.45 GHz microwave-plasma
process called rapid discharge sintering (RDS). The sintering of three types of metal
powder are evaluated in this study: nickel (Ni), copper (Cu) and 316L stainless steel (SS).
An in-depth study of the effects of the plasma processing parameters on the sintered
powder compacts are investigated. These parameters are correlated with the mechanical
performance of the sintered compacts to help understand the effect of the plasma heating
process. The substrate materials are sintered in four different gas discharges, namely
hydrogen, nitrogen oxygen and argon. Thermocouple, pyrometer and emission
spectroscopy measurements were taken to determine the substrate and the discharge
temperatures. The morphology and structure were examined using scanning electron
microscopy and x-ray diffraction. The density and hardness of the sintered compacts were
correlated with the plasma processing conditions. As expected higher densities were
obtained with powders with lower sintering temperatures i.e. nickel and copper when
compared with stainless steel. Under the power input and pressure conditions used the

highest substrate temperature attained was 1100°C for Cu powder sintered in a nitrogen
atmosphere. In contrast under the same processing conditions but in an argon plasma, the

temperature achieved with SS was only 500°C. The effect of the plasma gas type on the
sintered powder compact chemistry was also monitored, both hydrogen and nitrogen
yielded a reducing effect for the metal in contrast with the oxidising effect observed in an
oxygen plasma.
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1 Introduction

The thermal sintering of metal powders has been widely reported using both furnace [1] and non-plasma microwave
[2] treatments. Microwave sintering differs from conventional furnace techniques as the heating mechanism is
volumetric rather than convective heating and decreased processing times are reported when compared with
conventional heat treatment methods [3]. It is reported that powders sintered using microwaves exhibit more rounded
powder particle porosity [4] and higher shrinkage rates [5] when compared with furnace sintering. In order to reach
the elevated temperatures required to sinter materials with higher melting points, an alternative heating technique is

required to microwave heating. The use of plasma treatments such as radio frequency [6] and DC sources [7] both
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exhibit considerable potential in this regard as they offer a more homogeneous localised treatment for the sintering of
metal powders. The microwave plasma technique has also been shown to exhibit considerable potential [8] and we
have previously described the sintering process as rapid discharge sintering (RDS) [9]. During the RDS process gas
molecules become excited by the microwaves and a plasma is formed, this in turn heats the material placed inside a
plasma ball. In an early paper in this area, it was proposed that the discharge may cause activation of the particle
surfaces that results in concentrated heat effects and hence, in an in situ cleaning action of powder particles [10].
Amongst the advantages of microwave plasmas is that they do not require susceptor heating and benefits from a cold
wall processing technology, which means the cooling rate is very fast and power consumption is relatively low.

The type of plasma gas has been shown to influence the heating efficiency of the microwave plasma, which in
turn has an impact on the densification of the material being processed [10]. It is reported for example that in the
case of microwave plasmas that discharge temperatures were found to increase when diatomic gases were used
compared with the temperatures obtained with argon for example [6]. Studies have shown that argon cannot reach
sufficient sintering temperatures due to the lower enthalpy when compared with the diatomic gases [11]. The
emission spectroscopy technique has been widely used to monitor the gas temperature in microwave plasmas [12].
As well as rotational gas temperature measurements for atmospheric plasma sources [13, 14]. Different gas species

have also been investigated for spectral lines and emission characteristics, such as hydrogen H2, nitrogen N2 and
oxygen O2 as well as OH spectral lines [15, 16, 17].

This paper aims to systematically evaluate for the first time, the influence of both plasma gas type and powder
type on the efficiency of the microwave plasma sintering process. The temperature of both the microwave plasma

treated substrates and microwave plasmas themselves are monitored with changes in discharge gas and metal powder

type.
2 Experimental Methods

Rapid Discharge Sintering process was carried out using a circumferential antenna plasma (CAP) as described in
detail previously [9, 18]. The system shown in figure Error! Reference source not found. operates at 2.45 GHz
with a 6 kW microwave power supply. The process required a 5 minute ramp up, a 10 minute treatment at the
maximum temperature followed by a 5 minute cool down time, which gave a total processing time of 20 minutes

In this study the power input used for all experiments was 2.4 kW at a treatment pressure of 2 kPa. The four
different discharge gases investigated to sinter the powder compacts were; Hydrogen, Oxygen, Argon and Nitrogen.

In the case of H2, N2 and EOz’ a trace amount of Argon (Ar) was added to the main gas in order to facilitate

actinometry measurements [15]. A gas flowrate of 100 sccm was used and 5 sccm flow of Argon for each study.
The plasma treatment experiments were carried out with three metal powders, these were; 1 um INCO ® nickel
(T110) powder, 1 um Accu Powder® copper powder and 15-20 um Sandvik® 316L stainless steel powder. These

powders were selected due to their relatively broad range of densities and melting points as detailed in Table 1.



Table 1: Melting point and bulk density of the powder metals investigated [19]

Powder Melting Point (°C) | Density (glem®)
Copper (Cu) ~1080 8.94
Nickel (Ni) ~1450 8.90
Stainless Steel (SS) ~1400 7.99

The powder compacts were pressed using a uniaxial 12.8 mm diameter die at a pressure of 600 MPa. The pressed
"green™ compact height was 10 mm. The dimensions of each sample were calculated based on the density of the
powder and the packing density, to achieve equal sample sizes across the three powders. In each case both pressed
and sintered cylinder densities were determined using Archimedes’s principle. An photograph of the pressed

compacts is shown in figure Error! Reference source not found..

T Microwave Tuner

Microwave
Generator

Tunable Waveguides +“—— 4 <

— Microwaves

—— Quartz Ring

N—— Plasma

To
Vacuum
Pump <«{_

N-— Sample
Holder

Adjustable —

Stage Gas Inlet

Fig. 1 Schematic of the circumferential microwave plasma rapid discharge sintering system

The pressed compacts were drilled before sintering using a 2.5 mm drill to a depth of approximately 4 mm, in order
to accommodate the tip of an L-shaped S-type thermocouple, shielded in ceramic. The tip was inserted into the back

of the vertical side of the sample and this facilitated in situ temperature measurement during sintering. The

thermocouple was sourced from Industrial Temperature Sensors Ltd, with an upper limit of 1500 °C. The surface
temperature of the powder compacts were measured using a LASCON QPO003 two—colour pyrometer (Dr.
Merganthaler GmBH & Co, Ulm, Germany). The use of a two-colour pyrometer is expected to eliminate the
interference effect of the plasma on the emissivity of the sample as no significant plasma emissions are observed for
the gases used at the operating wavelengths of the pyrometer (1.68 and 1.916 um) [20]. Substrate temperatures were
obtained using light measurements through a quartz chamber window (approximately 40 mm in diameter). A

temperature profile of the heating effect of the plasma was recorded for each compact tested.



Fig. 2 Image of the pressed Ni, Cu and SS samples before sintering

Optical emission spectroscopy was carried out using a low resolution spectrometer USB4000 UV/VIS with a spectral
range of 200-880 nm. The emission spectra of each gas type was measured during the sintering of each of the metal
powders and gases, to obtain the rotational and vibrational temperatures of the plasma species. Measurements were
recorded at minute intervals, for the ten minute sintering process at the maximum treatment temperature. The gas
temperature as determined using emission spectroscopy was compared with thermocouple and pyrometer readings
recorded during the same tests. Argon was used as the actinometer to determinate relative atomic hydrogen and
oxygen concentration, as well relative molecular nitrogen concentration [21, 22]. The selected actinometry lines are:
argon at 750 nm, oxygen at 777 nm, hydrogen at 656 nm and molecular nitrogen 337 nm. For plasmas with hydrogen

as a buffer gas, the rotational temperature of excited electron energy levels is determined from Fulcher-o diagonal

bands (d3H; - agzg electronic transition, P, Q and R branches), which were later used to derive rotation-vibration

temperature of the hydrogen molecule ground state, which is assumed equal to gas temperature [23]. In the case of

N2 plasmas the plasma activated gas temperatures were deduced from the rotational temperature of nitrogen

molecules emission of the second positive system i.e. N2 C?’H: - B?’H;. The corresponding vibrational band heads, p

=0=w=0, 1, 2, 3 are located at the wavelengths, A = 337, 358, 380, and 406 nm, respectively [24].

The density of both the green and sintered powder compacts was obtained using the Archimedes principle. The
apparent density was found based on the Archimedes results and verified with the volume and mass measurements.
Hardness tests were carried out on sintered compacts after they were mounted an polished. The Rockwell B hardness
tests were carried out on the samples using a 1/16" steel ball and 100 Kg weight. SEM images were taken using a
Hitachi TM-1000 scanning electron microscope to examine the polished surfaces and to determine the level of
densification and particle necking after sintering. X-ray diffraction (XRD) was carried out on each sintered sample

to determine the oxidation and sintered materials after processing. XRD analysis was carried out using a Siemens

D500 XRD system over a scanning range of 20-80° with a step size of 0.02° and time per step of 1 s.



3 Results and discussion

3.1 Temperature Measurement

The thermal profile measurements with RDS heating obtained with a thermocouple and a two colour pyrometer are
given in figure Error! Reference source not found.. As outlied earlier the thermocouple measurements were

obtained using a probe inserted inside the compact while the pyrometer measurements are obtained at the surface of

the powder compacts. The pyrometer system however can only measure temperatures above 546 °C. There is a

relatively close correlation between both the pyrometer and thermocouple readings, however there is an offset in that

the pyrometer reading are approximately 20 °C lower than the thermocouple. This may be due to the focal area of the
pyrometer, which can detect a large area both on the surface and the surrounding colder regions, which may lead to a
small reduction in the recorded temperatures. Overall a balance between the volumetric heating of the microwaves
and the convective heating associated with the plasma would lead to an overall homogeneous heating profile, as
illustrated by the combined thermocouple and pyrometer readings [9, 25].

The thermocouple plots for each of the four gas types and the three types of metal powder are given in figure

Error! Reference source not found.. These profiles demonstrate that the plasmas formed with H2 and N2 gases
achieve the highest temperatures of approximately 1000-1100°C across all three materials, while plasmas formed
with O2 and Ar produce lower overall temperatures in the range of 500-700°C. As outlined in the introduction

section, these results confirm the observation reported previously that Ar produces a lower temperature due to the

lower enthalpy compared with H2 and N2 gases [10, 6, 11]. The lower temperature observed in the case of the
plasmas formed with O2 is likely to be as a result of O, being the most electonegative of the three gases, with a

tendency to create negative ions. These can cause a reduction in electron denstiy and would reflect in the plasma gas

temperature when compared with H ) and N2 gases [26].
From figure Error! Reference source not found. it is clear that the thermocouple measurements obtained for
both Cu and Ni were similar for the four gases evaluated. In contrast the temperature recorded in the case of SS was

approximately 50°C lower for each of these gases. A possible explanation for this is that Cu and Ni both exhibit

higher thermal conductivity and lowest electrical resistivity compared with SS. In the case of Cu the conductivity is
6 x10° Sm™!, while that for Ni is 1.4 x10’ Sm™* and the value for SS is considerably lower at 1.5 x10° sm™! [27]. In
the case of electrical resistivity the value for Cu and Ni is 2 x10 S and 7 x10° Qm respectively, while that for SS is

7 x107 Om [28]. In order to verify the the thermal results obtained with the powder compacts cylindrical bulk
metals of the same materials (1 mm thick, x mm diameter), were heated in the plasma under the same processing
conditions. The objective was to determine what maximum temperature could be achieved. These results are

presented in figure Error! Reference source not found.. It can be seen that the Cu samples have the most rapid



heating rate and also the highest temperature obtained. The Ni show slightly lower thermal measurements while the

maximum temperature obtained with SS (316L) of xx°C was x °C lower than obtained with Cu.
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Fig. 3 Thermocouple and pyrometer measurements for copper compacts sintered in an O2 plasma
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Fig. 4 Thermocouple measurements for nickel and copper and stainless steel compacts immersed in the microwave

plasma formed using the gases shown. These figures demonstrates the rapid heating effect of the plasma and

subsequent cooling once the plasma was turned off.
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Fig. 5 Thermal profiles obtained with Cu, Ni and SS bulk material samples treated in the microwave plasma

showing the different heating rates and thermal maxima obtained for each metal

3.1.1 Emission spectroscopy

The OES technique provides plasma diagnostic information on the rotational, vibrational and gas temperatures
including the excitation temperature of certain group of excited levels [29, 30]. In the case of hydrogen plasmas, the

rotational temperature of excited electron energy levels is determined from the Boltzmann plot of intensities of

rotational molecular hydrogen lines belonging to Fulcher-o diagonal bands (dgl'I; - a32$ electronic transition; P, Q

and R branches). In many publications [31, 23] the Fulcher-a band spectroscopy was used because of its strong

visible emission intensity and few perturbations. The excitation energy from the ground state for the Fulcher-a

system is 13.87 eV [31]. In this work emissions from the Q-branches of the d3l‘Iu state are used. The spectrometer

used has a relatively low resolution therefore the spectral line recordings were performed with an instrumental
profile very close to Gaussian form. To recover the true intensity of spectral lines of P, Q and R branches the multi-
gaussian deconvoluting procedure has been applied [32]. Determination of rotation temperature is based the
Boltzmann plot technique, which is widely used for rough estimation of rotation and vibrational temperature or
rotation and vibrational population distribution, although the population density distribution over vibrational/rotation
levels in gas discharge plasmas could be non-Boltzmann character as well [33, 34]. For the treatment of Ni, Cu and

SS samples in a N2 plasma, the rotational temperatures in the discharge were determined from the emission of

nitrogen molecules. Emission bands of the second positive system of molecular nitrogen N2 (C3H: - B3H$) and the

corresponding vibrational band heads, v =0 =v’= 0, 1, 2, 3 are located at the wavelengths, A = 337, 358, 380, and
406 nm, respectively have been used for temperature measurement. The method is based on fitting a tail of emission
to the measurement points. Like in the case of hydrogen, it is considered that the population distribution among
rotational sub-levels of molecular nitrogen is closely coupled to the translational energy distribution of the gas.
Therefore it can be assumed that the rotational temperature is close to the kinetic gas temperature. In this experiment

the mean rotational temperatures were calculated using the emission of each vibration band. The nitrogen second



positive system (C3H: - B31'[;) has been found to be free from overlap with other spectral features and the small

quantum numbers of the states means that their population distribution is likely to be closer to equilibrium. The

example of an N2 emission spectrum is given in Figure Error! Reference source not found..
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Fig. 6 Overall emission spectrum including the emission spectra of rotational lines for N2 second positive system

(C3H: - B?’H;). Experiment: nickel sample No.10 in mixture of N2 (95%) and Ar (5%) at P= 2 kPa.
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Fig. 7 The average rotational temperatures obtained for H2 (left) and N2 (right) during the plasma processing of Cu,

Ni and SS powder compacts. 5% Ar was added as an actinometer to each discharge gas. The error bars on the graphs
of each powder type (only one shown / graph), help demonstrate the relatively small fluctuation in the temperature
measuremens for each of the different samples during sintering.

The results of temperature measurements for H2 and N2 plasmas is presented in Figure Error! Reference source not

found. for discharges formed over each of the three substrates studied. . Note as detailed previously 5% of Ar have
been added into the H2 and N2 discharges for actinometry measurements. The 750 nm Ar | spectral line was used for

the actinometry experiments [35]. It has been shown previously that addition of up to 5% argon does not



significantly perturb the emission spectrum [21]. It has been shown that the temporal dependence of discharges and
the presence of metastables can influence the time averaged rotational temperature of the molecules [36]. In our
experiment we have very small amount of argon (5%). In this study the following emission of vibrational band heads
were used, v=0=v'=0, 1, 2, 3, located at the wavelengths, A =337, 358, 380, and 406 nm, respectively, which have

been used for averaging a rotational temperature measurement. The temperature results were also checked with the

(0 — 0) emission band of the first negative system of molecular nitrogen ions NZ (822: - Xzzg) at 391 nm. Similar

dependencies, for molecular nitrogen were found during the processing time.
As demonstrated in Figure Error! Reference source not found. under the power and processing conditions used
the rotational temperature was generally found to increase with the sample processing time and then to stabilise. The

temperature was found to be higher for the discharges formed over the Cu substrates than for obtained over Ni and

SS. Overall, the rotational temperatures are in the range from 50 to 500 °C. The rotational energy distribution is
usually assumed to be in equilibrium with gas molecule kinetic energy distribution and so the rotational temperature
is seen to reflect the neutral gas temperature within the chamber. It can be useful to study the relative changes in the
concentration of atomic species in the discharge, in this case the study was carried out with oxygen, hydrogen and
nitrogen as demonstrated in Figure Error! Reference source not found. which illustrate the actinometry
measurements carried out. The overall density of the species are in very good agreement with the gas temperature

measurements. The lower relative density of 0, when compared with H, and N, correlates with the lower

temperature found earlier for the thermocouple and pyrometer readings.

The lowest gas temperature recorded was for the hydrogen plasma treatment of the SS substrate, at the same time
the density of hydrogen atom is the highest for this experimental condition. The stainless steel is a relatively stable
material and hydrogen has the lowest chemical interaction with it in contrast with the Cu and Ni samples, because of

that the levels of H, recorded in the spectra remain higher throughout the processing time.

S8
24
16 4
gl = B
Atom Hydrogen
0 T . . . l
? 2 4 & 8 10
324 N o
3 - B
= 244
2
‘@ 1.6
8 . Cu
5 o8y Ni
- Atom Oxygen <s
e 00 - . : : :
' : 4 6 8 10
80 -, —
60 - - i
o Cu
. Ni
201 Molecule Nitrogen 1
S8
0 — i - |
0 z 4 8 8 10
Time (min)

Fig. 8 Temporal evolution of the densities of the atomic oxygen, hydrogen and molecular nitrogen.



3.2 X-ray Diffraction

XRD analysis was carried out on all the powder compacts to evaluate their crystalline composition after sintering. As

detailed in figure Error! Reference source not found. each powder behaved differently depending on the plasma

treatment gas to which the powder was exposed. For samples sintered in an O2 and Ar atmosphere, an oxide layer

was formed on the surface of the materials. For SS samples sintered in N ) and 02, some a iron (ferrite) phase as well

as some passivation with chromium oxide and iron oxide formation. The result of this XRD study is summarised as

follows: From this study, it was concluded that:

» Oxidation occurred in both Ar and O2 for all three powders compacts studied

. Cr203 and Fe203 were observed for SS sintered in the N2 and O2 plasmas

* No oxides were found in the reducing atmosphere of the H2 plasma
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Fig. 9 XRD graphs of Ni, Cu and SS samples after sintering in each of the plasma gases shown

3.3 Density

Density measurements were recorded using Archimedes principle and volume measurements for each material

before and after sintering. The average green density was found to be approximately 69% of theoretical density

across all three material types. The bulk density values for Ni, Cu and SS are: 8.90, 8.94 and 7.99 g/cm3 respectively

[19]. The densities obtained for the sintered powder compacts are shown in figure Error! Reference source not

found.. In each case it can be seen that higher densities are obtained for both copper and nickel compacts reflecting

10



their lower sintering temperatures. The H2 and N2 plasma treatments yielded compacts with the highest densities for

all three powder types reflecting the higher temperatures achieved with these plasmas. The highest sintered densities
achieved were 92 and 87% for the Ni and Cu samples respectively. while the SS samples reached a maximum

density of 76%. The Cu compacts sintered in N2 showed a large drop in density due to the high temperature of

approximately 1100 °C reached during sintering. The melting point of the Cu compact was reached and thus the
compact expanded during the solid to liquid transition, creating large pores and reducing the overall density of the
sample after sintering.
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Fig. 10 Density measurements of the Ni, Cu and SS powder compacts after sintering in each of the plasma gases
shown

3.4 Hardness

The hardness of each of the sintered compacts was measured using the Rockwell B indenter. As demonstrated in
Figure Error! Reference source not found. the hardness values for each of the compacts correlated closely with the
density measurements . SS with a bulk Rockwell hardness of approximately 90 HRB as expected exhibits a superior
hardness value compared with Ni and Cu whose Rockwell values are 70 and 50 HRB respectively. The highest
recorded hardness for the nickel and stainless steel samples was found to be 45.7 and 57.2 HRB respectively [37].
The variation in hardness of the individual compacts was relatively small in the case of Ni and SS for the four
different plasma gases studied. In contrast in the case of Cu a very significant decrease in hardness is observed for

the sample treated in the N2 plasma due to melting. The results obtained for the hardness data in figure Error!

Reference source not found. correlates directly with the density measurements given in figure Error! Reference
source not found..
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Fig. 11 Rockwell B Hardness measurements for nickel, copper and stainless steel sintered compacts

3.5 Morphology

The SEM images given in figure Error! Reference source not found. help to illustrate the differences in

morphology in each powder metal compact sintered in a H2 atmosphere. The stainless steel powers have a larger

particle size (15-20 um) and as a result the level necking between the particles is lower compared to that observed
with the 1 um copper and the nickel powder compacts. It has been shown previously that larger particles require a
longer dwell time at the maximum temperature for increased necking and therefore higher densification to occur [1,
38].This would partially explain the higher level of porosity present in the sintered SS compact.

Fig. 12 SEM images of sintered Ni, Cu and SS taken at the center of each sample at 2000x magnification. The darker
areas are associated with porosity.
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4 Conclusions

The objective of this study was to systematically evaluate for the first time, the influence of both plasma gas type and

powder type on the efficiency of the microwave plasma (Rapid discharge) sintering process. The following are the

main conclusions from this study:

The RDS thermal treatments were found to be reproducible and based on the examination of the morphology

of sectioned samples, the heating effect appeared to be uniform across the 12 mm diameter compacts. The
maximum recorded temperature using the thermocouple was 1100 °C for the copper and nickel compacts in a

hydrogen plasma. The lowest temperature was 500 °C for samples treated in an argon atmosphere. For a
given plasma gas type the heating effect of the plasma was found to be metal dependent which may be

associated with the conductivity and resistance of the metal being treated.

The OES analysis showed that the plasma gas temperature was lower than that obtained using the
thermocouple and pyrometer methods, indicating that the plasma was being cooled on the outer section by
the chamber walls and the central portion of the plasma ball had the most significant role in heating the

powder compacts.

The density of the sintered compacts was found to be dependent on both the metal type and plasma
atmosphere used in the RDS treatment. The highest apparent density was 92% for the nickel samples treated

in a hydrogen atmosphere. The copper samples reached their melting point when treated in a nitrogen plasma.

The highest hardness for the nickel 45.7 HRB and 57.2 HRB for the stainless steel. The Cu was found to peak
at 22 HRB when treated in an O2 samples. The Ni and Cu compacts exhibited lower porosity than the steel

compacts as the SS particles have not fully sintered at the temperatures reached in the RDS process.

XRD data demonstrate that both oxidation and reduction of the powder compacts can be obtained depending
on the gas used for the RDS treatments.

From this study it is concluded that the efficiency of plasma sintering is very dependent on the gas type used. In

addition to sintering temperature however the oxidation / reduction effect of the plasma gas also has to be taken into

consideration in the selection of the discharge gas for a specific powder compact.
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