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A failure analysis of tungsten filaments used in quadrupole mass spectrometer for plasma 

process monitoring was carried by using SEM and EDS. Failed at high temperature, filaments 

showed two kinds of failure modes. The one is that diameter of filament became thinner 

gradually and finally snapped. The other is that filament abruptly snapped almost at a right 

angle. The EDS analysis showed Fe and C, including W and Fe, on the surface of failed 

filament. when failed filaments were treated with plasma in mixture of Ar and CF4, the amount 

of Fe and C decreased. The failure analysis of filament showed that the cause of filament 

failure is thermal evaporation and grain growth of tungsten at high temperature.

Keywords : QMS, Tungsten filament, Failure, Thermal evaporation, Grain growth

* [E-mail] jhjoo@kunsan.ac.kr

I. Introduction

A variety of gases and radicals is analyzed with 

quadrupole mass spectrometer in plasma process. 

Neutral gases and radicals are collided with thermal 

electrons, which have been generated from hot filament, 

ionized and analyzed. The service conditions are 

severe with temperature during operation above the 

recrystallization temperature. The choice of metals 

for the manufacture filament is limited to those with 

a very high melting point. Several materials for 

filament are listed in Table 1. Tungsten among these 

materials has the highest operating temperature. 

Filament of quadrupole mass spectrometer for the 

plasma process monitoring operate at temperature of 

upto 2400oC. This is a temperature of around 80% of 

the melting temperature. Beside good mechanical 

properties at high temperatures, tungsten and tungsten 

alloys feature high melting points and other superior 

thermal properties such as good thermal shock 

resistance and good thermal conductivity. Instability 

can appear because of recrystallization and grain 

growth. Applications of tungsten and its alloys have 

been limited by their brittleness at ambient temperature.

A very effective way to lower the ductile-brittle 

transition temperatures of tungsten is by alloying 

with rhenium [1-5].

It has been found that additions of rhenium to 

tungsten can enhance the strength and ductility of 

tungsten in the range of 2000∼3000oC and also 

raised the temperature of incipient recrystallization 

of tungsten wire by 200∼400oC, depending on the 
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Table 1. Materials and their properties for filament.

Material Operating Temperature Use

Tungsten 2400 K P＜10-5 mTorr, Inert gases

Rhenium 2300 K P＞10-5 mTorr, Hydrocarbons

Thoria-coated iridium 1900 K General purpose, Robust

LaB6 1300 K Special applications

rhenium content [3].

The Problem of filament degradation, also known 

as filament aging, in Hot Wire CVD (HWCVD) process 

constitutes the major limiting factor for the industrial 

implementation of this technique. In particular case 

of silicon deposition, using for instance silane (SiH4) 

as precursor gas, the degradation of the catalytic 

tungsten filaments is due to the formation of silicide 

[6-12].

A thick and non-protective tungsten oxide scale 

forms during exposure to oxidation. Further, above 

1300oC, tungsten forms a volatile oxide WO3 that in 

high temperature and highly ablative environment 

causes catastrophic degradation to the materials [13].

In the development of long-lived filaments, however, 

research has focused on the role of grain growth and 

grain boundary dynamics as the principal, life- 

limiting failure mechanism [14]. Filament failure is 

thought to result from the growth of equiaxed grains 

and subsequent motion along the grain boundaries. 

Recognition of these mechanisms led to the development 

of nonsag W wire which grew jagged, interlocking 

grains to inhibit sagging. 

The purpose of this study is to investigate and 

analyze the failure of filaments of quadrupole mass 

spectrometer which were snapped during operation at 

high temperatures.

II. Experimental

Filaments of quadrupole mass spectrometer have 

operated at a temperature of around 2200oC and its 

emission setting was 40 eV, 200 μA. The filament 

has a diameter of 128 μm. Tungsten filaments were 

analyzed by using SEM and EDS at unused state, 

after use in plasma processes and after Ar+CF4 plasma 

treatment (10 mTorr, 50 sccm Ar, 1 sccm CF4, rf power 

700 W). The purpose of this treatment is to clean the 

deposit on the ceramic part surfaces to make WF6.

III. Results

The filament assemblies are shown in Fig. 1. With 

operating time, thermal evaporation of tungsten 

filament occurred, condensed on the ceramic plate 

and brought about contaminations. Due to these 

contaminations, the peaks intensities of quadrupole 

mass spectrometer get weaker and finally the experiment 

becomes impossible. 

SEM micrographs of two kinds of filament failure 

modes are shown in Fig. 2. The unused filament 

shows neat shape. On the hand, mode I Failure is 

that diameter of filament became smaller gradually 

and finally snapped. mode II Failure is that filament 

snapped abruptly almost at a right angle.

Figs. 3 and 4 show enlarged SEM micrographs of 

mode I and mode II of Fig. 2, respectively. Failed 

filaments show many particles, cracks and grain 

boundaries on their surface. The result of EDS analysis 

is shown in Table 2 [15]. O, F, Fe and C, including W 

and Re, were detected and amount of O, F, Fe and C 

diminished after plasma treatment for 10∼20 min. 

Plasma treating apparatus is shown in Fig. 5. 

It is thought that Oxygen detected in unused 



Sung Yong Ha, Dong Hoon Kim, and Junghoon Joo

144  Appl. Sci. Conv. Technol. 24(5), 142-150 (2015)

  

Figure 1. A view of the Filament assemblies as received from vendor; Filament has a semicircular shape and is
welded to stainless plate (a) unused one (b) failed one with mode I (c) failed one mode II.

  

Figure 2. Scanning electron micrographs of the surface of filament (a) Commercial tungsten filament (unused one)
(b) filament which failed with mode I (c) filament which failed with mode II.

Figure 3. Enlargement of Figure 2 (b) (failure mode I) (a) and (b) growth of facets on tungsten filament, These
may have formed by deposition of atoms on surface followed by growth to form this structure. (c) Shape
of surface formed by melting and solidification (d) crack formed at grain boundary.

  

Figure 4. Enlargement of Figure 2 (c) (failure mode II) (a) crack formed at grain boundary (b) growth of facets
on tungsten filament (c) shape of surface formed by melting and solidification.
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Table 2. The result of EDS analysis.

Element Unused Failed 
10 min 

treatment

20 min 

treatment

O 18.03% 13.34%

Re 6.17% 15.38%

W 75.8% 46.27% 55.99% 78.52%

F 11.07% 34.21% 8.33%

Fe 5.89% 9.8% 2.56%

C 8.06% 10.59%

Figure 5. Plasma treating apparatus.

filament come from tungsten oxide which was formed 

during production process. Fe and C seem to come 

from parts surrounding filament during plasma 

treatment.

IV. Discussion

Filament of quadrupole mass spectrometer for the 

plasma process monitoring operates at temperature of 

up to 2200oC. This a temperature of around 80% of 

the melting temperature of tungsten. Instability can 

appear because of recrystallization and grain growth. 

High-reliability quadrupole mass spectrometer can be 

impacted by filament failure in mid-operating cycle. 

In such instruments, it is desirable to have a precise 

knowledge of the filament life. 

Common reason for failure are poor assembly, 

faceting and mechanical damage through impact or 

vibration. Mechanical damage is influenced by grain 

size and shape effect. Tungsten has a bcc structure. 

therefore, toughness is improved by smaller grain 

size. 

If grain were small and equiaxed, the creep strength 

would be low because diffusion creep would be too 

fast. Therefore, elongated structure is preferred to 

minimize diffusion [16].

1. Production of tungsten filaments

Tungsten is produced from its ores using a chemical 

route due to high melting temperature [16]. Two ores 

which are commercially important are Wolframite 

(FeMnWO4) and Scheelite (CaWO4). The chemical 

treatments for concentration are different for each. 

Before sintering the powder is compacted by pressing 

in low alloy steel and heated to around 1150oC for 1/2 

hour in a hydrogen atmosphere. 

Sintered tungsten bar is then rolled and finally 

reduced by wire drawing.

In compacting, Al, Si, O, Si, and O2 vaporise by 

high temperature of tungsten. however, K is pushed 

out of solid solution. because of the high lattice 

strain it would produce, forming agglomerates, these 

then precipitate and form sinks for vacancies. Bubble 

then form at the site of the Potassium. these can 

have a hugely positive effect on the stability of the 

tungsten in the pinning of grain boundaries. 

2. Faceting

The biggest problem in tungsten filament is faceting 

[16]. Vaporation and condensation cause the interruption 
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to the uniformity of cross section leading to non- 

uniform resistive heating. Hot spot formation can 

lead to failure as it is also a weak spot. The weight 

of the filament will create a small tension which will 

pull out the wire making it thinner and hotter. 

Evaporation from the hot spot will also take place at 

an increased rate. 

Tungsten atoms diffuse or vaporise and condense 

onto the lowest energy site on the surface. In most 

crystals crystallographic planes will exist with lowest 

energy than others. Minimizing high surface energies 

is a driving force for faceting. 

A theory of faceting has been developed [17]. The 

new basic ideas are that:

(1) the instability of the surface is due to an 

orientation dependence of surface mass flows caused 

by electrotransport or thermotransport; and (2) the 

characteristic periodic structure is the result of 

growth selection. In their experiments, Periodic faceting 

was observed at high temperatures when there was a 

gradient of temperature (thermal faceting) or electric 

potential parallel to the surface. Four types of facets 

were observed in tungsten: (112), (110), (110)/(112) 

and (112)/(112) facets.

Adam and Wever [18] showed that the single 

crystals displayed thermal faceting in high vacuum 

and in a pure hydrogen atmosphere with (110) and 

(112) facet planes in both cases.

When tungsten was oxided in the temperature range 

from 900 to 1200 K at an oxygen pressure from 

5×10-4 to 5×10-3 Torr, The result of faceting tungsten 

surfaces was the appearance of (110) [19].

Figs. 3 and 4 show good examples of faceting in 

various filaments, and, also, show growth of crystals 

and cracks between these large crystals. It is thought 

that the filament has melted at point possibly due to 

faceting or some other flaw that have created 

localized heating. 

3. Failure by grain growth 

Grain growth causes the filament to become more 

brittle, according to the Hall-Petch equation [20,21]

    




(1)

: yield stress

: lattice friction stress required to move individual 

dislocation

: constant 

 : diameter of grain

Grain growth is at first restrained by the minute 

potassium-gas bubble that pin the longitudinal grain 

boundaries [16]. Potassium bubbles are dragged by a 

moving grain boundary causing bubbles to coalesce, 

two bubbles form new bubbles of larger volume than 

the total of the two bubbles. If single crystals are 

formed entirely across the wire, then grain boundary 

sliding is unimpeded. This will increase the porosity 

by sweeping up the bubbles as the grain boundary 

moves.

The failure mechanism of the nonsag have been 

studied extensively and discussed most recently by K. 

Luey [14]. Dopants which are insoluble in W are 

dispersed during sintering and reside in the sintered 

ingot in the form of ellipsoidal vacancies or voids. 

The ellipsoidal break into strings of bubbles when the 

W rod is drawn into thin wires. These strings of 

bubbles are thought to be responsible for the growth 

of interlocking grains and the increased recrystallization 

temperature. However, the bubbles have been seen to 

reaccumulate into large voids at grain boundaries 

which then contribute to the wire failure. Due to 

these grain growth (Ostwald ripening), filament would 

snap easily.
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Figure 6. Numerical model geometry for closed ion 
source.

Figure 7. Gas flow dynamic analysis result showing (a) velocity magnitude, (b) zoomed in the ion chamber window
and the filament.

4. Numerical modeling of the ion source

Closed ion source (CIS) is operated in mTorr range 

of gas pressure to get high electron collision 

efficiency for improved impurity detection level with 

respect to background gases. Manufacturer’s material 

says CIS is better than OIS (open ion source) by 100 

times (1 ppm .vs. 100 ppm) [22]. Common plasma 

processing systems are operating around 1 Pa of gas 

pressure, e.g. dry etcher, PECVD and sputter deposition 

system. Maximum operating pressure of a filament 

operated ion source is limited up to 10-2 Pa due to the 

space charge limit. W alloy filament is usually heated 

up to 2000oC to emit thermal electron. Normal operation 

mode is using 1∼2 mA of emission current. Under 

ultra high vacuum (UHV), the life time of the filament 

is governed by metallurgical characteristics, e.g. grain 

growth in bamboo structure. CIS is used at highest 

operable gas pressure. It would be exposed various 

kinds of reactive gases: oxygen, water vapor and 

halogen gases. W would be easily oxidized at 2000oC 

and evaporate. F containing gases would make WF6 

from W filament surface which is extremely volatile at 

high filament temperature (cf. 863 Torr at 21oC) [23].

CFD-ACE+ is developed by ESI corp. as a 

multi-physics software package including gas flow 

dynamics, heat transfer, gas chemistry, electro 

magnetic field and plasma modules. Fig. 6 is a 3D 

geometrical model to simulate the CIS. Calculated gas 

velocity profile is showing some leakage around ion 

chamber as expected. Zoomed feature in Fig. 7 is 

showing anode chamber window is a main exhaust of 

the incoming gas flow from the processing chamber 
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Figure 8. Electric potential profile of (a) the CIS, (b) zoomed in CIS window and the filament.

(a) (b) (c)

Figure 9. Electric potential profile of (a) clean CIS, (b) insulator deposited repeller case, (c) repeller open view
of case (b).

through a pressure reduction orifice.

Electrostatic analysis of the CIS module showed the 

ceramic body to hold the filament fixing frames is 

electric potential gradient around the anode chamber 

- ceramic body contacting areas in Fig. 8. The 

equipotential contours inside the anode chamber are 

shown in Fig. 8(b). It shows this distribution is 

practically acting as a convex ion lens which is 

expected to focus ions into the exiting hole in the 

anode plate. It would form a ion beam to enter 

quadrupole region for mass separation. As the new 

filament is working to emit electrons under reactive 

gas environments, the surface of the ion source 

components would be degraded with various kinds of 

deposits. Metals would be covered with insulating 

layers. Ceramics would be covered with semi 

conducting metallic deposits which will cause leakage 

current. Both phenomena would change the electric 

field structure and each voltages assigned to the 

electrodes of the ions source should be re-tuned to 

get maximized ion current from the same amount of 

electron emission.

Calculated electric potential distribution of CIS 

with insulator contaminated repeller surface is shown 
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(a)

 

(b)

Figure 10. Effect of charged repeller (a) yz cut of CIS inner volume, (b) zcut view.

in Fig. 9(b). In comparison, Fig. 9(a) is a result from 

the clean repeller. Ceramic body’s electric potential 

profile was affected by the repeller. Fig. 9(c) is 

showing the inner view of the structure with the 

repeller off. Effects of the charged repeller were 

shown in Fig. 10. In the zcut view of Fig. 10(b), it is 

clear the potential profile is affected by the charge 

accumulated repeller surface due to the insulator 

deposit. In the further study, electron and ion 

trajectories will be calculated to assess the effects of 

insulator deposit on the charged particle motion in 

the CIS.

V. Conclusions

Filament of quadrupole mass spectrometer for the 

plasma process monitoring, which operate at high 

temperature, is the life-limiting factor of appratus. 

Failure of filament have been investigated using SEM 

and EDS. Failed filament show facets, many particles, 

cracks, and grain boundaries on their surface. As a 

result of EDS analysis, O, F, Fe and C, including W 

and Re, were detected and amount of O, F, Fe and C 

diminished after plasma treatment for 10∼20 min. 

Faceting, grain growth, vacancies and bubbles are 

thought to be the cause for failure of tungsten 

filament at high temperatures.
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