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ABSTRACT 

Machinable tungsten and molybdenum alloys are extensively used as safety 

shutters and optical slits at the Advanced Photon Source (APS) front ends. These 

materials may present a vacuum problem because of their porosity. Also, an 

environmentally hazard-free cleaning procedure has to be developed for these materials. 

We have chosen specially heat-treated machinable tungsten with a density of 18 gkm3 for 

safety shutters and TZM (a molybdenum alloy containing 0.5% titanium and -0.1% 

zirconium) for optical slits. Thermal outgassing tests have been performed for a 

machinable tungsten set with a total surface area of 4500 cm2 and a 2.8 x 4.6 x 32.6 cm3 

piece of TZM. A cleaning procedure using alkaline detergent ultrasonic washes and 

vacuum furnace baking was used before outgassing measurements. Outgassing rates 10 

hours after initial pump down at room temperature are 1.6 x 10 -lo T o ~ l ~ ~ ~ ' a n ~ ~  for 

machinable tungsten and 6.0 x 10 -10 Toml-s-'an-' for TZM. The outgassing rates 24 

hours after an in situ bake at 160°C for two days decreased to 2.2 x 10 -12 Torr.l.s-'an-' 

for machinable tungsten and 2.2 x 10 -11 Torr.l-d'-cm-' for TZM. Optical studies 

confirmed that the TZM sample is more porous than the machinable tungsten sample. 

Further studies of a denser TZM sample show that the outgassing rate decreases as the 

porosity decreases. The outgassing rate 24 hours after a 48-h bake at 160 "C reached 7.4 

x 10 -12 To ml-s-' for the denser 
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1 INTRODUCTION 

The 7-GeV Advanced Photon Source (APS) at Argonne National Laboratory is 

now approaching synchrotron-radiation commissioning and soon will be ready for the 

users. The front end, which is immediately outside the storage ring but inside a concrete 

shielding wall, is an important interface between the experimental beamliie and the storage 

ring. It is designed to control and confine the photon beam and to provide a sufficient 

vacuum barrier as well as interlock systems for personnel and equipment safety.19 2 There 

are 40 sectors at the APS, with a total of 69 bending-magnet and insertion-device ports 

available for building beamlines. Each of these 69 ports will need a front end39 4 

Because the front ends are immediately connected to the APS storage ring, the quality of 

the front-end vacuum will have a significant impact on the storage-ring vacuum. To 

ensure a minimum beam lifetime of 8 hours, the vacuum requirement for the storage ring is 

1 x 10-9 TOK with stored positron beam, and 1 x 10-*0 Torr without beam.5 The vacuum 

requirement for the front end is 1 x 10-9 TOK. 

Safety shutters are incorporated in the APS front ends to provide beam collimation 

during normal operation and personnel protection from bremsstrahlung radiation during 

injection. Bremsstrahlung radiation is generated whenever the positron beam collides with 

any storage-ring component or residual gas molecules. During injection of the positron 

beam into the storage ring, the safety shutters are closed to absorb the radiation coming 

through the beam path. Two independent (for redundancy) but simultaneously operated 

safety shutters are needed according to bremsstrahlung radiation ray tracing and 

. 

personnel safety studies.:! In the present design, each safety-shutter block consists of five 

pieces of machinable tungsten with a total weight of - 180 - -200 lb (depending on 

whether it is in an insertion-device or .a bending-magnet front end). A movable upper 

piece (-60 - -90 lb) is raised from or lowered into the fxed groove of the four lower 

pieces (-30 - -26 lb each). The lower part is broken into four pieces for easier 

installation. A five-piece set of -180 lb of machinable tungsten was used in the present 

study. 



Machinable tungsten is suitable for making these safety-shutter blocks because of 

its high density and machinability. Because these massive blocks are inside the vacuum 

chamber, the machinable tungsten to be used must be ultrahigh vacuum (UHV) 

compatible. Tungsten itself is a UHV material. However, the outgassing rate of 

machinable tungsten is not well known. To make tungsten machinable, other elements, 

such as iron and nickel, are added in the powder metallurgy process. In the process of 

powder metallurgy, a significant amount of voids may be created. Oil contamination into 

the voids may also occur in the machining process, which would make the material very 

difficult to clean. As a result, machinable tungsten may be not UHV compatible. In one 

case, the outgassing from a bad batch of machinable tungsten was so large that the - 

required pressure for starting an ion pump could not be reached.6 It is apparent that care 

should be taken in manufacturing UHV machinable tungsten to avoid pores and oil 

contamination. For the machinable tungsten that we used, a liquid phase sintering process 

is applied for the desired density, as well as for the UHV quality, and only oil-free dry 

machining is used in the manufacturing process. 

At the A P S ,  TZM molybdenum alloy is used to make optical slits. The optical slits 

will be subjected to x-ray radiation and should be able to withstand high temperatures. 

The TZM alloy contains 0.5% titanium and -0.1% zirconium; the balance is molybdenum. 

The incorporation of finely dispersed titanium and zirconium particles considerably 

increases the high-temperature strength of molybdenum. Depending on the powder 

metallurgy process, the TZM alloy may be quite porous as well. To ensure a good 

vacuum in the front end, both the machinable tungsten and the TZM have been tested at 

the APS for their UHV compatibility. Because the optical slits are much smaller than the 

safety shutter blocks, the outgassing-rate requirement for TZM is not as crucial as that for 

machinable tungsten. However, a high porosity in the material may jeopardize the qualiw 

of optical slits. 

Another issue, in addition to UHV compatibility, is the cleaning method for 

machinable tungsten and TZM. Cleaning processes have been studied for many years as 

an integral part of vacuum technology. Satisfactory cleaning recipes for almost every kind 

of material have been devised over the years. However, the majority of these recipes 
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involve the use of organic solvents, which may be associated with environmental and 

safety hazards. Finding replacement cleaning recipes is an important research project and 

has received considerable attention. We need to test the effectiveness of new cleaning 

method for our UHV components. 

In this paper, we present cleaning procedures and results of thermal outgassing 

tests of machinable tungsten and TZM and discuss the effect of porosity on the outgassing 

rate. 

2. CLEANING PROCEDURES FOR MACHINABLE TUNGSTEN AND TZM 

At the APS, significant effort has been devoted to searching for new 

environmentally friendly methods for cleaning UHV components.7, 8 Experience 

accumulated at A P S  indicates that simple alkaline detergents in an ultrasonic bath 

followed by a deionized @I) water rinse can effectively clean stainless steel and aluminum 

alloys. It is expected that similar cleaning procedures may be applied to machinable 

tungsten and TZM, based on the knowledge'of the composition of these materials. 

Several factors, in addition to environmental safety issues, need to be considered in 

developing an efficient cleaning procedure. The most important is, of course, the 

effectiveness of cleaning, which can be tested by outgassing measurements. The other 

factors include economy and mass production 

The following cleaning procedure was developed and used in the present study: 

(1) Swab with lint-free papers soaked in ethanol to remove large contamination. 

(2) Pressure wash in a 2% solution of Almeco 18 at 65°C for 10 minutes. 

(3) Ultrasonically clean with a 2% solution of Almeco 18 at 65°C for 15 minutes. 

(4) Flowing rinse in deionized water for 10 minutes. 

(5) Ultrasonically rinse with deionized water for 15 minutes. 

(6) Blow dry with hot, dry nitrogen. 

(7) Stove in a vacuum furnace at -500°C for 24 hours. 



This procedure was applied to both machinable tungsten and TZM using the 

existing APS cleaning facilities, which included large ultrasonic tanks (-60 x 75 x 750 

cm3) and a cryopump-pumped vacuum furnace. Almeco 18 is a weak alkaline detergent. 

A dilute water solution can be safely disposed of in the lab waste water system without 

environmental hazards. A solution temperature of 65°C optimizes the cleaning efficiency 

of the 2% solution of Almeco 18. An ultrasonic cleaning (both in 65°C 2% solution of 

Almeco 18 and in deionized water) is performed only once due to the availability of 

ultrasonic tanks and the limitation of time required to heat up the solution. The large 

volume of solution in the ultrasonic tank helps the effectiveness of cleaning. 

The final step in the cleaning procedure is stoving in a clean vacuum furnace.- 

Vacuum stoving can drive out dissolved gases within the material through a diffusion 

process. Components cleaned in this way can be stored for a long period of time before 

final installation. In a diffusion process, the gas depletion time, &. depends on the 

diffusion coefficient, D, and the distance of diffusion, d. It has been shown that ta = 

d2/(6D). 9 The diffusion coefficient is a function of the thermal activation energy and 

temperature. It is a good practice to bake the component at temperatures as high as 

possible provided that the stoving will not deform the component. A stoving temperature 

of -500°C is used in cleaning machinable tungsten and TZM in our infrared-lump-heated 

vacuum furnace. This intermediate-temperature stoving is compensated for by a relatively 

long stoving time of 24 h and should be adequate according to a theoretical calculation of 

outgassing for stainless steel. 10 

The effectiveness of this cleaning procedure for machinable tungsten and TZM is 

confirmed by thermal outgassing tests as described below. 

3. OUTGASSING MEASUREMENTS FOR MACHINABLE TUNGSTEN AND TZM 

Two major concerns for the front-end vacuum system are whether the system can 

be rapidly evacuated after the assembly (or atmospheric exposure) and the ultimate 

vacuum achievable. The goal of our outgassing measurements is to find out the short- 
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term (0 - 10 h) outgassing performance and the outgassing after a normal bakeout for 

machinable tungsten and TZM. 

Figure 1 shows a diagram of the apparatus for outgassing tests. A stainless steel 

vacuum chamber (-30 cm in diameter and -60 cm long), equipped with a calibrated nude 

Bayard-Alpert ionization gauge, a convectron gauge, and a residual gas analyzer, is used 

for the test. The chamber is pumped by a 170 I/s turbomolecular pump through a 75-cm- 

long, 3cm-inner-diameter bellows and an all-metal angle valve. The pumping speed is 

mainly limited by the conductance of the bellows, which can be calculated using a standard 

formula for cylindrical tubes. The effective pumping speed at the vacuum chamber port is 

estimated to be only -2.4 I/s (nitrogen equivalent). The chamber can also be pumped by a 

400 Us ion pump. The estimated effective pumping speed for the ion pump is -300 Us. 
The turbomolecular pump was used for measuring the short-tern outgassing behavior and 

the ion pump was used for measuring the final outgassing after bakeout. The machinable 

tungsten (or TZM) pieces to be tested were placed in the vacuum chamber during the test. 

The outgassing rates of the vacuum chamber and the test pieces can be estimated 

from the pressure measured by the ionization gauge inside the chamber. 

for the vacuum chamber itself was carried out between the machinable tungsten and TZM 

outgassing measurements. Outgassing rates of the stainless steel chamber obtained from 

the blank runs serve as a cross check for the accuracy of the estimated effective pumping 

speed. The outgassing rates for machinable tungsten and TZM were obtained from the 

pressure difference between the sample run and the blank run. This simple technique 

works because we have large samples. The reliability of the measurements depends on 

how accurate one can.contro1 for equal experimental conditions of the sample runs and 

blank runs. For this reason, we have specified sample handling and measurement 

procedures before the experiment. 

A blank run 

The first experiment measured the machinable tungsten pieces, which were 

precleaned, vacuum baked, wrapped in two layers of aluminum foil, and stored in plastic 

bags for a week before the outgassing measurement. The whole set of five precleaned 

machinable tungsten pieces (with a total surface area of -4500 cm2) was put into the 

prebaked vacuum chamber after the system was vented to atmospheric pressure with dry 



nitrogen. The chamber was opened for 20 minutes. The turbomolecular pump was used 

to pump down the system. The pumping start time, t=O, was set when the pressure 

reading of the convectron gauge reached 17 Torr (the vapor pressure of HzO at 25OC), as 

recommended by Dylla et al. 12 The pressure measured by the ionization gauge was taken 

at the 1 - 10 h interval for outgassing calculations. The ion pump was then turned on for 

-14 hours before a 48-h bakeout at 160°C. The RGA was used during the bakeout to 

check the outgassed compositions. The pressure measured by the ionization gauge 24 

hours after the bakeout was recorded before the system was vented again with dry 

nitrogen. The machinable tungsten pieces were taken out and the chamber opening-time 

was controlled to 20 minutes. The above procedure was then repeated for the blank run. 

The same procedure was repeated for TZM after the blank run. A TZM pi&e of 

2.8 x 4.6 x 32.6 cm3 in size was tested. This TZM piece is much smaller than the 

machinable tungsten pieces, barely large enough for a vacuum test. 

Figure 2 shows a log-log plot of typical outgassing rate vs. pumping time for the 

stainless steel vacuum chamber, machinable tungsten, and TZM. The main result is that 

the machinable tungsten that we ordered has outgassing behavior simiiar to that of 

stainless steel. The machinable tungsten pieces have an outgassing rate of -1.85 x 

Ton.l-s-'an-2 at 1 h and -1.6 x lo-'* Toml-s-'-cm-* at 10 h. The outgassing rate decreases 

upon pumping, following a power-law behavior with an exponent of about -1.0, just like 

other unbaked metals. The outgassing rate for the vacuum chamber is close to those 

published in the literature for unbaked stainless steel. 12-14 A larger error was expected 

in the estimation of the outgassing rate for the vacuum chamber, due to the difficulty in 

obtaining an accurate estimate of the total surface area and the complication of the 

presence of a pressure gauge and a RGA head. For the sample, however, these factors are 

eliminated. The source of error in the measurement of the outgassing rate for the sample 

comes mainly from the estimation of pumping speed and the possible deviations in 

experimental conditions between the sample run and the blank run. The large total surface 

area of machinable tungsten helps in reducing the experimental error. 

The measured outgassing rate for TZM is much higher compared to that of 

stainless steel and machinable tungsten, with -4.0 x Toml-s-'-cmS at 1 h and -6.0 x 
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lo-'' Toml.s''-cm-2 at 10 h. The size of the TZM sample is much smaller than that of 

machinable tungsten so that the measured outgassing rate is more vulnerable to pressure 

fluctuations during both the sample run and blank run. A slow decrease in outgassing 

beyond 3 hours is evident in the TZM data in Fig. 2. This behavior may be related to the 

more pronounced porosity of the TZM sample, to be discussed later. 

The TZM sample has also a much higher outgassing rate after bakeout than that of 

machinable tungsten. The pressure reading 24 hours after a 48-h bake at 160 O C  for 

machinable tungsten reached 9.5 x 10-11 Torr compared to that of the blank run of 6.2 x 

10-11 Torr for the vacuum chamber. For the TZM sample 24 hours after the bakeout, a 

pressure reading of only 1.0 x 10-lo Torr was achieved. Considering that the total surface 

area of machinable tungsten was much larger than that of TZM (4500 cm2 vs. 508 cm2), 

the UHV performance of TZM is questionable. Assuming a pumping speed of 300 Us for 

both sample and blank runs, the measured pressures translate to an outgassing rate (24 h 

after bakeout) of 2.8 x 10 Toml-s"-cm'2 for the vacuum chamber, 2.2 x 10 -I2 Torr.1-s- 

for machinable tungsten, and 2.2 x 10 - l1  Torr-Es-'-cm-* for TZM. Because the 

pumping speed is an estimate, these outgassing rates provide mainly a comparison 

between machinable tungsten and TZM. The outgassing rate for the TZM sample is 10 

times higher than that of machinable tungsten. This significant difference in outgassing 

rate is due mainly to the more pronounced porosity in IZM (see next section). 

. 

A residual gas analyzer (RGA) was used to monitor the gas composition during 

the bakeout. No hydrocarbon contamination or other vacuum-hazardous elements were 

found for either the machinable tungsten or the TZM sample runs. 

The outgassing rate tests and RGA results indicate that the cleaning procedure we 

developed is efficient in cleaning machinable tungsten and TZM for UHV applications. 

4. POROSITY AND OUTGASSING RATE 
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It was noticed that the TZM sample has much higher porosity than machinable 

tungsten, as revealed by a metallurgical microscope. Figure 3b shows a typical optical 

micrograph of the TZM surface. The surface is full of pores as large as several hundred 

microns. This severe porosity may contribute to the high outgassing rate of TZM. More 

seriously, these large pores will hamper the performance of optical slits if this TZM is 

used. We have returned this porous TZM to the manufacturer and replaced it with a much 

better one. The three micrographs shown in Fig. 3 compare a typical surface of the 

machinable tungsten (Fig. 3a), the highly porous TZM (Fig. 3b), and the new TZM (Fig. 

3c). It is seen that the new TZM rod has a less porous surface than the original TZM 

sample, although the surface is still not as good as that of machinable tungsten. - 

*. 

The new TZM sample (4 x 4 x 25.8 cm3) was cleaned and vacuum tested in the 

same way as described before. At this time, the pressure in the vacuum chamber 24 hours 

after a 48-h bake at 160 "C reached 7.3 x 10-11 Torr, which translates to an outgassing 

rate of 7.4 x 

improvement in outgassing rate compared to the original TZM sample. It is a good 

practice to optically examine the porosity of these powder metallurgy materials in UHV 

applications. 

Torr-ls-'-an-* for the new TZM sample. There is a factor of three 

The outgassing rate for the new TZM sample is still higher than that of machinable 

tungsten. This may be attributed to the higher porosity of TZM and the intrinsic property 

of the material. 

. 

5. SUMMARY 

The ultrahigh vacuum compatibility of machinable tungsten and TZM molybdenum 

alloy has been tested. Machinable tungsten and "ZM, when properly manufactured, are 

ZTHV compatible and can be conveniently used in synchrotron radiation facilities as safety 

shutters, beam collimators, and optical slits. The outgassing rate of machinable tungsten is 

comparable to that of stainless steel. For TZM, the outgassing rate is higher by a factor of 

3 to 10, depending on the porosity of the material. 
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Two TZM samples with different porosity have been tested. The results indicate 

that the outgassing rate decreases as the porosity decreases. Microscopic examination of 

the porosity of powder metallurgy materials is useful in UHV applications. 

The outgassing tests demonstrated that a 2% solution of Almeco 18 at 65OC in an 

ultrasonic bath are sufficient to clean machinable tungsten and TZM with the aid of a 

deionized water rinse and vacuum stoving. Traditional organic chemicals can be avoided 

in the cleaning process. 
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FIGURE CAPTIONS 

Fig. 1 Schematic of experimental apparatus for outgassing tests. 63: all-metal angle valve, 

CG: convectron gauge, IG: ionization gauge, RGA: residual gas analyzer. 

Fig. 2 A log-log plot of outgassing rate vs. pumping time for the stainless steel vacuum 

chamber, machinable tungsten, and TZM. 

Fig. 3 Optical micrographs showing typical surfaces of (a): machinable tungsten, (b): a 
highly porous TZM sample, and (c): a less porous TZM sample. The field of view for 

each micrograph is 1.17 x 1.53 mm’, with a 75x magnification. 
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Vacuum chamber 
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