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CORROSION RESISTANT GAS CYLINDER 
AND GAS DELIVERY SYSTEM 

FIELD OF THE INVENTION 

The present invention relates, in general, to high pressure 
gas delivery systems and containment vessels, and more 
particularly, to gas delivery systems and containment vessels 
for the delivery of high-purity, corrosive, lique?ed gasses. 

BACKGROUND OF THE INVENTION 

Systems for the delivery of high-purity, corrosive, lique 
?ed gasses are an important component in a variety of 
manufacturing industries. For example, a reliable supply of 
ultra, high-purity electronic specialty gasses is critical to 
maintaining productivity and manufacturing yield in the 
semiconductor industry. The delivery of corrosive, lique?ed 
gasses can be problematic, because of the highly corrosive 
and reactive nature of these gasses. Halogenated gasses, 
such as boron trichloride (BCl3), hydrogen chloride (HCl), 
and the like, can hydrolyZe in the presence of moisture and 
react With the metal surfaces of containment vessels and gas 
supply lines. Any gas-surface reactions taking place Within 
the gas delivery system can produce unWanted particulate 
contamination. 

The demand for ultra-high purity gasses in the electronics 
industry, requires that suppliers provide gas delivery sys 
tems and containment vessels that are capable of remaining 
nonreactive With the contained gasses over many product 
re?ll cycles. Gas cylinders are Widely used to delivery 
high-pressure gasses in a safe and controlled manner. 
Typically, gas cylinders are constructed of loW-carbon steel. 
HoWever, to attain the required purity levels and service life 
demanded in the electronics industry, loW-carbon steel cyl 
inders require special materials of construction, or additional 
treatments, to minimize metal contamination from the cyl 
inder Walls. To maintain high purity levels for storage of 
specialty gasses, the internal surfaces of steel surfaces are 
polished and baked to remove contaminants and residual 
moisture. For example, it is knoWn to perform a vacuum 
baking process of an electro-polished carbon steel cylinder. 
The electro polishing process is carried out With a 
chromium-rich electroplating solution to provide a surface 
layer With reduced iron and increased carbon and chromium. 

While the electropolishing and vacuum baking of gas 
cylinders can be suf?cient to avoid metal contamination in 
non-corrosive gases, such as nitrogen, the storage of highly 
corrosive gas requires more extensive cylinder preparation 
procedures to reduce metal contamination. To combat the 
metal contamination problem in corrosive gas delivery 
systems, an electroplated nickel layer can be formed on the 
internal surfaces of a steel cylinder. For example, it is knoWn 
to provide a gas cylinder having an electroplated nickel 
lining. Since nickel is substantially nonreactive With corro 
sive gasses, such as BCl3, HCl, and the like, nickel repre 
sents a preferred material of construction for corrosive gas 
cylinders. Because nickel has a very loW reaction rate With 
halogenated gasses, cylinder Walls of nickel can provide the 
required loW metal contamination levels needed by the 
semiconductor industry. 

Although nickel coated steel cylinders offer advantages in 
gas delivery systems supplying corrosive gas, it is often 
dif?cult to obtain a high-quality nickel lining. For example, 
nickel plating can have cracks, and voids exposing the 
underlying steel cylinder surface. Additionally, conventional 
nickel plating can result in a rough surface topography that 
can trap contaminants. Although electroplated nickel avoids 
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2 
many of the problems encountered by conventionally plated 
nickel, high-quality electroplated nickel is obtained by 
application of a nickel coating at a point in the cylinder 
manufacturing process before the cylinder neck is formed. 
This is necessary to alloW electrodes to be placed correctly 
inside the cylinder. The cumbersomeness of the nickel 
electroplating process drives up manufacturing costs and 
increases the amount of time necessary to fabricate a gas 
cylinder. Additionally, to ensure that cracks and voids are not 
formed, the electroplating process is extended for a period of 
time long enough to deposit a 250—500 micrometer thick 
layer of nickel. 

Because of the inherent dif?culty in electroplating a 
nickel layer to the inner surfaces of a previously formed 
cylinder, processes have been developed to electroplate the 
nickel layer prior to the draWing process used to form the 
cylinder. While avoiding the difficulty of arranging elec 
trodes Within a previously draWn cylinder, the steel sheet 
electroplating process requires the application of additional 
treatments, such as lubricant application and additional 
processing to relieve the plating stress induced in electro 
plated nickel. 

Nickel coated gas cylinders remain a viable means for 
achieving the loW metal contamination levels demanded by 
the electronics industry. HoWever, present nickel-coated gas 
cylinders can only be obtained by relatively expensive, 
complex manufacturing processes. Additionally, existing 
nickel-coated cylinders often exhibit non-uniform nickel 
layers in Which bare steel surfaces are exposed. Accordingly, 
an improved gas cylinder and delivery system is needed to 
ensure loW metal contamination in gas delivery systems 
used for handling corrosive electronic specialty gasses. 

SUMMARY OF THE INVENTION 

The present invention is for a high-pressure steel gas 
cylinder having an electroless nickel-phosphorous layer 
overlying the inner surface of the cylinder. The electroless 
nickel-phosphorous coating is a metallic, nickel-phosphide 
glass formed on the interior surface of a steel cylinder. The 
electroless nickel-phosphorous layer passivates the steel 
surface by forming a strongly bonded, loW-porosity surface 
layer that resists undercutting and has a consistent thickness. 
In addition to exhibiting a uniform thickness, the electroless 
nickel-phosphorous layer has a smooth surface topography, 
Which mimics the underlying steel surface. Additionally, the 
electroless nickel-phosphorous layer is substantially ther 
modynamically stable in corrosive environments. The elec 
troless nickel-phosphorous layer has a relatively and loW 
corrosion potential, When compared to nonpassivated 316 
and 304 stainless steel. The relative nonreactivity of the 
electroless nickel-phosphorous renders the material approxi 
mately a noble metal similar in nonreactiveness to Hastelloy 
B and C series alloys in an aqueous halide environment. 

In addition to exhibiting good morphologic 
characteristics, the electroless nickel-phosphorous plating 
process can be carried out after the steel cylinder has been 
completely draWn and threaded. After completing the plat 
ing process is complete, a cleaning process to be carried out 
to clean the surface of the nickel-phosphorus layer in 
preparation for charging the cylinder With lique?ed gas. 

In one form, a high-pressure gas cylinder formed in 
accordance With the invention includes a cylinder Wall 
having an inner surface. Anickel-phosphorous layer overlies 
the inner surface of the cylinder. The nickel-phosphorous 
layer has a thickness of at least about 20 micrometers and a 
porosity no greater than about 0.10% and a surface rough 
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ness of no greater than about 5 micrometers. The electroless 
nickel-phosphorous layer is subjected to an acid Wash and a 
hot deionized Water Washing, followed by a ?rst bake under 
continuous nitrous How and a second bake under vacuum 
pressure. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic diagram of a gas delivery system 
arranged in accordance With one embodiment of the inven 
tion; 

FIG. 2-A is a cross-sectional vieW of a gas cylinder 
arranged in accordance With the invention; 

FIG. 2-B is a cross-sectional vieW of a ton-cylinder 
arranged in accordance With the invention; 

FIGS. 3 and 4 illustrate, in cross-section, a portion of a 
cylinder Wall undergoing processing steps for the formation 
of an electroless nickel-phosphorous layer in accordance 
With the invention; and 

FIG. 5 is a plot of thickness versus cylinder depth for an 
electroless nickel-phosphorous coating formed in accor 
dance With the invention. 

It Will be appreciated that for simplicity and clarity of 
illustration, elements shoWn in the Figures have not neces 
sarily been draWn to scale. For example, the dimensions of 
some of the elements are exaggerated relative to each other 
for clarity. Further, Where considered appropriate, reference 
numerals have been repeated among the Figures to indicate 
corresponding elements. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

ShoWn in FIG. 1 is a schematic diagram of a gas delivery 
system 10 con?gured for the delivery of high-purity, corro 
sive gasses to semiconductor processing equipment (not 
shoWn). Gas delivery system 10 includes a gas cylinder 12 
coupled to a gas panel 13 and to a gas manifold enclosed in 
a valve manifold boX (VMB) 14. Aregulator 15 controls the 
gas pressure in gas delivery system 10. In gas panel 13, a 
nitrogen purge line 16 and a vacuum line 17 are connected 
to a source gas line 18 through valves 19 and 20, respec 
tively. In VMB 14, individual lines 21, 22, and 23 can be 
directed to one or more pieces of manufacturing equipment. 
Mass ?oW controllers 24, 26, and 28 regulate the How of gas 
to the processing equipment from gas lines 21, 22, and 23, 
respectively. 

The delivery of high-purity, corrosive gas by gas delivery 
system 10 requires that all interior surfaces eXposed to the 
corrosive gas be relatively nonreactive. In accordance With 
the invention, the internal surfaces of at least gas cylinder 12 
are coated With an electroless nickel-phosphorous layer 
having a thickness of at least about 20 micrometers. 

Those skilled in the art Will recogniZe gas delivery system 
10 to be one possible con?guration of a gas delivery system 
suitable for delivery of corrosive gasses to electronics indus 
try processing equipment. Although a typical con?guration 
is illustrated, various modi?cations of the design illustrated 
in FIG. 1 can be provided and are Within the scope of the 
present invention. For eXample, more than one gas cylinder 
can be coupled to gas VMB 14, or larger vessels, such as 
ton-cylinders or tube trailers can be coupled to VMB 14. 
Further, gas panel 13 can have a Wide variety of 
con?gurations, such as disclosed in commonly-assigned 
US. Pat. No. 5,749,389 to Ritrosi, et al., and commonly 
assigned US. Pat. No. 5,761,911 to Jurcik, et al., both of 
Which are incorporated by reference herein. Moreover, gas 
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manifold 14 itself can have a Wide variety of con?gurations, 
including multiple individual gas lines and additional mass 
?oW controllers. Gas delivery system 10 can supply etching 
gasses, such as chlorine (C12), hydrogen bromide (HBr), 
boron chloride (BCl3), hydrogen chloride (HCl), and the 
like, to one or more pieces of etching equipment at a 
relatively high pressure. In one embodiment, gas cylinder 12 
is charged With about 100 lbs. of a lique?ed etching gas, 
such as HCl, HBr, BCl3, HCl, Cl2 and the like, and delivers 
the etching gas to an etching machine at a suitable ?oW rate 
and having a metal concentration of no more than about 200 
parts-per-billion (ppb), and preferably no more than about 
100 ppb. In a preferred embodiment the lique?ed etching 
gases are obtained by a controlled differential pressure vapor 
transfer method. This method is disclosed in commonly 
assigned, co-pending patent application to T. J acksier and J. 
BorZio entitled “Puri?cation of Electronic Specialty Gases 
By Vapor-Phase Trans?lling,” having Ser. No. 09/238,417 
?led Jan. 28, 1999 and is incorporated by reference herein. 
These gases are all commercially available from American 
Air Liquide. The gas production process yields gases of 
high-purity typically having metal contaminants such as 
iron, chromium, and nickel at a concentration of less than 
about 100 ppb by Weight. 
The loW metal contaminant levels obtained from gas 

delivery system 10 are achieved, in part, by coating the 
internal metal surfaces of gas cylinder 12 With an electroless 
nickel-phosphorous coating having a thickness of preferably 
at least about 20 micrometers, and more preferably having 
a thickness of about 20 to 50 micrometers, and most 
preferably having a thickness of about 25 micrometers. 

FIG. 2-A illustrates a cross-sectional vieW of gas cylinder 
12 taken along section line 2—2 of FIG. 1. In a preferred 
embodiment of the invention, a continuous nickel 
phosphorous layer 30 overlies an inner surface 32 of a tank 
Wall 36. Nickel-phosphorous layer 30 is formed by an 
electroless plating process, in Which the nickel-phosphorous 
is deposited to a thickness of preferably at least about 20 
micrometers, and more preferably to a thickness of about 20 
to about 50 micrometers, and most preferably to a thickness 
of about 25 micrometers. Additionally, nickel-phosphorous 
layer 30 has a porosity of no greater than about 0.5%, and 
preferably no greater than about 0.1%, and most preferably 
no greater than about 0.02%. Since loW porosity is an 
important factor in obtaining loW metal concentrations in 
lique?ed corrosive gasses, ideally, the porosity of nickel 
phosphorous layer 30 should be as loW as possible. Gas 
cylinder 12 has a threaded opening 38 for insertion of a gas 
valve. The threads can be located on either the inner surface 
or the outer surface of opening 38. 
The formation of nickel-phosphorous layer 30 to a uni 

form thickness and a loW porosity creates a chemically 
passive barrier that reduces metal dissolution from inner 
surface 32 into the lique?ed gas contained Within gas 
cylinder 12. Typically, gas cylinders, such as gas cylinder 
12, are constructed from steel listed in USDOT Speci?cation 
3AA, such as Types 4130, NE8630, 9115, 9125, carbon 
boron steel, intermediate-manganese steel, and the like. In a 
preferred embodiment of the invention, gas cylinder 12 is 
constructed of Type 4130 steel, or alternatively, 
intermediate-manganese steel. Accordingly, the metal con 
taminants that must be reduced in order to provide high 
purity gas for electronics applications are those typically 
found in the previously described steel alloys. By forming 
nickel-phosphorous layer 30 to the parameters described 
above, metal contaminants, such as iron (Fe), chromium 
(Cr), nickel (Ni), and the like are substantially reduced in gas 
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stored in gas cylinder 12. Other metal contaminants origi 
nating from inner surface 32 can include copper (Cu), 
phosphorous (P), arsenic (As), cadmium (Cd), sodium (Na), 
lead (Pb), tin (Sn), Zinc (Zn), and the like. 
By forming a nickel-phosphorous layer on inner surface 

32 having a thickness of at least about 20 micrometers and 
a porosity of no greater than about 0.1%, and preferably no 
greater than about 0.02%, high-purity corrosive gasses can 
be stored in and delivered by gas delivery system 10 that 
contain an Fe concentration of preferably no greater then 
about 100 ppb, and more preferably, no greater than about 60 
ppb, and most preferably, no greater than about 55 ppb by 
Weight. Additionally, high-purity gasses can be stored and 
delivered that have a Cr concentration of preferably no 
greater than about 100 ppb, and more preferably, no greater 
than about 90 ppb, and most preferably, no greater than 
about 10 ppb by Weight, and a Ni concentration of no greater 
than about 100 ppb, and more preferably, no greater than 
about 40 ppb, and most preferably, no greater than about 5 
ppb by Weight. Furthermore, high-purity corrosive gasses 
can be stored and delivered by gas cylinder 12 that contain 
no greater than about 2 ppb by Weight of Cu, P, As, Cd, Na, 
Pb, Sn, Fn, and the like. 

In addition to having a uniform thickness and loW 
porosity, nickel-phosphorous layer 30 has a surface rough 
ness of preferably no more than about 5 micrometers, and 
more preferably no greater than about 1 micrometer. In an 
electroless nickel-phosphorous layer formed in accordance 
With the invention, the surface roughness varies from about 
0.33 micrometers to about 4.62 micrometers. 

In the electroless plating process used to form nickel 
phosphorous layer 30, the process parameters can be 
adjusted to deposit a nickel-phosphorous layer having a 
relatively Wide compositional range. For example, the elec 
troless plating process can deposit a nickel-phosphorous 
layer having a phosphorous concentration ranging from 
about 1% by Weight to about 15% by Weight. Preferably, 
nickel-phosphorous layer 30 is a high-phosphorous layer 
having a phosphorous concentration of at least about 10% by 
Weight phosphorous. In addition to nickel and phosphorous, 
nickel-phosphorous layer 30 can contain trace amounts of 
other elements, such as boron, salvation agents, pH adjust 
ing agents, reducing agents, chelating agents, stabiliZers, and 
the like. 

FIG. 2-B illustrates a cross-sectional vieW of a double 
ended ton cylinder 13. Ton cylinder 13 is used for the storage 
of large quantities of gas and can be one of a number of such 
cylinders positioned on a tube trailer. Ton cylinder 13 has a 
diameter of about 2 feet and a length of about 6.5 feet and 
can hold about 600 lbs. of lique?ed gas. 

In accordance With the invention, a nickel-phosphorous 
layer 31 overlies an inner surface 33 of a tank Wall 37 of ton 
cylinder 13. Nickel-phosphorous layer 31 has a thickness 
and porosity similar to layer 30 in gas cylinder 12. To 
facilitate the removal of lique?ed gas, ton cylinder 13 has a 
?rst threaded opening 39 opposite a second threaded open 
ing 40. The threads can be located on either the inner surface 
or the outer surface of openings 39 and 40. 

Those skilled in the art Will recogniZe that other types of 
gas cylinders, including tanker-siZed gas containers can be 
coated With an electroless nickel-phosphorous coating. It is 
contemplated by the present invention that all such cylinder 
siZes and designs be used in gas delivery system 10. 

It is understood that the folloWing process description 
applies to both gas cylinder 12 and ton cylinder 13. Although 
the plating process is described With reference to a particular 
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6 
embodiment illustrated in FIG. 2-A, those skilled in the art 
Will appreciate that the folloWing electroless plating and 
cleaning process can apply to a Wide variety of gas cylin 
ders. 

FIGS. 3 and 4 illustrate, in cross-section, a portion 36 of 
tank Wall 34 undergoing a plating process to form nickel 
phosphorous layer 30 on inner surface 32. To prepare gas 
cylinder 12 for electroless plating, cylinder 12 is mechani 
cally polished using glass beads or steel grit in a the slurry 
mixture, While rotating the cylinder at about 60 revolutions 
per-minute (rpm). The mechanical polishing process 
smoothes inner surface 32 and removes dirt and debris, steel 
burs, and the like, from inner surface 32. After completion 
of the mechanical polishing process, the glass beads or steel 
grit and the slurry mixture are removed, and the cylinder is 
rinsed With Water. 

In order to improve the adhesion of nickel-phosphorous 
layer 30 to steel inner surface 32, an acidic solution, pref 
erably hydrochloric acid, is applied to surface 32. The 
hydrochloric acid solution can vary from about 10 to about 
50% by volume. Additionally, sulfuric acid can be used 
varying from about 2 to about 10% by volume. Preferably, 
a 40% by volume hydrochloric acid solution is used to 
activate inner surface 32. Activation is important to initiate 
the autocatalitic reaction necessary for the electroless plating 
process. In addition, alkaline deoxidiZers containing organic 
chelating agents, or sodium cyanide, or both, can also be 
used to remove oxides from inner surface 32 prior to 
activation. 

FolloWing surface preparation, gas cylinder 12 is directly 
placed in a vertical tank ?lled With Water. A commercially 
available polypropylene tank holds the electroless nickel 
phosphorous plating solution. The plating solution is 
pumped from the polypropylene tank through a ?lter to 
reduce particulates in the bath solution and into the cylinder 
standing in the vertical tank. Another tube alloWs the plating 
solution to How out of the cylinder and back into the 
polypropylene tank. 

The plating process is carried out in the bath, and the bath 
preferably contains nickel sulfate, sodium hypophosphite, 
buffers, stabiliZers, and complexing agents. The bath is 
preferably operated at a temperature of about 85° C. to about 
88° C. and the pH is maintained Within a range of about 4 
to 5. The deposition thickness is controlled by the residence 
time of gas cylinder 12 in the plating bath. The actual 
residence time necessary to deposit nickel-phosphorous 
layer 30 to the preferred thickness ranges set forth above 
depends upon the particular deposition rate of the plating 
bath. In a typical plating process carried out in accordance 
With the parameters above, a plating rate of about 7 to about 
25 micrometers per hour can be achieved. 

After completing the plating process, gas cylinder 12 is 
subjected to an acid detergent Wash in “Oakite” solution for 
about 10 minutes to about 20 minutes, and more preferably 
about 15 minutes, folloWed by a deioniZed Water rinse. 
Oakite is a phosphoric acid and detergent mixture available 
from Oakite Products, Inc. Next, gas cylinder 12 is Washed 
for about 10 minutes to about 18 minutes, and more pref 
erably about 15 minutes With hot deioniZed Water having a 
temperature of about 50° C. to about 65° C., and more 
preferably about 60° C. and a resistance of about 16 megao 
hms. Gas cylinder 12 is then dried With ?ltered nitrogen and 
baked. A purge tube is inserted into gas cylinder 12 and a 
How of ?ltered nitrogen is maintained during the baking 
process. The process is carried out for about 1 hour at about 
189° C. to about 210° C., and more preferably about 200° C. 
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Once the baking process is complete, a tied-diaphragm 
type valve is inserted into gas cylinder 12, and a vacuum 
baking process is carried out at about 55° C. to about 65° C., 
and more preferably about 60° C. and at a vacuum pressure 

of about 20 microns to about 50 microns, and more 
preferably, about 20 microns, and for about 2 hours. 

Upon completion of the nickel-phosphorous electroless 
plating and cleaning process, gas cylinder 12 can be charged 
With a Wide variety of corrosive lique?ed gasses used by the 
electronics industry. Importantly, gas cylinder 12 can be 
charged With corrosive lique?ed gasses, such as HCl2, C12, 
BCl3, HBr, and the like. 

Without further elaboration it is believed that one skilled 

in the art can, using the description set forth above, utiliZe 
the invention to its fullest eXtent. The folloWing examples, 
therefore, are intended to be merely illustrative and are not 
intended to limit the invention. 

The technique for measuring the thickness and porosity of 
the nickel-phosphorous layer used in the folloWing eXamples 
is disclosed in commonly-assigned, co-pending patent appli 
cation entitled “METHOD AND APPARATUS FOR MEA 

SURING COATING QUALITY,” having Ser. No. 08/885, 
351 ?led Jul. 1, 1997, the disclosure of Which is incorporated 
by reference herein. The measuring technique is further 
described in “Using A Nondestructive Test To Qualify 
Corrosive Specialty Gas Cylinders,” A. Zdunek, et al. 
Micro, February, 1998, p. 33, both of Which are incorporated 
by reference herein. 

EXAMPLE I 

A 44 liter Water volume (44L-siZe) cylinder Was prepared 
for electroless plating by subjecting the steel cylinder to a 
mechanical polishing process, as set forth above. The steel 
surface of the cylinder Was activated by a 0.4 volume 
percent hydrochloric acid Wash and placed into a nickel 
plating bath. FolloWing plating, the cylinder Was Washed and 
dried, then baked at a temperature of about 190° C. for a 
time period of about 2 hours. 

The thickness uniformity of the nickel-phosphorous layer 
formed by the electroless plating process Was measured by 
inserting a probe into the steel cylinder. Thickness measure 
ments Were taken at several locations along the inner Wall 
surface of the cylinder. ShoWn in FIG. 6 is a plot of 
nickel-phosphorous layer thickness versus depth in the cyl 
inder. The average thickness of the nickel-phosphorous layer 
in the inner surface of the gas cylinder Was about 18.8 
micrometers. The range varied by about 12.3 micrometers. 
Points 42 shoWn in FIG. 5 represent the thickness of the 
nickel-phosphorous layer as determined by 26 discrete mea 
surements taken at various locations along the inner Wall 
surface of the cylinder in a longitudinal direction from the 
top to the bottom of the gas cylinder. 

The porosity of the nickel-phosphorous layer Was deter 
mined by inserting an electrode assembly into the gas 
cylinder, then ?lling the cylinder With an electrolyte solu 
tion. The measured porosity and surface roughness of the 
nickel-phosphorous layer is shoWn in Table I. 
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TABLE 1 

Electroless Nickel-Phosphorus Layer 
18.8 Millimeter Thick Nickel-Phosphorus Layer 

Surface Roughness 
Cylinder Position Coating Porosity (%) (Micrometers) Ra 

Top 0.10 0.41 
Middle 0.13 0.31 
Bottom 0.10 0.39 

The data in Table I indicates that all porosity measure 
ments are beloW 0.15% and the surface roughness is less 
than 0.45 micrometers. 

EXAMPLE II 

To determine the metal contamination level in lique?ed 
corrosive gases stored in gas cylinders fabricated in accor 
dance With the invention, 25 gas cylinders Were prepared by 
coating their inner surfaces With a nickel-phosphorous layer 
having a thickness of about 25 micrometers and a porosity 
of about 0.1%. A total of 75 cylinders Were prepared by 
coating the inner surfaces With an electroless nickel 
phosphorous layer. The cylinders Were split into three 
groups and the cylinders of each group Were ?lled With C12, 
BCl3, and HBr respectively. The concentration of Cr, Fe, and 
Ni in the gases contained Within each cylinder Was deter 
mined by removing about 50 grams to about 200 grams of 
lique?ed gas from each cylinder and hydrolyZing in about 
100 ml to about 200 ml of Water. The metal concentration 
Was measured using an inductively-coupled plasma mass 
spectrometer (ICPMS). About 1 ml of each sample of 
hydrolyZed solution Was injected into the ICPMS. The 
results of the metal analysis for each group are shoWn in 
Table II beloW. 

TABLE II 

Metal Contaminant Concentration (ppb) 
One ml Samples ICPMS Measurements 

Cylin 
der Corrosive Gas 

Num- Cl BCl HBr 

ber Cr Fe Ni Al Fe Ni Cr Fe Ni 

1 * 46.5 * 10.2 15.5 18.8 27.69 46.7 25.52 

2 0.53 0.53 0.51 1.6 0.13 0 09 45.86 70.6 36.97 
3 1.25 1.25 1.25 3.7 11.36 1.23 0.46 1 16 1316 
4 0.75 1.5 0.75 24.8 26.04 1.9 0.46 1 16 1.16 
5 0.75 1.5 3.72 0.88 24.03 4.69 8.4 0.47 1.44 
6 0.75 1.5 0.75 8.21 14.44 2.55 2.4 5.31 1.77 
7 0.75 1.5 0.75 2.89 4.63 0.67 2.64 3.57 1.37 
8 * 25.75 * 2.06 10.48 0.61 0.46 0.46 8.46 

9 * 40.54 * 5.2 5.02 0.5 0.46 0.46 14.74 

10 0.2 5.86 0.79 9.87 15.77 2.14 1.11 21.67 1.11 
11 * 6.06 * 2.31 15.19 1.76 7.15 13.08 3.83 

12 * 2.93 * 3.65 6.74 1.13 0.89 8.89 1.53 

13 0.5 4.02 1.49 7.95 15.53 1.19 1.88 4.64 4.8 
14 0.5 5.77 1.52 2.62 17.9 1.92 8.36 43.8 2 
15 0.5 6.26 1.52 2.16 7.1 0.54 7.6 31.52 3.72 
16 0.5 4.46 1.44 4.72 26.12 1.11 7.72 7.64 2 
17 0.5 9.2 3.52 6.12 19.21 1.2 2 16.36 2 
18 6.66 14.7 0.96 3.89 13.36 0.5 29.04 13.2 2 
19 7.2 61.18 2.42 3.69 11.61 0.63 2 8.64 2 
20 5.48 6.18 2 3.87 0.25 2.52 2 10.84 2 
21 4 22.86 1.02 6 14 5 2 39.92 2 
22 3 14.15 1.44 5 8 5 5.12 31.36 5.12 
23 2.61 23.66 1.34 5 20 5 2.24 14.46 2.24 
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TABLE II-continued 

Metal Contaminant Concentration (ppb) 
One ml Samples ICPMS Measurements 

Cylin 
der Corrosive Gas 

Num- Cl BCl HBr 

ber Cr Fe Ni Al Fe Ni Cr Fe Ni 

24 1.58 11.51 1 4.57 8.58 0.75 4.44 17.76 4.44 
25 1 1 1.66 6.1 29.14 1.92 3.92 92.04 3.92 

*BeloW the detection limit of ICPMS 

The results indicate that in virtually all gas cylinders, the 
metal contaminant concentrations are Well beloW 100 ppb. 

Thus it is apparent that there has been disclosed a corro 
sion resistant gas cylinder and gas delivery system that fully 
provides the advantages set forth above. Although the inven 
tion has been described and illustrated With reference to 
speci?c illustrative embodiments thereof, it is not intended 
that the invention be limited to those illustrative embodi 
ments. Those skilled in the art Will recognize that variations 
and modi?cations can be made Without departing from the 
spirit of the invention. For example, various plating prepa 
ration techniques can be utilized, such as the application of 
various deoXidizing agents. It is therefore intended to 
include Within the invention all such variations and modi 
?cations as fall Within the scope of the appended claims and 
equivalents thereof. 
What is claimed is: 
1. A high-pressure steel gas cylinder comprising: 
a cylinder Wall having an inner surface, 
an electroless nickel-phosphorus layer overlying the inner 

surface having a thickness of at least about 20 
micrometers and a porosity of no greater than about 
0.1%; and a surface roughness of no greater than about 
5 micrometers, 
Wherein the electroless nickel-phosphorus layer is sub 

jected to an acid Wash and a hot deionized Water 
Wash, folloWed by a ?rst bake under continuous 
nitrogen How and a second bake under vacuum 
pressure. 

2. The gas cylinder of claim 1, Wherein the electroless 
nickel-phosphorus layer comprises a nickel-phosphorus 
layer having a thickness of about 20 to about 50 microme 
ters. 
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3. The gas cylinder of claim 2, Wherein the electroless 

nickel-phosphorus layer comprises a nickel-phosphorus 
layer having a thickness of about 25 micrometers. 

4. The gas cylinder of claim 1, Wherein the electroless 
nickel-phosphorus layer comprises a nickel-phosphorus 
layer having a porosity of no greater than about 0.05%. 

5. The gas cylinder of claim 4, Wherein the electroless 
nickel-phosphorus layer comprises a nickel-phosphorus 
layer having a porosity of no greater than about 0.01%. 

6. The gas cylinder of claim 1, Wherein the electroless 
nickel-phosphorus layer comprises a nickel-phosphorus 
layer having a surface roughness of no greater than about 3 
micrometers. 

7. The gas cylinder of claim 1, Wherein the cylinder Wall 
comprises loW-carbon polished steel. 

8. The gas cylinder of claim 1, Wherein the electroless 
nickel-phosphorus layer comprises a nickel-phosphorus 
layer having at least about 10 Wt. % phosphorus. 

9. Ahigh-pressure gas cylinder for storage and delivery of 
high-purity corrosive gases comprising: 

a cylindrical body having an inner surface; and 
a continuous electroless nickel-phosphorus layer overly 

ing the inner surface, 
Wherein the electroless nickel-phosphorus layer has a 

thickness of at least about 20 micrometers and a 
porosity of about 0.1 to about 0.15% and a surface 
roughness of no greater than about 5 micrometers, 
and 

Wherein the electroless nickel-phosphorus layer is sub 
jected to a hot deionized Water Washing, folloWed by 
a ?rst bake under continuous nitrogen How and a 
second bake under vacuum pressure. 

10. The gas cylinder of claim 9, Wherein the nickel 
phosphorus layer comprises a nickel-phosphorus layer hav 
ing at least about 10 Wt. % phosphorus. 

11. The gas cylinder of claim 9, Wherein the nickel 
phosphorus layer comprises a nickel-phosphorus layer hav 
ing a surface roughness of no greater than about 3 microme 
ters. 

12. The gas cylinder of claim 9, Wherein the cylinder Wall 
comprises loW-carbon, polished steel. 

13. The gas cylinder of claim 9, Wherein the nickel 
phosphorus layer comprises a nickel-phosphorus layer hav 
ing a thickness of about 20 to about 50 micrometers. 

* * * * * 


