
This chapter describes the experimental set-up fo r hydrogen permeation 
through the bare and pa llad ium -film ed carbon steel tube. Details o f the steps required  
to assemble and operate an apparatus fo r hydrogen permeation testing are provided. 
The materials and chemicals, equipments and experimental procedure are also 
outlined.

The summarized procedure is shown in Figure 3 . i. There are two main  
parts - hydrogen permeation experiments using as received metal tubes w ith  surface 
and kinetic barriers to determine hydrogen mass transfer by oxide film s on outside 
surface, using the coated metal tabes by palladium film s to elim inate surface 
resistances. Characterization o f the palladium film ed on the tube was also performed  
using an FESEM along w ith  EDX technique.

3.1 Procedure for Hydrogen Permeation through Metal Tube Membrane

This procedure explains the steps to assemble and operate the apparatus wh ile  
charging w ith  hydrogen gas. Elydrogen is used to determine the membrane 
permeability at an in itia l pressure o f 790 kPa (100 psig) at room temperature. The 
membrane w i l l  be coated w ith  Palladium (Pd) to compare the d iffus ion rate w ith  and 
w ithout the presence o f Pd on the membrane.
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Effect of Oxide film Effect of Pd Coating

Figure 3.1 The summarized procedure for the experiments.

3.1.1 Materia l Required

1) Hydrogen gas cylinder (UHP Hydrogen) w ith  regulator
2) Carbon steel tube ASTM  A-179 and Hastelloy C-276
3) Furnace
4) Pressure transducer
5) Thermocouple

3.1.2 Test Specimen

The tube specimen which has 0.00635 m OD and 0.00089 m o f wa ll 
thickness w il l be cut in 0.945 m o f length. The tube was bent as illustrated  
schematically in Figure 3.2. F ittings are designed to be outside the heating zone to
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prevent the hydrogen d iffus ion at fittings. The specimen was assembled in the test 
section containing the pressure transducer and valve as shown in Figure 3.3. The 
decrease in pressure inside the tube was monitored by using pressure transducer. 
Three thermocouples were installed on the tube surface at different positions as 
demonstrated in Figure 3.4. The specimen was installed in the oven. The d iffus ion  
area is the on ly the section in the furnace.

Figure 3.2 Experimental apparatuร schematic: (1) System valve, (2) Pressure 
Transducer, (3) บ Shape tube specimen, (4) End cap, and (5) Oven.

Figure 3.3 A  test apparatus.

3.1.3 Steps fo r oxide f ilm  removal inside the tube

Before starting each run w ith  the tube specimen, purging the system at 
325°c should be done in order fo r an oxide f ilm  removal inside the ณbe. The testing 
apparatus was attached to hydrogen gas cylinder’s regulator. Another end o f  the 
testing apparatuร was connected to the flow  meter. The hydrogen flow  rate is 7.7
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m l/m in , wh ich can be read from  the rotameter scale at the scale o f  20. These purging  
is done fo r 5 days. A fte r 5 daysj the system was cooled down to room temperature 
while hydrogen is flow ing  along the tube to prevent a ir entering in to the system. The 
purging system is disconnected after five days.

Figure 3.4 The schematic o f the purging system.

3.1.4 Steps fo r measuring hydrogen permeation

A fte r purging, hydrogen is charged into the system at the pressure o f  
790 kPa (100 psig) at room temperature. The entire system is leak checked by 
measuring the hydrogen pressure drop at room temperature. The apparatus is le ft fo r 2 
days to determine i f  a pressure change occurs. The acceptable change in pressure is 
±2 psig. The starting time, temperature and in itia l pressure are recorded.

3.2 Procedure for Electroless Palladium Plating on Steel Tube

Electroless plating is commonly used to deposit palladium film s because o f its 
coverage o f  surfaces, ease o f implementation, and the ab ility  to deposit on 
noncatalytic surfaces (Marcel Dekker, 2009). First, i f  the surface is nonconducting or 
noncatalytic fo r electroless deposition, it must be w e ll activated to promote coverage
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and good adhesion o f the deposit. Electroless plating occurs through an auto catalytic 
reaction mechanism that is initiated by an activated surface. The substrate is activated 
prio r to the plating operation by seeding the surface w ith  metal crystallites (usually 
gold, silver, platinum  or palladium). This is required to in itia te p la ting and ensure 
adherence o f  the film . The metal nucléation sites in itia te the electroless plating  
reaction by catalyzing the decomposition o f a reducing agent in the plating bath. 
Electroless p lating is performed by immersion in a plating bath containing the 
appropriate constituents at the optimum temperature and concentrations to produce 
the desired m icrostructure and plating rate. The plating rate and f ilm  morphology 
depend on many variables such as concentration o f bath constituents and plating  
temperature.

Palladium film  structure has been linked to lim ita tion  in high temperature 
stability, resistance to thermal cycling, and m in im ization o f the defect-free film  
thickness. To obtain un ifo rm  deposition during electroless plating the solution should 
be m ild ly  agitated to remove bubbles that form  and obstruct deposition, creating 
pores.

This procedure is to illustrate the process o f  electroless palladium plating  
including preconditioning and activation o f the noncatalytic specimen like  carbon 
steels. The required steps to carry out electroless plating on the outside surface o f the 
metal specimen are described.

3.2.1 Material and Reagents Required

1) Heating plate
2) Plating bath
3) Thermometer
4) Hydrochloric acid reagent grade 36.5-38%
5) Acetone reagent grade
6) Stannous Chloride reagent grade 98%
7) Palladium (II) Chloride reagent grade 99.9%
8) Ammonium  Hydroxide reagent grade 28.0-30.0%
9) Ammonium  Chloride
10) Sodium Hypophosphite hydrate
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3 . 2 . 2  S o l u t i o n  p r e p a r a t io n

T h e  s p e c i m e n  o f  t e s t i n g  s t e e l  w i t h  a  d e f i n e d  g e o m e t r y  w a s  c l e a n e d .  

B e f o r e  d e p o s i t i n g ,  t h e  s p e c i m e n s  w e r e  p r e s e e d e d  b y  d i p p i n g  in  t w o  a c t i v a t i o n  

s o l u t i o n s  o f  ร ท 2+ a n d  P d 2+, w i t h  t h e  c o m p o s i t i o n s  r e p o r t e d  in  T a b l e  3 . 1 .

T a b l e  3 .1  A c t i v a t i o n  S o l u t i o n s

C o m p o s i t i o n s  o f  a c t i v a t i o n  s o l u t i o n s

S t a n n o u s  C h l o r i d e  s o l u t i o n  

S n C l 2 - 2 H 20 1 0 g /L
H C 1  ( 3 7 % ) 4 0 m l /L

P a l la d iu m  s a l t  s o l u t i o n  

P d C l 2 1 g /L
H C 1  ( 3 7 % ) 1 0 m l/L

E l e c t r o l e s s  b a t h  c o m p o s i t i o n s  a r e  l i s t e d  in  T a b l e  3 . 2 ,  c o n t a i n i n g  

p a l la d iu m  s a l t ,  A m m o n i u m  C h lo r id e ,  S o d i u m  H y p o p h o s p h i t e  a s  m a j o r  c o m p o n e n t s .

T a b l e  3 . 2  P l a t i n g  S o l u t i o n s

C o m p o s i t i o n  o f  e l e c t r o l e s s  p l a t i n g  b a th

P d C l 2 2 g /L
H C 1  ( 3 7 % ) 4 m l / L

N H 4O H  ( 2 8 % ) 1 6 0 m l / L

N H 4 C I 2 7 g /L
N a H 2P O 2-H 20 1 0 g /L

3 . 2 . 3  S t e p s  f o r  P a l l a d i u m  P l a t i n g

T h e  s p e c i m e n  h a s  a  บ  s h a p e .  T h e  e n d  c a p s  s h o u l d  b e  e n s u r e d  t h a t  t h e y  

a r e  a l l  c o m p l e t e l y  c l o s e d .  T h e  p a r t  o f  t h e  s p e c i m e n  o u t s i d e  t h e  o v e n  i s  c o v e r e d  w i t h  

T e f l o n  t a p e  s o  t h a t  o n l y  t h e  s p e c i m e n  in  t h e  o v e n  i s  p la t e d .

T h e  s p e c i m e n  s h o u l d  b e  c l e a n e d  b e f o r e  t e s t i n g .  T h e s e  s t e p s  a r e  t o  

p r e p a r e  t h e  s u r f a c e  t o  e n s u r e  g o o d  a d h e s i o n  o f  t h e  e l e c t r o l e s s  p l a t i n g  o n  t h e  o u t s i d e
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s u r f a c e .  F i r s t l y ,  t h e  s p e c i m e n  i s  c l e a n e d  b y  p o l i s h i n g  t h e  o u t s i d e  s u r f a c e  o f  t h e  

s p e c i m e n  w i t h  6 0 0  g r it  s a n d p a p e r  f o l l o w e d  b y  r i n s i n g  it  w i t h  D I  w a t e r .  T h e  s p e c i m e n  

i s  t h e n  c h e m i c a l l y  c l e a n e d  b y  1 0 % H C 1  ( v / v )  a t t h e  t e m p e r a t u r e  o f  3 0 ° c  f o r  5  m i n u t e s .  

It i s  t h e n  r in s e d  w i t h  D I  w a t e r  a n d  im m e r s e d  in  o r g a n ic  s o l v e n t .  F i n a l l y ,  it  i s  b l o w n  

d r y  w i t h  A r g o n .

S u r f a c e  p r e c o n d i t i o n i n g  a n d  a c t iv a t io n  a r e  r e g a r d e d  f o r  a  n o n c a t a l y t i c  

s u r f a c e  s u c h  a s  c a r b o n  s t e e l .  T h e s e  s t e p s  a r e  r e q u ir e d  f o r  a c t i v a t i o n  b y  g e n e r a t i n g  

c a t a l y t i c  n u c l e i  o n  t h e  t u b e  s u r f a c e s .  T h e  s p e c i m e n  i s  i m m e r s e d  in  S t a n n o u s  C h l o r i d e  

s o l u t i o n  in  a  1 4 ' 'x  1 2 "  g l a s s  d i s h  f o r  5  m in u t e s .  T h e n ,  it  i s  r i n s e d  w i t h  D I  w a t e r .  T h e  

s p e c i m e n  i s  t h e n  e x p o s e d  t o  P a l la d iu m  C h lo r id e  s o l u t i o n  in  1 4 " x  1 2 "  g l a s s  d i s h  f o r  5  

m in u t e s .  It i s  t h e n  r in s e d  w i t h  D I  w a t e r .  T h i s  i m m e r s i o n  i s  r e p e a t e d  5  t i m e s .  T h e  f in a l  

s t e p  f o r  a c t i v a t i o n  i s  th a t  t h e  s p e c i m e n  i s  b l o w n  d r y  w i t h  A r g o n  g a s .

T h e  e l e c t r o l e s s  p la t in g  i s  c a r r ie d  o u t  in  1 4 " x  1 2 "  g l a s s  d i s h  w i t h  

p l a t i n g  s o l u t i o n  w h i c h  h a s  b e e n  p r e p a r e d .  T h e  t e m p e r a t u r e  o f  t h e  p l a t i n g  b a th  i s  k e p t  

c o n s t a n t  a t  5 0 ° c .  T h e  i m m e r s i o n  t i m e  o f  t u b e  s p e c i m e n  i s  3 0  m i n u t e s .  A f t e r  

i m m e r s i o n ,  t h e  s p e c i m e n  i s  r e m o v e d  a n d  t h e n  r in s e d  w i t h  D I  w a t e r .  T h e  la s t  s t e p  i s  

r in s in g  t h e  s p e c i m e n  w i t h  a c e t o n e  a n d  d r y in g  w i t h  A r g o n  g a s .

T h e  p l a t i n g  r a te  a n d  f i l m  m o r p h o l o g y  d e p e n d  o n  m a n y  v a r i a b l e s  s u c h  

a s  c o n c e n t r a t i o n  o f  b a t h  c o n s t i t u e n t s  a n d  p l a t i n g  t e m p e r a t u r e ,  u n d e r s t a n d i n g  t h e  

f u n d a m e n t a l s  o f  e l e c t r o l e s s  p la t in g  i s  t h e  k e y  t o  o p t i m i z i n g  t h e  c o n d i t i o n s  f o r  

p r o d u c i n g  u s a b l e  p a l l a d i u m  a n d  p a l la d iu m  a l l o y  f i l m s  o n  v a r i o u s  s u p p o r t .

3.3 Test Matrix

T h e  t e s t e d  m a t e r ia l s  a n d  t e s t  c o n d i t i o n s  a r e  p r e s e n t e d  in  T a b l e  3 . 3 .  T e s t  n o .  1 a n d  

6  w a s  i n i t i a l l y  p e r f o r m e d  t o  f in d  t h e  l o w e s t  t e m p e r a t u r e  o f  h y d r o g e n  p e r m e a t i o n  

t h r o u g h  c a r b o n  s t e e l  a n d  h a s t e l l o y  r e s p e c t i v e l y .  T h e  m i n i m u m  t e m p e r a t u r e  f o u n d  

f r o m  t h e  in i t i a l  t e s t  w a s  s e l e c t e d  t o  t e s t  a s  t h e  l o w  t e m p e r a t u r e  o f  p e r m e a t i o n .  I n  c a s e  

o f  h i g h  p e r m e a t i o n  t e m p e r a t u r e  t e s t ,  t h e  t e m p e r a t u r e  w a s  i n c r e a s e d  in  1 0 0 ° c  

in c r e m e n t .  A  t e m p e r a t u r e  o f  2 5 0 ° c  w a s  c h o s e n  a s  a  h i g h  t e m p e r a t u r e  p e r m e a t i o n  t e s t  

f o r  c a r b o n  s t e e l  a n d  3 3 5 ° c  f o r  h a s t e l l o y .  T h e  3 3 5 ° c  w a s  s e l e c t e d  b e c a u s e  t h e  o v e n  

l im i t a t io n .



Table 3.3 Test Matrix
P a r a m e t e r s T e s t  n o .

1 2 3 4 5 6 7 8 9 1 0
T e m p e r a tu r e  ( ° C ) M T L 1 5 0 2 5 0 1 5 0 2 5 0 M T L 2 5 0 3 3 5 2 5 0 3 3 5
S u r fa c e
p re p a ra tio n A R A R A R P d P d A R A R A R P d P d

S te e l c s C S C S C S C S H L H L H L H L H L

*MTL- Minimum Temperature Limit 
**AR- As received material 
***Pd- Palladium coated
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