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ABSTRACT 

Hexagonal boron n i t r i d e  (BN) i s  t he  ma te r i a l  o f  cho ice f o r  manufactur ing 
break r i n g s  f o r  t h e  h o r i z o n t a l  cont inuous cas t i ng  o f  s t e e l ,  Due t o  t h e  
c r i t i c a l i t y  o f  t h i s  a p p l i c a t i o n ,  o n l y  a  100% acceptance l e v e l  can be 
t o 1  erated.  A non-des t ruc t i ve  t e s t i n g  method was success fu l l y  developed 
t o  accomplish t h i s .  Comparison o f  t h i s  method w i t h  more t r a d i t i o n a l  
non -des t ruc t i ve  t e s t s  showed i t  t o  be comparable. 

INTRODUCTION 

The idea  o f  h o r i z o n t a l l y  cont inuous cas t i ng  has been around s ince  Henry 
Bessemer patented h i s  concept i n  1857. Nevertheless i t  has o n l y  been 
r e c e n t l y  t h a t  i t  has become t e c h n i c a l l y  f e a s i b l e  t o  do so. The f i r s t  
commercial h o r i z o n t a l  c o n t i n  S cas te r  f o r  s t ee l  was developed by 
General Motors i n  t he  1960s. Y P Y  A f t e r  t he  shut down o f  t h i s  
i n s t a l l a t i o n ,  two decades had t o  pass be fo re  another machine was brought 
on l i n e  f o r  t h e  c a s t i n g  o f  s t e e l .  The o r i g i n a l  equipment and a l l  
subsequent ones have a  c r i t i c a l  component c a l l e d  a  break r i n g  which i s  
t h e  l a s t  r e f r a c t o r y  t h e  molten s tee l  sees be fo re  i t  s t a r t s  t o  s o l i d i f y .  
The break r i n g ' s  f u n c t i o n  i s  t o  present  a  cons i s t en t  p o s i t i o n  f o r  t h e  
s o l i d i f y i n g  s t ee l  f r o n t .  I n  t h i s  r o l e ,  i t  a l lows  f o r  t h e  mechanical 
separa t ion  o f  t h e  s o l i d i f i e d  s t ee l  s h e l l  from t h e  r e f r a c t o r y .  I n  o rder  
t o  accomplish t h i s ,  t h e  break r i n g  has t o  be non-wetted by t h e  s t e e l  and 
avo id  a l l  chemical i n t e r a c t i o n  w i t h  t he  meta l .  I n  add i t i on ,  t h i s  p a r t  
has t o  meet some s t r i n g e n t  phys ica l  p rope r t i es .  I n  o rder  o f  importance, 
they  are:  

a)  e x c e l l e n t  thermal shock res i s t ance  
b )  h i gh  thermal c o n d u c t i v i t y  
c )  v01 ume s t a b i l  i t y  a t  h i gh  temperature 
d)  ease o f  m a c h i n a b i l i t y  

Hexagonal boron n i t r i d e  (BN) meets a l l  o f  t he  above c r i t e r i a  and 
t h e r e f o r e  i S t h e  ma te r i a l  most commonly used i n  t h i  S a p p l i c a t i o n .  ( 2 7 3 7 4 )  

The manufacture o f  boron n i t r i d e  i s  complex and time-consuming and can 
e a s i l y  g i v e  r i s e  t o  product  incons is tenc ies .  Because o f  t h i s ,  break 
r i n g  f a i l u r e s  du r i ng  c a s t i n g  have occurred. As a  consequence, t h e  need 
arose t o  develop a  means o f  e l i m i n a t i n g  f a i l u r e s .  As a  f a i l u r e  means an 
automat ic h a l t  t o  t h e  cas t i ng  process w i t h  t he  concomitant expense o f  
t ime  and ma te r i a l s ,  i t  i s  something t h a t  has t o  be avoided. Th i s  paper 
w i l l  desc r ibe  a  non-des t ruc t i ve  t e s t i n g  method f o r  boron n i t r i d e  break 
r i n g s  and compare i t  t o  more t r a d i t i o n a l  t e s t s .  



BACKGROUND 

I n  e a r l y  1984, a  h o r i z o n t a l  cont inuous cas t i ng  machine f o r  t h e  c a s t i n g  
o f  s t a i n l e s s  and a l l o y  s t e e l s  was s t a r t e d  up a t  Ba l t imore  Spec ia l t y  
S tee ls  Corporat ion,  a  who l l y  owned Armco subs id ia ry .  Th is  machine i s  
capable o f  c a s t i n g  b i l l e t s  o f  va ry ing  s izes  and each s i z e  r e q u i r e s  a  
break r i n g  w i t h  i t s  own c h a r a c t e r i s t i c  dimensions. A few years  a f t e r  
s t a r t u p ,  a  rash  o f  break r i n g  f a i l u r e s  occurred du r i ng  cas t i ng .  As t h i s  
was an unacceptable s i t u a t i o n ,  t he  dec i s i on  was made t o  a t tempt  t o  
d i s c r i m i n a t e  between "good" and "bad" r i n g s  a  non -des t ruc t i ve  way. i g 1 Some work had a l ready  been done i n  t h a t  area and i t  was assumed t h a t  
t h e  t e s t  method, a l though p rev i ous l y  on l y  used on an ext remely  l i m i t e d  
sample base, would indeed be app l i cab le  t o  t h i s  problem. 

MANUFACTURE 

A t  l e a s t  n i ne  proven ways o f  manufactur ing boron n i t r i d e  powder e x i s t .  
The r e a c t i o n  b a s i c a l l y  cons i s t s  o f  n i t r i d i n g  a  boron con ta i n i ng  compound 
(CaBe, 6203, H~BOJ,  e t c . )  a t  h i gh  temperature accord ing t o  t h e  f o l l o w i n g  
formul a: 

D i f f e r e n t  raw m a t e r i a l s  y i e l d  va ry ing  amounts o f  boron n i t r i d e  mixed 
w i t h  i m p u r i t i e s .  The r e s u l t i n g  m i x tu re  may r e q u i r e  ex tens ive  g r i n d i n g  
and r e - n i t r i d i n g  be fo re  go ing t o  complet ion.  

The r e a c t i o n  

p rov ides  a  cheap and convenient p roduc t ion  method. The end product  i s  
commerci a1 boron n i t r i d e  powder and a1 though con ta i n i ng  no a1 cohol 
so l ub le  m a t e r i a l ,  i .e. no f r e e  6203, a t  room tem a tu re ,  produces B203 
when heated above 1200°C i n  an i n e r t  atmosphere. Thi  S c h a r a c t e r i s t i c  
a l lows  ' t  t be e a s i l y  ho t  pressed a t  temperatures as low as 
900°C. ( j , 8 , 8 )  I t should be noted t h a t  8203 i s  necessary f o r  ho t  
p ress i ng  as i t  ac t s  as t he  b inder  and impar ts  c o l d  s t r eng th  t o  t h e  body. 
The problem i s  t h a t  t he  amount o f  B203 present  i n  t he  f i n a l  product  can 
be h i g h l y  v a r i a b l e  l ead ing  t o  e r r a t i c  wear. Th is  can l ead  t o  t h e  
premature f a i l u r e  o f  t he  break r i n g .  

I n  general  terms, ho t  p ress ing  cons i s t s  o f  f i l l i n g  a  g r a p h i t e  mold w i t h  
boron n i t r i d e  powder which i s  then subjected t o  pressure and temperature 
f o r  a  f i x e d  l e n g t h  o f  t ime.  The r e s u l t i n g  s o l i d  i s  c a l l e d  an i n g o t  o r  
s lug .  A f i x e d  number o f  break r i n g s  can be c u t  ou t  o f  each i ngo t ,  t h e  
l i m i t i n g  f a c t o r s  being t h e i r  th ickness,  diameter and geometr ic 
c o n f i g u r a t i o n .  

EXPERIMENTAL PROCEDURE AND RESULTS 

Two d i f f e r e n t  se ts  o f  non-des t ruc t i ve  t e s t s  were run:  On complete break 
r i n g s  155mm and lOOmm square i n  s ize,  as w e l l  as on boron n i t r i d e  bars  
c u t  ou t  o f  these break r i n g s .  A l l  boron n i t r i d e  break r i n g s  used i n  
t h i s  s tudy came from t h e  same supp l i e r .  



As t h e  main purpose o f  t h i s  work was t o  develop a t e s t i n g  procedure f o r  
complete break r i n g s ,  cons iderab le  work wa u t  i n t o  t h i s  phase. 
Pre l  im inary  e f f o r t s  were repor ted  i n  1985.f59 A t  t h a t  t ime, two 
d i f f e r e n t  non-des t ruc t i ve  t e s t s  were performed on whole lOOmm square 
break r i n g s .  n i  t i a l  work cons is ted  o f  u l t r a s o n i c  v e l o c i t y  
measurements.*{ Th is  technique measures t he  t ime i t  takes a sound wave 
t o  t r a v e l  through t h e  sample. A 19mm diameter probe s i z e  was used. The 
i n p u t  s i gna l ' s  frequency was 50 Hz. A coup l ing  ge l  was app l i ed  t o  t h e  
t ransducer  and t h e  r e c e i v e r  f o r  op t im i z i ng  con tac t .  The number so 
obta ined can be used t o  c a l c u l a t e  t he  modulus o f  e l a s t i c i t y .  F igure  1  
shows a l l  t he  p o i n t s  where measurements were taken. The measurements 
through t h e  th ickness  o f  t he  sample were soon d iscon t inued  as no 
v a r i a b i l i t y  cou ld  be detected, even i n  specimens w i t h  known f laws.  The 
l o n g i t u d i n a l  measurements d i d  show some v a r i a b i l i t y ,  bu t  most o f  i t  
cou ld  be a t t r i b u t e d  t o  l e n g t h  d i f f e r e n c e  among t he  samples. It was 
l a t e r  d iscovered t h a t  t h e  u l t r a s o n i c  v e l o c i t y  method cannot be used f o r  
a  donut-shaped body as two oppos i te  t r a v e l i n g  wave f r o n t s  are setup i n  
t h e  body which i n t e r f e r e  w i t h  each o ther .  

Another non-des t ruc t i ve  t e s t  t r i e d  was based on shock e x c i t a t i ~ n . * ~  
Th i s  method makes use o f  a  p i e z o e l e c t r i c  t ransducer  which p i c k s  up a 
sample's fundamental v i b r a t i o n  brought about by a  l i g h t  t a p  on i t .  
Although t h i s  technique was s e n s i t i v e  enough t o  show d i f f e r e n c e s  among 
t h e  break r i n g s ,  t h e  number o f  samples ava i l ab l e ,  28, prec luded t h e  
de te rmina t ion  o f  t h e i r  s t a t i s t i c a l  s i g n i f i c a n c e .  F igure  2  i s  a 
h is togram o f  t h e  da ta  obtained. Note t h a t  t h i s  i s  raw data,  n o t  y e t  
conver ted t o  modulus o f  e l a s t i c i t y .  It inc ludes  t h e  values f o r  r i n g s  
w i t h  known f laws .  These quest ionable  r i n g s  u s u a l l y  gave raw readings 
g r e a t e r  than 940. 

Based on these r e s u l t s ,  t h e  above t e s t  procedure was taken i n t o  t h e  
f i e l d  t o  t e s t  whole r i n g s  be fo re  they were pu t  i n t o  se r v i ce .  The 
purpose was two fo ld :  t o  increase t h e  da ta  base and t o  determine i f  t h e  
ins t rument  cou ld  a l so  d i s c r i m i n a t e  between "good" and "bad" 155mm break 
r i n g s  as t h e  cas te r  was exper ienc ing problems w i t h  t h a t  s i ze .  As a 
consequence o f  t h e  unusual s i z e  o f  t h e  break r i n g s  which were causing 
t h e  problem, on l y  two d e f i n i t e l y  unacceptable r i n g s  ex i s t ed .  Test da ta  
f rom these two r i n g s  were used as t he  upper l i m i t i n g  va lue f o r  
acceptable.  The raw da ta  obta ined showed t h a t  t h i s  method was 
s u f f i c i e n t l y  s e n s i t i v e  t o  d i s c r i m i n a t e  between acceptable and 
unacceptable r i n g s  (F igure  3 ) .  I n  add i t i on ,  s o r t i n g  o f  t h e  values so 
ob ta ined  by i n g o t  number, i . e .  p roduc t ion  l o t ,  showed t h a t  they  cou ld  be 
e i t h e r  a l l  good, a l l  bad o r  mixed (Table I ) .  The l o t s  w i t h  mixed 
numbers were dec la red  unacceptable due t o  t he  incons is tency  i n  t h e i r  
p r o p e r t i e s  as r e f l e c t e d  by t he  non-des t ruc t i ve  t e s t  data.  Checking t h e  
exper imental  values aga ins t  ac tua l  cas te r  p roduc t ion  l ogs  on break r i n g  
performance conf i rmed t he  conc lus ions a r r i v e d  a t  through t e s t i n g .  
F igures 4 and 5 show some o f  t he  ac tua l  f i e l d  da ta  generated f o r  lOOmm 
and 155mm r i n g s .  

*l James V-meter 
*2 Gr indo-Sonic 



Although good c o r r e l a t i o n  between f i e l d  da ta  and raw shock e x c i t a t i o n  
values ex i s t ed ,  no at tempt had been made t o  c o r r e l a t e  those va lues w i t h  
t he  more t r a d i t i o n a l  non-des t ruc t i ve  t e s t  methods. I n  o rder  t o  remedy 
t h i s  gap, boron n i t r i d e  break r i n g s  were c u t  i n t o  bars and t h e i r  modulus 
o f  e l a s t i c i t y  was determined us ing t he  u l t r a s o n i c  v e l o c i t y  method, t h e  
shock e x c i t a t i o n  method, and t he  resonant frequency method (ANSI/ASTM 
C747). Al though t h i s  l a s t  method was w r i t t e n  f o r  carbon and g raph i t e ,  
t h a t  presented no problem boron n i t r i d e ' s  c r ys ta l l og raphy  i s  almost 
i d e n t i c a l  w i t h  t o  t h e  p o i n t  t h a t  i t  i s  c a l l e d  "wh i t e  
g raph i t e . "  

The resonant frequency method cons i s t s  o f  i nduc ing  a v i b r a t i o n  i n  t h e  
specimen w i t h  a  phonograph record  needle and d e t e c t i n g  those f requenc ies 
w i t h  another phonograph needle. The specimen has t o  be supported so 
t h a t  i t  i s  f r e e  t o  o s c i l l a t e .  A search i s  made f o r  i t s  fundamental 
frequency o f  v i b r a t i o n  which can be read o f f  any s u i t a b l e  meter. Using 
appropr ia te  formulae, t h i s  number i s  then converted i n t o  t h e  modulus o f  
e l a s t i c i t y .  

Two bars  f rom each r i n g  were subjected t o  a l l  t h r e e  t e s t s  and r e s u l t s  
a re  shown g r a p h i c a l l y  i n  F igure  6. The values obta ined f o r  each p a i r  
a re  p l o t t e d  nex t  t o  each o the r  so t h a t  two consecut ive numbers represen t  
one r i n g .  As bars  from bo th  lOOmm and 155mm break r i n g s  were used, t h e  
f o u r  values obta ined f o r  t h e  longer  bars were p l o t t e d  a t  t h e  end o f  t h e  
graph. Table I 1  l i s t s  a l l  t he  modulus o f  e l a s t i c i t y  values obta ined.  
From a l l  t he  data,  i t  can be seen t h a t  t he  t h ree  non-des t ruc t i ve  methods 
c l o s e l y  p a r a l l e l  each o the r  w i t h  t h e  values obta ined by u l t r a s o n i c  
v e l o c i t y  measurements be ing c o n s i s t e n t l y  lower than those obta ined by 
t h e  shock e x c i t a t i o n  o r  t h e  resonant frequency method. 

I n  o rde r  t o  determine i f  t he  non-des t ruc t i ve  t e s t  methods cou ld  be 
c o r r e l a t e d  t o  s t reng th ,  as i s  gene ra l l y  assumed, c o l d  modulus o f  r u p t u r e  
t e s t s  were r un  according t o  ASTM C133. The r e s u l t s  f rom t h e  c o l d  
modulus o f  r u p t u r e  t e s t  a re  a l so  shown i n  Table 11. 

DISCUSSION 

It i s  an es tab l i shed  f a c t  t h a t  t h e  u l t r a s o n i c  v e l o c i t y  and t h e  r e  
f requency methods a re  comparable and can be used f o r  r e f r a c t o r i e s  
and g raph i t es .  (13) No such work had been c a r r i e d  ou t  on f i n e  g ra ined  
ceramics and on l y  r l i m i t e d  work had been done us ing  t h e  shock 
e x c i t a t i o n  method.YP4r Th is  work has shown t he  eminent f e a s i b i l i t y  o f  
adding t h i s  method t o  t h e  l i s t  o f  non-des t ruc t i ve  t e s t s .  A f u r t h e r  
advantage i s  t h a t  t h e  geometry o f  t he  break r i n g  i s  o f  no consequence 
a l l o w i n g  f o r  non-des t ruc t i ve  t e s t i n g  i n  t he  f i e l d .  

Due t o  t h e  good c o r r e l a t i o n  o f  t h e  whole r i n g  shock e x c i t a t i o n  values 
w i t h  t h e  ac tua l  cas te r  records,  upper l i m i t s  have been worked i n t o  t h e  
product  purchase s p e c i f i c a t i o n .  These have had t o  be r e w r i t t e n  severa l  
t imes t o  r e f l e c t  a l l  t he  da ta  which has been accumulated over  t h e  years.  
Even so, no i n f o rma t i on  has been gleaned on a lower  bound f o r  these 
values. I n  add i t i on ,  c l ose  cooperat ion between Armco and t h e  boron 
n i t r i d e  manufacturer has a l lowed them t o  develop an i n t e r n a l  product  
s p e c i f i c a t i o n  whose r e s u l t s  meet our needs. Th is  has assured a 100% 
d e f e c t - f r e e  supply o f  break r i n g s .  
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Table I 

Shock E x c i t a t i o n  Values f o r  150mm Square 
Break Rings Arranged by Lo ts  

"Good" "Bad" 

1599 1780 

1623 1795 

1606 1809 

1595 1812 

1602 1796 

1592 1787 

1785 

"Mixed" 

1667 

1704 

1776 

1769 

1793 

1799 

1810 

l63 5 

1676 



Table  I 1  

Cold Modulus o f  Rupture Values and Modulus o f  E l a s t i c i t y  
as Obta ined Us ing Three D i f f e r e n t  Non-Des t ruc t i ve  Tes ts  

MOE by Shock 
E x c i t a t i ~ n  
(kPa x10 ) 

MOE by U1 t r a s o n i  c 
Vel o c i  t~ 

(kPa x10 ) 

MOE by Resonant Co ld  Modulus 
F r e q u e n c ~  Rupture  
(kPa x10 ) ( kPa 

Sampl e 
I .D. 

Note:  Samples A and C were lOOmm l o n g .  
Samples D and E were 155mm l o n g .  



FIGURE CAPTIONS 

FIGURE 1 - Schematic of a boron nitride break ring showing all the 
points where ultrasonic velocity measurements were taken. 

FIGURE 2 - Histogram of experimental shock excitation values for 100 mm 
square break rings. 

FIGURE 3 - Histogram o f  experimental shock excitation values for 155 mm 
square break rings. 

FIGURE 4 - Field shock excitation values plotted as a histogram (100 mm 
square break rings). 

FIGURE 5 - Field shock excitation values plotted as a histogram (155 mm 
square break rings). 

FIGURE 6 - Comparison of the modulus of elasticity using three different 
methods on the same samples. 





SHOCK EXCITATION VALUES 



SHOCK EXCITATION VALUES 



ONE HEAT TWO HEATS THREE HEATS FAILURE DURING FAILURE DURING FAILURE DURING 
0 lzzzzzl n\\\u FIRST HEAT SECOND HEAT THIRD HEAT 

50 
Exxm IIuInl 

SHOCK EXCITATION VALUES 



ONE HEAT TWO HEATS THREE HEATS FAILED DURING 
U L////n I\\\\U FIRST HEAT 

40 
Ewa 

0 
SHOCK EXCITATION VALUES 



MOE BY SHOCK MOE BY ULTRASONIC MOE BY RESONANT 
EXCITATION VELOCITY FREQUENCY 
(kPaXIOE6) (kPaXIOE6) (kPaXIOE6) 

SAMPLE I .D .  
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