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ABSTRACT 

A research and development program on the hydrochlorination 
of silicon tetrachloride and metallurgical grade (mag.) silicon 
metal to trichlorosilane was carried out as scheduled. 

3 SiClq + 2 H2 + Si = 4 SiHC13 

Effects of pressure and temperature 0;. this reaction were last 
reported. The presence of HC1 in the reaction product mixture 
was successfully analyzed. Approximately 0.1% to 0.5% HC1 based 
on total chlorosilanes were produced by the hydrochlorination 
reaction. Experiments on the corrosion study were carried out 
to evaluate a variety of metals and alloys as the material of 
construction for the hydrochlorination reactor. Material includes 
carbon steel, nickel, copper, Alloy b90 (Monel), stainless steel 
(Type 3@4), Incoloy 800H and Hastelloy B-2.  The corrosion test 
was carried out at reaction temperatur-,: of 500 C, pressure of 
300 psig and H,/SiC14 feed ratio of 2.0 for a total of 87 hours. 
Results of the corrosion test show that all the test samples 
achieved a weigh gain. As previously observed, the weigh gain 
is due to the depoaiticn of silicon on the metal surface to 
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form a s i l ic ide  pro tec t ive  f i l m .  In te res t ing ly ,  t he  amount 
of S i  deposit ion d i f f e r s  greatly between the  d i f f e ren t  metals 
and a l loys .  Pure metals, such as, n i cke l  and copper show a 
much larger s i l i c o n  deposit ion than t h a t  of t h e i r  a l l o y s  
(Alloy 400 wi th  2/3 N i  and l /3  Cu). On the  other  hand, Type 
304 stainless steel ,  Incoloy 800H and Hastelloy B-2 which 
contain higher melting elements (chromium and molybdenum) 
show t h e  least amount of s i l i c o n  deposition. 

The s i l i c i d e  f i l m s  on the n icke l  and Incoloy 800H t es t  
samples were analyzed by Scanning Electron Microscopy (SEM). 
The composition of the  s i l i c i d e  f i l m  was analyzed by t h e  
X-ray microprobe and the  EDAX analyzer. Experimental r e s u l t s  
obtained from these measurements show tha t  t he  s i l i c i d e  
protect ive f i l m  is formed by a complex chemical and physical 
process. A plausible  mechanism on the  formation of t h i s  
s i l i c i d e  f i l m  is discussed. Based on t h e  corrosion tes t  
results, the  most su i t ab le  material of  construction f o r  t h e  
hydrochlorination reac tor  is the  type of a l l o y s  which contain 
a high l e v e l  of N i ,  C r  and Mo. Further experimental s tud ie s  
on t h e  subject  of corrosion is a l s o  recommended. 
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I, INTRODUCTION 

Experimental work on the hydrochlorination of SiC14 and 
mag. silicon metal to SiHCl was continued as scheduled. This 
Quarterly Report is the third one in the series. The objective 
of this research and development program is primarily designed 
to generate basic reaction kinetic and engineering data so that 
the potential application of the hydrochlorination process for 
the production of high purity, solar grade silicon metal can be 
fully evaluated. 
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Activities in this quarter include HC1 analysis on the 
hydrochlorination reaction and a corrosion study on various 
material of construction for the hydrochlorination reactor. 
Results are summarized in the following discussion. 

I1 . DISCUSSION 

A. The Hydrochlorination Apparatus 

The two inch-diameter stainless steel reactor for the 
hydrochlorination of SiC14 and mag. silicon metal is schemati- 
cally shown in Figure I. The design and operation of the hydro- 
chlorination apparatus were reported in detail in the first 
Quarterly Report (DOE/JPL 956061-1) . The apparatus has been 
operated satisfactory. Experiments on the reaction kinetic 
measurements to study the effect of pressure and temperature 
were last reported. Analysis for HC1 in the reaction product 
mixture and a corrosion test for various materials of construction 
for the hydrochlorination reactor were carried out. 

B. HC1 Analysis on the Hydrochlorination Reaction 

At elevated temperatures, a reaction system containing 
a chlorosilane and hydrogen gas is known to produce HC1 in 
variable amounts depending on the reaction conditions. At high 

Thus, the amount of HC1 generated by the hydrochlorination 

temperatures, HC1 is highly corrosive toward metals and alloys (1) . 
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reaction is a useful piece of information to know. The small 
amounts of HC1 in the reaction product mixture is difficult to 
measure. External sampling; is not desirable since a trace 
amount of moisture can react with the chlorosilanes present to 
produce HC1. This problem was overcome by carrying out the HC1 
analysis with the in-line gas chromatograph (G.C.). The in-line 
arrangement avoids any contact of the sample with the atmosphere. 
Also, contamination of the sample in the sampling procedure is 
eliminated. The large amount of hydrogen present in the reaction 
product mixture interferes with the G.C. analysis. This inter- 
ference was eliminated by using the same hydrogen gas for the 
hydrochlorination reaction as carrier gas in the G.C. analysis. 
The G.C. column (SE-30 silicone gum on Chromosorb W) does not 
separate HC1 from other non-ccndensable gases, such as, nitrogen 
and argon. Thus, any non-condensable gas in the reactor system 
m s t  be completely removed. This was accomplished by evacuating 
the hydrochlorination apparatus with a vacuum pump. Hydrogen 
gas was used to replace the argon gas to pressure-feed SiC14 
and the m.g. silicon metal into the reactor system. 

An experiment for the HC1 analysis was carried out at 
5OO0C, 300 psig and H2/SiC14 ratio of 2.0. The hydrogen feed- 
rate was adjusted to give a long residence time of 209 seconds 
for the hydrochlorination reaction. The long residence time 
was designed to maximize the amount of HC1. HC1 is presumably 
produced from an equilibrium reaction of chlvosilane and 
hydrogen gas. After the reactor system has stabilized, the 
reaction product mixture was analyzed by the in-line G.C. every 
hour for a period of five hours. Results of the G.C. analyses 
are summarized in Table I. Data in Table I show that a constant 
amount of about 0.6% HC1 was present in the reaction product 
mixture throughout the five hours of reaction. Since the amount 
of HC1 remained a’L a constnat level, there was no interference 
by any other non-condensable gas In the G.C. analysis. If 
residual nitrogen or argon gas was present in the reactor 
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system, one would expect t h e  H C 1  peak t o  decrease as a 
funct ion of time. 

Another experiment was c t c r i e d  out t o  study the  rate of 
formation of HC1. The same hydrochlorination experiment was 
repeated under t h e  same reac t ion  conditions but a t  d i f f e ren t  
residence times by varying the  hydrogen gas feedrate .  Results 
of t he  H C 1  ana lys i s  a r e  summarized i n  Table 11. Data i n  
Table I1 show t h a t ,  as the  residence time is  reduced, the  
amount of H C 1  produced by the  hydrochlorination reac t ion  also 
decreases. For example, t he  amount of H C 1  i n  the reac t ion  
product mixture is reduced from 0.6% t o  about 0.4 and 0.1% 
at  a shor te r  residence time o f  138 seconds and 96 seconds, 
respectively.  The same measurement was repeated a t  209 seconds 
residence time (sample no. j and 6) .  Results of t h e  H C 1  
ana lys i s  a t  209 seconds residence show good agreement between 
the  two experiments and good reproducible r e s u l t s  from the  
G.C. analysis.  These ana ly t i ca l  data a r e  ind ica t ive  o f  the  
presence of  a small amount of H C 1  produced by the  hydrochlo- 
r ina t ion  reaction. 

C.  Corrosion Study 

I n  the  chloride-rich hydrochlorination react ion 
enviroment, the  operating temperature of  500aC and above 
post a poten t ia l  corrosion problem f o r  t he  r eac to r  constructed 
wi th  conventional metal a l loys .  Metals and a l l o y s  o f f e r  l i t t l e  
o r  no res i s tence  t o  high concentrations o f  H C 1  gas a t  
temperatures much above 450 C ( 'I. Under these conditions, 
the usual  oxide protect ive f i l m  on the  metal surface is 
replaced by a metal chloride f i l m ,  The covalent nature of the  
metal chlorides exh ib i t s  a much higher vapor pressure than 
those of  t h e i r  oxide counterparts.  A t  elevated temperatures, 
the  metal chloride f i l m  begins t o  evaporate o f f ,  Corrosion 
becomes 3 ser ious problem as the  mater ia l  of construction 
of the  reac tor  is constantly removed from the reac tor  w a l l  a R  

metal chlorides.  

0 
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Contradiction t o  t h i s  corrosion mechanism wa8 noted i n  
t h e  previous corrosion study (2) .  The previous corrosion tes t  
r e s u l t s  show t h a t  a s i l i c i d e  pro tec t ive  f i l m  is  formed on the  
metal surface. The object ive of the present experimental work 
is t o  provide a basic understanding on the  mechanism of 
corrosion in s ide  the  hydrochlorination r eac to r  and t o  evaluate 
a v a r i e t y  of n e t a l  a l l o y s  as t h e  material of construction f o r  
t h e  hydrochlorination reactor .  

(1) Corrosion Test Results 

Samples of mater ia l  of  construct ion f o r  t he  hydrochlo- 
r ina t ion  r eac to r  were prepared. Materials include carbon steel, 
n icke l ,  copper, Alloy 400 (Monel), Type 304 s t a i n l e s s  s t e e l ,  
Incoloy 800H and Hastelloy B-2. The approximate compositions 
of  these a l loys  are given i n  Table 111. The tes t  samples were 
weighed and t h e i r  t o t a l  surface area measured. They were 
mounted on a s t a i n l e s s  s t e e l  rack which w a s  f i t t e d  ins ide  the 
2" hydrochlorination r eac to r  tube. I n  t h i s  manner, a l l  t he  
t e s t  samples were exposed t o  t he  same reac t ion  enviroment 
throughout the  corrosion test .  There a re  a t o t a l  of nine t e s t  
samples o f  nickel ,  which were evenly spaced along the  e n t i r e  
r eac to r  tube from t h e  gr id  p l a t e  t o  the top  o f  the reactor .  
The t e s t  sample f o r  carbon s t e e l  include s i x  samples. There 
a re  two t e s t  samples each of copper, Alloy 400, Type 304 
s t a i n l e s s  s t e e l ,  Incoloy 800H and Hastelloy B-2. These samples 
were mounted near the  bottom of  t h e  r eac to r  tube. The reac tor  
was charged 862 grams o f  m.g. s i l i c o n  metal (32 mesh x dust) ,  
which formed a mass bed of about 18 inches high.  Thus, wi th  
the ,xception o f  a few n icke l  and carbon s t e e l  samples, a l l  
the t e s t  samples were buried i n  t h e  s i l i c o n  metal mass bed. 

The corrosion t e s t  was car r ied  out at  a reac tor  
temperature of 50O0C, pressure of 300 ps ig  and a H2/SiC14 
molar ra t io  of  2.0 f o r  a t o t a l  of 87 hours .  After  87 hours o f  
the hydrochlorination react ion,  the t e s t  smaples were removed 
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from the reactor. Immediately, they were stored in glass bottles 
containing a drying agent (Drierite). Each of the test samples 
was cleaned and re-weighed with an analytical balance. Result8 
of the weigh data are summarized in Table IV for nickel, Table V 
for carbon steel and Table VI for copper, Alloy 400, stainless 
steel, Incoloy 800H and Hastelloy B-2. Interestingly, the weigh 
data show that all the test samples achieved a gain in weigh. 

Table IV summarized the corrosion test results on pure 
nickel. The location of each of the nine test samples is given 
in the second column in Table IV. With an 18 inch silicon mass 
bed, sample nos. 5,6,7,8 and 9 were buried in the silicon mass 
during the hydrochlorination reaction while sample nos. l , 2 , 3  
and 4 were outside the silicon mass bed. As the previous 
corrosion study showed, the weigh gains by the test samples 
were due to the deposition of silicon on the metal surface to 
form a silicide protective film. Interestingly, data in Table 
IV show that the amount of silicon deposition on the nickel 
samples varies at different locations inside the reactor tube. 
Test samples no. 5,6,7,8 and 9 appear to show a concentration 
effect due to the hydrochlorination reaction, since the amount 
of silicon deposition gradually decreases toward the top of 
the Si mass bed. On the other hand, test samples no. 1 ,2  and 
3 show very little silicon deposition. This is ulost likely 
due to the effect of temperature, since temperature near the 
top of the hydrochlorination reactor tube is much lower than 
that of the Si mass bed. 

Table V summarizes tht; corrosion test results on carbon 
steel. The amount of silicon deposition on carbon steel is 
less than that of pure nickel (Table IV). Again, a gradual 
decrease on the amount of silicon deposition is noted on 
the test samples located upward along the Si mass bed. 

Table VI summarizes the corrosion test results on 
copper, Alloy 400, stainless steel, Incoloy 800H and Hastelloy 
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B-2. The amount of s i l i c o n  deposit ion (last column i n  Tables 
I V ,  V and V I )  on the tes t  samples shows large differences 
between d i f f e r e n t  metals and a l loys .  In Table V I ,  the  copper 

2 sample shows a large s i l i c o n  deposit ion of about 15 m.g./cm 
similar t o  t h a t  of t he  n icke l  sample. In te res t ing ly ,  an a l l o y  
o f  n icke l  and copper (Alloy 400 with 2/3 N i ,  1/3 Cu) gives a 

2 much smaller amount of s i l i c o n  deposit ion of about 4 m.g./cm 
than those of t he  pure metals. On the  o ther  hand, s t a i n l e s s  
s t e e l  (3 m.g./cm2), Incoloy 800H (2  m,g,/cm ) and Hastelloy 
8-2 (1.5 m.g,/cm ) show the  l e a s t  amount of s i l i c o n  deposit ion 
i n  the corrosion tes t .  One p laus ib le  explanation is  tha t  these 
a l loys  contain a t h i r d  element which has a much higher melting 
point (chromium, mop. 1,890°C and molybdenum, mop. 2,62OoC) 
than that of  s i l i c o n  (m.p. l,4SO0C). The mechanium on the  
formation o f  t h e  s i l i c i d e  pro tec t ive  f i l m  i s  discussed i n  
Section (3).  

2 
2 

The chemical nature  o f  the deposited s i l i c i d e  f i l m  on 
the t e s t  samples is a l s o  d i f f e ren t .  For example, the  s i l i c i d e  
f i l m s  on s t a i n l e s s  s t e e l  and Incoloy 800H a r e  reac t ive  to,uard 
moisture. These s i l i c i d e  f i l m s  are r ead i ly  destroyed when they 
a re  exposed t o  t h e  atmosphere. I n  cont ras t ,  the  s i l i c i d e  f i l m  
on nickel ,  copper and Alloy 400 a r e  s t ab le  toward a i r  and 
moisture i n  the  atmosphere. 

(2 )  Scanning Electron Microscopic Analysis o f  t he  S i l i c i d e  
Protect ive Film 

The s i l i c i d e  protect ive f i l m  on the  nickel  sample and 
on the Incoloy 800H sample was analyzed by a Scanning Electron 
Microscope (SEM). Carbon was used t o  coat t he  sample surface 
i n  the standard sample preparation procedure f o r  the SEM 
analysis .  To analyze the  c r o m  sec t ion  o f  t he  s i l i c i d e  f i l m ,  
the t e s t  sample was embedded i n  an epoxy res in .  A cross  sec t ion  
was cut  and polished. Ir Figure 11, the SEM photographs show the 
surface morphology of the  s i l i c i d e  f i l m  on the  n icke l  sample 
(Sample no. 8 i n  Table I V )  a t  500, 1900 and 5000 magnifications. 
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These photographs show particles of the  order of 3 t o  10 
microns on the  surface of t h e  metal, There appears t o  be two 
types of  p a r t i c l e s ,  one type being rather blocky sec t ions  and 
the  other  type has  a laminated s t ruc ture .  They may be the  two 
d i f f e ren t  types of n icke l -s i l icon  phases formed i n  the  hydro- 
chlor inat ion reac t ion  enviroment. The compositions o f  these 
two types of p a r t i c l e s  are i n  the process of being analyzed. 

Figure I11 shows the SEM photographs of a cross  sec t iona l  
a rea  of t he  nickel  sample. A well-defined l aye r  J~ t he  s i l i c i d e  
f i l m  i s  seen on both s ide  of t he  n i cke l  base metal. A t  a higher 
magnification (SOOX), the  s i l i c i d e  f i l m  shows a rather porous 
s t ruc tu re  wi th  many void spaces. The thickness of t h e  s i l i c ide  
f i l m  was measured d i r e c t l y  f r o m  t h i s  SEM photograph t o  give 
110 microns. The same measurement on the  nickel  base metal 
gave 480 microns (0.0189 inch) which is  i n  good agreement wi th  
t h e  spec i f ica t ion  on the  0.02 inch pure n icke l  sheet  from which 
the  tes t  sample was prepared. The composition o f  t h e  s i l i c i d e  
f i l m  was analyzed by the  X-ray microprobe and the  EDAX analyzer. 
Figure IV shows t h e  X-ray d i s t r i b u t i o n  maps of s i l i c o n  and 
nicke l  as w e l l  as the  EDAX ana lys i s  on the  four  d i f f e r e n t  
a reas  of  a cross  sec t iona l  a r ea  o f  the n icke l  t e a t  sartple. 
The X-ray map of s i l i c o n  show a r a t h e r  uniform d i s t r i b u t i o n  of  
S i  throughout t h e  s i l i c i d e  f i l m  w i th  the  exception o f  a small 
decrease i n  Si concentration adjacent t o  the  n icke l  base metal. 
As shown by t h e  S i  X-ray map, t he  s i l i c o n  d i s t r i b u t i o n  i n  the  
s i l i c i d e  f i l m  i s  well-defined. There does not  appear t o  be a 
gradual decrease i n  the  s i l i c o n  concentration across the  
s i l i c i d e  film-nickel boundary. The EDAX analyais  a t  the  four  
d i f f e ren t  a reas  of the  t e s t  sample show t h a t  t h e  bulk of t he  
s i l i c i d e  f i l m  has the  atomic composition of  40% t o  5% Si.  
T h i s  corresponds t o  the  n icke l -s i l icon  phasee, Ni3Si2 (m. p. 
964OC) and Nisi (m.p. 992'C), which a l s o  have the  lowest 
melting points  among the  n icke l  s i l i c id .es .  

The deposit ion of s i l i c o n  on the  n icke l  metal surface 
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is primarily a chemical vapor deposit ion process. Since a 
chemical reactli.on on a s o l i d  surface does not normally involve 
surface atoms more than  10 t o  20 atomic l aye r s  deep, the 
formation of such a th i ck  n icke l  s i l i c i d e  f i l m  (110 microns) 
must involve other  physical  process. Thermal migration of S i  
and N i  atoms a t  the reac t ion  temperature of 500'C is  a 
s l aus ib l e  explanation. For example, a 8 nicke l -s i l icon  phase 
(38.7% S i ,  61.3% N i )  has a melting point range as low as 
806'C. The formation of these thermodynamically :ore s t ab le  
nickel-s i l icon phases appears t o  be the dr iving fo rce  which 
determines the  composition and t he  physical s t ruc tu re  of t h e  
s i l ic ide protect ive f i l m .  A plaus ib le  mechanism on the  formation 
o f  t he  s i l i c i d e  f i l m  i s  discussed i n  Section (3).  

The Scanning Electron Microscopic ana lys i s  on the 
Incoloy 800H t e s t  sample shows a complex s i l i c i d e  protect ive 
f i i m .  The Incoloy 800H tes t  s m p l e  w a s  obtained from a previous 
corrosion study car r ied  out a t  t he  Massachusetts I n s t i t u t e  of 
Technology ("(JPL Contract No. 955382). The corrosion t e s t  on 
t h i s  sample was carr ied out under similar reac t ion  conditions 
a t  500°C, 300 psig and H 2 / S i C 1 4  r a t i o  o f  2.0 but f o r  a longer  
duration of  238 hours. The SHvl p.iotograph o f  a cross sec t iona l  
area of t he  Incoloy 800H sample i s  shown i n  Figure V. The SEN 
photograph in  Figure V shows a well-defined s i l i c i d e  f i l m  which 
was s l i g h t l y  broken *f from the  base metal. The t e s t  sample 
has  been b r i e f l y  exposed t r ,  t he  atmosphere. The ac t ion  of 
moj-sture on the  reac t ive  s i l i c ide  f i l m  might cause the  breakage. 
The t e s t  sample was cu t  from an one inch O.D. Incolcy 800H 
tubing. Thus, the  base a l l o y  does not have a very smooth surface 
as that o f  the  n icke l  sample. 

Figure V I  shows the  SEM analys is  on a cross  sec t iona l  
area of t h e  Incoloy 800H t e s t  eample and t h e  X-ray maps of 
s i l i con ,  chlorine,  n icke l ,  chromium and i ron ,  The preserice of 
chlorine i n  the  s i l i c i d e  f i l n  is  in t e re s t ing ,  s ince no 
s ign i f i can t  amount of chlor ine was detectljd i n  the s i l i c i d e  
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film on the nickel test wmple. The chlorine, most likely in 
the form of metal chlorides, appears to concentrate at the 
boundary between the silicide rilm and the base metal ( see 
Figure VI, chlorine X - r a y  map). The presence of chloride in 
the silicide film may explain the reactivity of this silicide 
fi?m toward air and moisture. Metal chlorides, FeC13, NiC12 
CrCl and S i 4 1  readily react and dissolve in water to form 
hydrochloric acid which, in turn, can attack the metal- 
silicide deposits. The X - r a y  distribution maps also show 
segregations of silicon and the three basic metallic elements, 
Ni, Cr and Fe,which make up the Incoloy 800H alloy. For example, 
Si appears to concentrate more at the outside portion of the 
silicida film. On the other hanC, nickel appears to concentrate 
more at the silicide-Incoloy 800H boundary. Chromium and iron 
are  distributed more evenly at the middle section of the 
silicide film. 

3 

Figure VI1 summarises the results of the EDAX analysis 
on four different areas of a cross sectional area of the 
Incoloy 800H test sample. Results of the EDAX analysis are 
plotted in a graph shown h Figure VII. The graph in Figure 
VIIconfinns the high degree o f  segregations of the elements 
at different locations of the silicide film. This high degree 
of segregation is not unexpected. In such a multi-component 
system, there must be many metal-silicon phases as well as 
many metal-metal phases. The composition of the silicide 
film on Incoloy 800H is therefore very complex. A plausible 
mechanism on the formation of the silicide protective film 
is discussed in the following. 

( 3 )  Corrosion Mechanism Study 

a. Chemical Process 

The deposition of silicon on the metal alloy surface 
may be derived from a chemical vapor deposition (CVD) process. 

9 



For example, the  revers ib le  hydrochlorination reaction, 

4 SiHC13  = 3 SX14 + 2 Hp + S i  

i s  a source f o r  the deposit ion of s i l i con .  The reac t ion  of 
S i H C l  and SiC14 w i t h  hydrogen gas at elevated temperatures 

(3e4).  A t  the  t o  deposit  s i l i c o n  metal is well-established 
start of the  hydrochlorination react ion,  the a c t i v i t y  (con- 
cent ra t ion)  of S i  on t h e  metal surface is aero. A s  t h e  reac t ion  
proceeds, s i l i c o n  is deposited u n t i l  the a c t i v i t y  of t h e  S i  on 
+he metal surface reaches a steady state concentration, The 
amount ,If S i  deposit ion i e  governed by the system conditions 
and t h e  e q u i l i b r i a  of a l l  t h e  CVD processes, Purthermore,there 
are o ther  plausible  reac t ions  occurring a t  t h e  metal surface. 
For example, HC1 is  known t o  be present i n  t h e  hydrochlorination 
reac t ion  enviroment. It can react wi th  s i l i c o n  and the  metallic 
elements present at the  r eac to r  w a l l ,  

3 

S i  + 3 H C 1  = H2 + S i H C 1 3  

2 Fe + 6 H C 1  = 3 H2 + 2 FeC13 

N i  + 2 H C 1  = H2 + N i C 1 2  

Metal chlor ides  a re  a l s o  known t o  r eac t  with s i l i c o n  metal, 

The f r e e  metal atoms generated from these reac t ions  can readi ly  
combint wi th  the deposited s i l i c o n  t o  form the  v a r i e t y  of 
metal-sil icon phases ( s i l i c i d e s ) .  

b. Physical Process 

If t h e  s i l i c i d e  protect ive f i l m  is produced by the  
chemical reac t ions  alone, one would expect only a t h i n  deposit  

i o  



on the metal mrface, s ince chemioal reac t ions  on a s o l i d  
surface do not normally involve surface atoms more than 10 t o  
20 atomic layers deep. The very th iok  s i l i c i d e  f i l m s  on the 
nicke l  and copper sample suggest tha t  a fast diffusion process 
is operative under the  hydrochlorination reac t ion  conditions. 
I n  the case of n icke l  and capper, 8018 metal-si l icon phases 
are formed a t  relatively low temperatures, v is , ,  Cu3Si (SSd, 
80Z0) ,  Ni3Si, (845; 964'0) and Nisi ( 9 9 2 * ) ,  i n  comparison w i t h  
the react ion temperature of 500'. Thus, the migration of Si and 
N i  or Si and Cu t o  form these low-melting metal-si l icon phases 
can be a rapid process. The k ine t i c8  is character ised by a low 
ac t iva t ion  energy. Results of  t h e  X-ray microprobe and EDAX 
analysis of the  s i l i c ide  f i l m  on the n icke l  test uample &ow 
that the composition of the s i l i c ide  f i l m  corresponds t o  those 
o f  Ni3Siz and Nisi, which are the thermodynamically most stable 
n icke l -s i l icon  phases. The 8-e argument may be made on the 
copper sample which a l s o  forms a t h i c k  s i l i c ide  f i l m .  However, 
it is intere8tir .g t o  note t h a t ,  when an a l l o y  of nicke l  and 
copper is exposed t o  t h e  same reac t ion  enviroment, t h e  amount 
o f  s i l i c o n  deposit ion is much smaller. For example, the  Alloy 
400 (2/3 Ni, 1/3 Cu) aample i n  Table VI 8hows a weigh gain of 
about 4 m.g./cm for t he  
pure metal, n ickel  and copper. The k i n e t i c s  on the  fonaation 
of thQse n icke l -s i l icon  and copper-silicon phases is character-  
ieed by a higher ac t iva t ion  energy, s ince the  metal-si l icon 
phases a re  now formed a t  the  expenses of o the r  nickel-copper 
phases, This may explain the much smaller s i l i c o n  deposit ion 
on Alloy 400 i n  comparison with those of pure n icke l  and 
copper. 

e 

2 2 in comparison with about 15 m.g./am 

An even s lower k i n e t i c  process i n  the  formation of  the 
s i l i c i d e  f i l m  may be explained by the  presence of  a higher  
melting metal component i n  the  base alloye.  S t a in l e s s  steel, 
Incoloy 800H and Hastelloy 8-2 contain chromium (m,p. 1,890.C) 
and molybdenum (m.p. 2,620'C) which have a melting temperature 
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much higher than  tha t  of s i l i c o n  (m.p. 1,420'C). The metal- 
s i l i c i d e  phases of C r  and Mo a re  formed a t  a much higher 
temperature, e .gb,  CrSi2 (1,55O*C), CrSi (1,6OO0C), WoSiz 
(1,870'C) and Mo3Si2 (2,19OoC). The k ine t i c s  in  the formation 
of these high melting metal-si l icon phases can be expected t o  
be much slower than those of n icke l  and copper. Therefore, as 
data i n  Table V I  show, s t a i n l e s s  s teel  (3 m.g./cm ), Incoloy 

least amount of  s i l i c o n  deposition. 

2 
800H (2  m.g./cm2) and Hastelloy B-2 (1.5 m.g./cm 2 ) have the  

C. Po ten t ia l  Covcrsion of t he  Hydrochlorination Reactor 

The corrosion tes t  r e s u l t s  show t h a t  a l l  the  tes t  samples 
achieve a weigh gain. Thus, no s i g n i f i c a n t  amount of corrosion 
of t he  hydrochlorination r eac to r  made by these metals and alloys 
is expected as long as the  s i l i c i d e  pro tec t ive  f i l m  is  s tab le .  
On t h e  other  hand, r e s u l t s  of t he  corrosion measurement -._ 

carbon s t e e l ,  n icke l  and copper show a rather rapid grow of the 
s i l i c i d e  protect ive f i l m .  If t h e  s i l i c i d e  f i l m  continue t o  grow 
t o  a th i ck  scale ,  t he re  is a p o t e n t i a l  corrosion o f  t he  reactor :  
(1) a th i ck  s i l i c i d e  sca l e  can weaken the  r eac to r  w a l l  due t o  
the  poor mechanical proper t ies  of s i l i c i d e s  and (2)  a t h i c k  
s i l i c ide  sca le  can be broken off  f rom the  r eac to r  wall due t o  
mechanical and thermal s t r e s s  - errosion by scaling. For example, 
If t h e  n icke l  s i l i c i d e  f i l m  on n i cke l  continues t o  Qrow at  t h e  
rate of 110 microns every 87 hours, t h e  s i l i c i d e  sca l e  could 
penetrate  the  base metal a t  an excessive rate of 218 m i l s  per 
year. 

0.5 x 365 x 24 x 210 x lom4 
= 218 mils/year 

~7 2.54 10-3 

Fortunately, a l loys  x i t h  high contents o f  nickel ,  
chromium and molybdenum appear t o  have a much slower growth of 
the  s i l i c i d e  f i l m .  Fo r  example, previous corrosion study on 
Incoloy 800H showed t h a t  about 8.6 microns of  the base metal is 
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incorporated i n t o  t h e  s i l i c ide  f i l m  (2) .  Assuming the  worse 
case where the si l ic ide film is erroded from the base m e t a l  
every 238 hours, the  corrosion ra te  on Incoloy 800H in the 
hydrochlor3:iation reac t ion  enviroment would amount t o  only 
12 mils PSI* year. 

365 x 24 x 8.6 x lo'' 

238 x 2.54 x 
= 12 mils/year 

I n  this r t spec t ,  a l l oys  c m t a i n i n g  high l e v e l s  of nickel ,  
chromium EU d molybdenum are more s u i t a b l e  material of 
consi,.s-uctil.n f o r  the  hydrochlorination reactor .  The subject 
on se l ec t ing  material of construct ion f o r  t h e  hydrochlorination 
r eac to r  is  discussed i n  Section e. 

d. Recommendations f o r  Further Corrosion Studies  

A basic understanding on the  mechansim of corrosion w i l l  
not only allow a b e t t e r  choice on t h e  material of construction 
f o r  the 1.ydrochlorination r eac to r  but a l s o  it helps  t o  iden t i fy  
potent ia l  corrosion problems. Recommendations f o r  f u r t h e r  
experimental s tudiec on the  subject  of corrosion may include, 

Time dependency: growth of the s i l i c i d e  film as a 
f'unction of time, 

Growth of the s i l i c i d e  f i l m  as a function of 
temper sture,  

Upper temperature l i m i t s  on se lec ted  a l loys  a t  which 
c o r r o s i o  becomes excessive. 

Opt'.mum Material of Construction f o r  t he  Hydrochlo- 
nat ion Reactor 

The present experimental s tud ie s  on the  subject o f  
corrosion i s  7r:marily l imited t o  what happens t o  the metal 
r eac to r  i n  the hydroohlorination react ion enviroment. There 



a r e  o ther  forme of corrosions which must be taken i n t o  account 
i n  se l ec t ing  t h e  proper material construction f o r  the hydro- 
chlor inat ion reactor .  In f a c t ,  po ten t i a l  problems should be 
t raced a l l  the way back t o  t h e  manufacturing process of t h e  
metal a l l o y  which mast meet the desired metal lurgical  specifi- 
cations.  The mechanical and thermal process (forming, welding, 
e tc . )  which f ab r i ca t e s  t he  a l l o y  t o  form the piece of equipment 
can e f f e c t  the  f i n a l  p roper t ies  of the  a l loy .  A c l a s s i c a l  
example of a po ten t i a l  corrosion problem is the "sens i t iza t ion"  
of a u s t e n i t i c  s t a i n l e s s  steel. The s e n s i t i z a t i o n  may be r e su l t ed  
from an uncontrolled thermal cycle, such as, i n  a welding 
process. Prec ip i ta t ion  of chromium carbide ( C r  C ) can deplete  
t h e  chromium a t  the grain boundary. The n e t  r e s u l t  is a sharp 
reduction i n  t h e  alloy's res i s tence  t o  corrosion and make the  
a f fec ted  a rea  more susceptable t o  chemical a t tack.  Contamination 
of foreign mater ia l  in  the testing procedure, storage and trans- 
por ta t ion  of t h e  equipment could be another po ten t i a l  problem 
area. The atmospheric enviroment i n  which the reactor is 
i n s t a l l e d  is an important f a c t o r  i n  selecting t h e  proper 
mater ia l  of construction. The atmospheric enviroment ins ide  a 
chlorosi lane processing p lan t  may be considered as corrosive.  
The presence of ac id  chlor ides ,  HC1 and chlorosi lane vapor 
contr ibute  t h e  corrosive nature  of t h e  enviroment. In t e rac t ion  
of these chlorideswith moisture i n  t h e  atmosphere produces a 
s t r o n g  acid. "Chloride S t r e s s  Corrosion Crack" is a ser ious 
corrosion problem i n  the  presence o f  high l e v e l s  of chlor ide 
i n  the  enviroment. Austeni t ic  s t a i n l e s s  s t e e l s  are p a r t i c u l a r l y  
sens i t i ve  t o  t h i s  type o f  s t r u c t u r a l  fa i lure  which is general ly  
believed t o  be the r e s u l t  of a t ransgranular  attack by chlor ide 
accelerated by i n t e r n a l  stress. The operating temperature of  
fiO0'C and above w i l l  a l s o  subject  the  outs ide w a l l  of the  hydro- 
chlor inat ion r eac to r  t o  a high temperature enviroment. Oxidation 
and the  presence o f  po ten t i a l ly  corrosive contaminant (chloride,  
ecc. )  a t  these high temperatures represent still  a n o t h e r  
po ten t i a l  corrosion o f  the  hydrochlorination reactor .  After  the  
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reactor has been in operation, there will be periods of &ut- 
down for senrice and repair. Exposure of the inside wall of 
the reactor to air and moisture can readily destroy the 
silicide protective film. Hydrolysis of residual metal 
chlorides and chlorosilanes produces a strong acid which can 
further corrode the exposed metal alloy. 

In the case of carbon steel, the prospect of forming a 
thick silicide scale is a potential corrosion problem. Further- 
more, in the presence of hydrogen gas at high temperature and 
pressure, hydrogen embrittlement is potentially a serious 
corrosion problem for carbon steel. Although carbon steel is 
a low-cost material of construction, it does not appear to be 
a suitable material of construction for the hydrochlorination 
reactor. Stainless steel, Incoloy 800H and Hastelloy B-2 
produce a stable silicide protective film on the metal surface. 
The silicide film daes not penetrate deeply into the base 
metal at a rapid rP.te to form a thick scale. These alloys also 
show good resis-lence to the other forms of corrosion such as 
those in a high chloride level and high temperature oxidative 
enviroments. Although at a lower cost, stainless steel is 
somewhat less satisfactory as the material of constructLon for 
the hydrochlorination reactor, since it is more susceptable to 
chloride stress corrosion crack. In general, the type of alloys 
with high Ni, Cr and Mo contents similar to those of stainless 
steel, Incoloy 800H and Hastelloy B-2 are suitable material of 
construction for the hydrochlorination reactor. 

Finally, there is the important element of cost. The 
cost of the base metal alloy, the cost of fabrication and the 
cost of repair are important factors in selecting the optimum 
material of construction for the hydrochlorination reactor. In 
general, the higher the Ni, Cr and Mo contents in a given 
alloj, the better is its corrosion resistence properties but 
also at a higher price. Therefore, the optimum material of 
construction for the hydrochlorination reactor is the choice 
of a good compromiess between the performance of the piece of 
equipment and the cost of building it. 



D. Sumary of Prop;rese 

Experimental work on the  JPL Contract No. 956061 has  
progressed as scheduled i n  t h e  attached Program Plana The 
ana lys i s  f o r  H C 1  i n  the  hydrochlorination reac t ion  product 
mixture produces good, reproducible results. Only a very small 
amount, 0.1% t o  0.5% based on t o t a l  chlorosilanes,  of H C 1  w a s  
present i n  the  reaction. The corrosion study provides useful  
experimental data on t h e  basic mechanism of  corrosion of 
metals and a l loys  i n  t h e  hydrochlorination reac t ion  enviroment. 
The corrosion test evaluated a v a r i e t y  of metals and a l loys  as 
the  material of construction f o r  the hydrochlorination reactor. 
Alloys which contain high l e v e l s  o f  nickel ,  chromium and 
molybdenum similar t o  those of s t a i n l e s s  s teel ,  Incoloy 6OOH 
and Hastelloy B-2 are suitable material of construction f o r  
the  hydrochlorination reactor .  

111. PROJECTED FOURTH QUARTER ACTIVITIES 

The Program Plan is i n  t he  process of being revised f o r  
the fourth qua r t e r  (April-June, 1982. ) . More basic  researcl 
or iented experimental s tud ie s  a r e  emphasized i n  fu tu re  progz,;. 
The projected fourth quar te r  a c t i v i t i e s  may include, 

0 Milestone checkpoint evaluation, program review, 

0 Revise Program Plan, 

0 Basic 1-saction k i n e t i c  s tud ie s  t o  expand the  range 
of pressure, temperaure and H2/SiC14 molar ra t io  
f o r  the  hydrochlorination react ion.  
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TABLE I €IC1 ANALYSIS ON HYDROCHLORINATION REACTION 
AT 500'C, 300 PSIC, H2/SiC14 RATIO OF 2.0 
AND RESIDENCE TIBE OF 209 SECONDS 

Hourly Sample Reaction Product Composition, Area # 
No . HC 1 SiH*ClZ SiHCl SiC14 

1 0 . 5744 0 . 3696 31.82 66.91 

2 0.5b47 0.4007 31.02 68.03 

3 0.6134 0.6028 31.85 65.55 

4 0.5970 0.7512 32.66 64.04 

5 0.5875 0.7611 31.64 66.66 



T A B U  I1 H C 1  ANALYSIS ON THE HYDROCKLORINATION OF SiC14 

AT 500. C, 300 PSIG AND H2/SiC14 RATIO OF 2.0 

Sample Residence Reaction Product Composition, Area % 
~ 

Time  
No 8 Second HC 1 

4* 

5* 

1 

2 

3 

4 

5 

6 

0.5970 

0.5875 

0,1235 

0.1388 

0.3326 

0.4343 

0,5962 

0.5735 

0.7512 

0.7611 

0 . 4870 

0.5163 

0 . 7961 

0 3325 

0 7303 

0 8337 

32.66 

31.64 

26 . 69 

26.75 

31.75 

31.84 

31.95 

31.93 

5ic14 

64.04 

66.66 

71.98 

g2 

66.57 

66.80 

65.82 

66.05 

* Sample no. 4 and 5 from Table I. 



TABLE I11 APPROXIMATE COMPOSITION OF THE 
METAL ALLOYS FOR CORROSION TEST 

Metals, Al loys  Approximate Compositions 

Carbon S t e e l  

Nickel  

Copper 

S t a i n l e s s  S t e e l  
(Type 304) 

Al loy  400 (Monel) 

Incoloy 800 H 

Haste l loy  B-2 

B a s i c a l l y  Iron, + 996 Fe 

Pure 

Pure 

68% Fe, 19% Cr, 10% N i ,  29' Mn, 
1% S i  

2/3 Ni, 1/3 Cu 

6896 Ni, 28% Mo, 2% Fe, 1% Cr, 
196 Mn 
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