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r;' e. 
The adhesion of molten  boron  oxide i n  a nitrogen atmosphere t o  types 

304,  321, and 347 s ta inless  steel, Inconel,  Inconel X, chromium carbide, 
boron ni t r ide,  and graphite was studied.  Contact  angles and  work of adhe- 
sion were obtained f o r  drops of boron  oxide at r e s t  on the  different 
materials  by  the  so-called  sessile-drop method. T e s t  temperatures  ranged 
from 860' t o  1800' F. The contact angle varie's linearly  with temperature 
a t  temperatures ju s t  above the  melting  point of boron oxide. A t  higher 
temperatures  the  contact  angle  tends toward a  constant  value.  Graphite 
is the  least  wetted by the molten oxide,  followed i n  order by  boron 

wetted above 1350' F. Adhesion was the same f o r  each  metal. A t  llOOo F, 
the work  of adhesion f o r  boron  oxide - graphite is 48 dynes per centimeter. 
This  energy is one-half t ha t   fo r  boron  oxide - boron n i t r ide  and approxi- 
mately  one-third that f o r  boron  oxide - metal or  boron  oxide - chromium 
carbide . 

0 

a nit r ide,  chromium carbide, and the metals. The metals are  completely 

INTRODUCTION 

Molten boron  oxide has a strong tendency t o  adhere t o  all so l id  sur- 
faces. This has been  observed in  the examinat ion of engine parts follow- 
ing  the combustion of fuels  containing boron (ref. 1). The present  report 
evaluates  the 8mouzlt of adhesion  existing between the l iquid boron  oxide 
and various materials used in  engines. Means f o r  obtainfng  reduced ad- 
hesion  are demonstrated  by measurements involving  materisls  other  than 
those normally used in Jet  engines. 

The sessile-drop method was employed t o  determine the  contact  angle 
formed by a drop of molten  boron  oxide on a horizontal surface (refs. 2 
t o  4) .  This method considers a l iqu ld  drop restlng, at equilibrlum, on 
a surface that it does not wet completely. The shape of the drop is 
influenced  by  gravity,  the  interfacial  tension of the   so l id  and lFquid, 
and the  surface  tension of the drop. The con2act  angle I s  used i n  calcu- 
la t ing   the  amount of adhesion between the s o l i d  and the  l iquid;  the  greater . 
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the  angle,  the  less  the  wetting.  Similar  measurements  have  been  made a 

previously  with  molten  boron oxide using a modification of the  capillary 
rise  method (ref. 5). 

The  materials  examined for adhesion  with  molten  boron  oxide  were 
types 304, 321, and 347 stainless  steel,  Inconel,  Inconel X, boron 
nitride,  chromium  carbide,  and  graphite.  The  test  temperatures  ranged 
between 860° and B O O o  F. All tests  were  performed  in a nftrogen 
atmosphere. 

APPARBWS 

The  sessile-drop  apparatus w a s  composed-of a conibustion-tube  furnace, 
a controlled-atmosphere  system, a temperature  control,  and a camera. A 
schematic  diagram of the  equipment  is shown in  figure 1. 

The  combustion-tube  design  was  similar  to  that  used  in  reference 6. 

The  tube was a 24-inch  length of lrinch-outside-diameter by z-inch-wall 3 1 

fused  silica  tubing  with  both  ends  ground  to  receive 45/50 standard-taper 
glass  joints.  The  joints  were  water-jacketed.  One  joint  was  capped of f  
by an optical  flat;  the  other  provided  openings for a thermocouple  tube a 

and the  controlled  atmosphere.  The  thermocouple  tube wa8 also  made of 
fwed-silica tubing (6-mm 0 .D. by 1-mm wall) and was connected by a graded 
seal to a 12/30 standard-taper  joint. A n  Alundum plate  used  to  support 
the specimen and  the  boron  oxide drop rested on the  tube  walls. 

The  co~xibuation-tube  atmosphere  was  controlled by a three-way valve 
permitting  evacuation by a vacuum pump or the  bleeding  in of nitrogen 
gas from a cylinder. A relief valve limited  the  system  to a pressure 
of 2 pounds per square  inch  gage. 

!The  combustion  tube  was  mounted in a Globar  tube  furnace. Screws 
were  installed on the  furnace  legs f o r  leveling  purposes. A 25-ampere 
magnetic  amplifier  and a temperature  controller-recorder  provided  the 
necessary  fnstrumentation  to  maintain  the  desired  temperature  setting. 
The  control  temperature was read by a Chromel-Alumel  thermocouple  situ- 
ated  in  the  fused  silica  tube  close  to  the  specimen. 

The  camera  consisted of a 45-inch  length of 4-inch-outside-diameter 
aluminum tubing  fitted  with a 4- by 5- inch  cameraback  and an f4.5 
11-inch E .F. Tessrrr .IC lens.  This  arrangement  provided a magnification 

of  2.82  times w i t h  an object  distance of approximately 16 inches. A 100- 
watt  light  source and an exposure of 1/25 second at f19 using Tri-X f i l m  \ 

were  found  satisfactory. 

13 
16 
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PRFPARATION OF M T E R I A I S  

3 

Commercial boron  oxide (€3~0~) powder w a s  converted t o  beads  approxi- 
mately 2 millimeters i n  diameter. The starting  material  contained 80.31 
percent  boron  oxide, 18.96 percent water, and traces of copper, iron, 
zinc, sodium, si l icon, and magnesium. The powder w a s  heated i n  8 porcelain 
crucible  over a Bunsen flame to   d r ive  off most of the  moisture. After 
the  l iquid oxide  stopped  bubbling,  the  crucible was further  heated  in a 
2000' F furnace for 20 hours t o  complete the  dehydration. The crucible 
was transferred back t o  the Bunsen flame. Rods of boron  oxide were formed 
by  dipping a metal w i r e  into  the melt and slowly withdrawing it. The . 

rods were made with the melt j u s t  above the melting  temperature of the 
oxide. Beads were prepared  by  melting  the t i p  of the boron  oxide  rod 
with an air-gas torch. The l iqu id  drop w a s  allowed t o  f a l l  about a foot 
through air  t o  permit it to sol idify in  a spherical  shape. Beads found 
t o  contain  bubbles were discarded, as the shape of those beads would be 
dis tor ted on heating  in  the  sessile-bop tes t .  Averaging 30 m i l l i g r a m 3  
in weight, t he  boron oxide  beads were stored in a desiccator  unti l  used. 
Spectrographic  analysis  indicated no significant solution of crucible 
materials in the B2O3. 

The s ta inless-s teel  and Inconel specimens w e r e  cut from 1/8-inch 
sheet  stock  to form 1-inch-square plates. Following a vapor-blasting 
operation,  the  plates were stored in a desiccator   unt i l  needed. The 
plate  surfaces h~td an average  roughness of 75 microinches. 

The sample of hot-pressed  boron  nitride (BN) w a s  obtained from the 
Carborundum Company. It was readi ly  cut into a small plate .  The t e s t  
surface w a s  made f la t  and smooth by  rubbing on crocus  cloth t o  give a 
surface roughness of about 70 microinches. 

The  chromium carbide (Cr3C2), with a surface roughness of 17 micro- 

inches, had the smoothest  surface of all the teat   materials.  This  surface 
w a s  cleaned  with  alcohol and dried  before testing. 

The graphite specimen was cut from a portion of electrode material. 
Crocus cloth was used to  smooth the test surface. Being a porous  material, 
the  graphite had a rough surface  averaging  about 95 microinches. 

A bead of boron  oxide was placed on the  specimen rest ing on the 
Alundum support. These items were pushed into  the combustion tube t o  a 
posi t ion  adjacent   to   the  t ip  of the thermocouple. The appazatus was 
assembled,  and the glass   joints  were lubricated and sealed  with Apiezon N 
grease. The system was evacuated t o  a pressure of 0.3 millimeter of 
mercury, filled with  nitrogen, and again  evacuated.  Nitrogen was then 
continuously  fed  into  the  system t o  maintain a pressure of 2 pounds per 
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square  inch  gage. By vie-wtng the specimen through the camera and using 
a small level, the test surface was brought t o  a horizontal  condition. 
The leveling  operation involved rotating the combustion tube and adjusting 
the  furnace  leg  screws. Heat was applied and  photographs were taken a t  
various  temperatures.  After each temperature  point was reached, 10 t o  
15 minutes were allowed for equilibrium t o  be established. Measurements 
of the magnified sess i le  drop were taken from 4- by 5-inch  negatives 
using a microcomparator. 

DATA AND CALCULATIONS 

Measured and calculated data are given in  table I. The recorded 
dimensions of drops  with  either  obtuse or acute  contact  angles are desig- 
nated in figure 2. The values f o r  the contact  angle e were computed 
from the drop dimensions  by the  procedures  indicated i n  references 3 
and 4. Obtuse contact  angles  involved  the  use of the tables of reference 
7.  Acute angles were determined from the equation 

8 = 2 tan'' (h/a) 

where h and a are  the dimensions shown in figure 2 .  

The relat ion of the  surface  tension u of boron  oxide in air with 
the  temperature t has been experimentally  detemined  (ref. 8) t o  be 

u = 58.2 -I- 0.0354(t - 300° C )  

The work of adhesion w, the energy required  to separate the l iquid and 
solid,  was computed from the relat ion 

RFSULTS AWD DISCUSSION 

Values of contact  angle and work of adhesion were determined f o r  
various  molten  boron  oxide and sol id  specimen interfaces from 860° t o  
180O0 F. Sessile-drop tests were performed in a nitrogen atmosphere. 
The effect  of other atmospheres,  such as oxygen, was not  investigated. 
Measurements  were taken from  photographs of each interface a t  various 
temperatures. A set of photographs f o r  a typical  run is shown i n  figure 3. 

Contact Angle 

The variation of contact  angle with temperature f o r  the materials 
tes ted is shown i n  figure 4. The data points  for the metal specimens, 
types 304, 321, and 347 stainless  steel, Incone-1, and Inconel X, group 
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together and are  therefore  described  by a single  curve. The Jog in  the 
curve for graphite  resulted because the t e s t  temperature w a s  held constant 
overnight. The additional time - 16 hours over the 10 t o  15 minutes 
normally a l lo t t ed  f o r  equilibrium t o  be  reached - produced a 3.3O dif- 
ference  in  contact  angle a t  the 1300° F temperature. A further  decrease 
in  contact  angle  occurred when the  temperature w a s  increased t o  140O0 F. 
Each curve displays  the same characteristic  tendencies: (1) an i n i t i a l  
rapid  decrease  in  contact  angle as the test temperature w a s  raised, and 
(2) an essentially  constant  contact  angle above E given  temperature. The 
ini t ia l   por t ions of the  curves  for  the  metals and. the carbide  are linear. 

A contact  angle above 100° is shown f o r  We graphite specimen a t  all 
temperatures. This indicates that molten boron oxide ulll not readi ly  
wet graphite. The metals  are  completely  wetted  (contact  angle less than 
5') by  the molten  boron oxide above 1350° F. A material of possible  inter- 
mediate properties was suggested  here in   the form  of a metal  carbide. A n  
ava ihb le  specimen of chromium carbide was found t o  have a wettabi l i ty  
by the molten  oxide more than that of the  graphite  but  only  slightly  less 
than  the  mtals .  Chromium carbide, however, may not  be  representative of 
other  metal  carbides  in  this  property. 

Boron nitride,   often  called "wbite  graphite,"  has  properties  similar 
t o  graphite. Above 1300° F hot-pressed boron n i t r ide   a t t a ins  a constant 
degree of wettability, somewhat higher than that f o r  graphite. The 
contact  angle f o r  the boron oxide - boron ni t r ide  interface is constant 
a t  40'. 

On cooling t o  room temperature,  the specimens could not be readi ly  
freed of the boron  oxide,  except by solution in water. The so l id  oxide 
chip  could  be  pried away from the boron n i t r ide  and graphite  surfaces, 
but  only w i t h  the tearing away of some of the specimen material w i t h  
the oxide. 

Work of Adhesion 

The variation of work of adhesion with temperature f o r  molten 
boron oxide on various  materials is shown i n  figure 5. Because work of 
m e s i o n  is  derived from the  contact-angle data, the shapes of the  work- 
of-adheslon  curves are simllar to  the  curves in figure 4. However, the 
quantitative measure of work of adhesion is of more use. 

A comparison can  be made of the amount of adhesion  energy  involved 
a t  temperatures known t o   e x i s t  at the  surfaces of the  turbine stator and 
rotor and some parts of  the combustor of a jet engine. A t  llOOo F, the 
amount of energy per unlt  area  required t o  separate the l iquid boron  oxide 
from graphite is 48 dynes per  centimeter. A t  the same temperature,  twice 
t h i s  mount of energy (99 dynes/cm) is required  to  remove boron  oxide from 
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boron n i t r ide .  To separate boron  oxide  from one of the metals under the 
same conditions, 132 dynes per  centimeter  (approx. three times the boron 
oxide - graphite work-of -adhesion  value] i s  needed. A t  higher  temperatures 
the work of adhesion between boron  oxide  and graphite tends t o  remain 
half of that between boron  oxide  and  boron ni t r ide.  

I 

Molten boron oxide  adhered t o  and wet each metal teated  identically. 

SUMMARY  OF RESULTS 

The adhesion of molten  boron  oxide t o  various  surfaces i n  an atmos- 
phere of nitrogen w a ~  studied  by the sessile-drop method. The surface 
materials  tested  included  several  stainless  steels,  Inconel, chromium 
carbide,  boron  nitride, and graphite. The resu l t s  are as fol lows:  

1. Generally, at lower  temperatures, as the  temperature is increaged 
the contact  angle shows a rapid linear decrease. Above a given  temperature 
the  contact angle becomes essentially  constant. 

2 .  The contact-angle  studies  indicated the following: 

ta) Above 1350' F the metals are  completely  wetted  by  boron  oxide. 
Molten boron  oxide  adhered to and w e t  each metal tested  identically. 

(b) Molten boron oxide wets chromium carbide almost as readily as 
it w e t s  the  metals. 

(c) Above 1300° F boron ni t r ide  res is ts   fur ther   wet t ing by the oxide; 
contact  angle remains constant a t  40'. 

(a) Graphite is the least wetted  by  boron  oxide,  the  contact  angle 
remaining above 100'. 

3. A t  llOOo F the work of adhesion fo r   t he  boron  oxide - graphite 
interaction is 48 dynes per centimeter. This value is half that f o r  the 
boron oxide - boron nit r ide  interact ion and approximately  one-third of 
that f o r  the boron  oxide - m e t a l  i n t e r a c t i . .  

Lewis Flight  Propulsion  Laboratory 
National  Advisory Committee f o r  Aeronautics 

Cleveland, Ohio,  December 12, 1957 
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(a)  Contact angle e =- 30'. 

(b) Contact angle 8 -= '90'. 
2. - Measurements taken from photograph of sessile 
depending on contact angle. 
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( c )  980° P. (a) 1060° +. 
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(e) 1Ee F. 
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(f) 1250° P. 
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Contact angle, 8 ,  deg 

Figure 4.  - -Variation of contact angle with temperature for molten 
boron oxide on various materials. a 
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Figure 5. - Varie t ion  of work of adhesion with temperature for molten baron 
oxide on various materials. 
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