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It  was  shown e l s e w h e r e  [1-3] tha t  m a g n e s i a  gun i t e s  con ta in ing  a d d e d  s o d i u m  p o l y p h o s p h a t e  i s  c h a r -  
a c t e r i z e d  b y  a d e q u a t e  s t r e n g t h  p r o p e r t i e s  p r o v i d e d  the  m e a n  d e g r e e  of  p o l y p h o s p h a t e  p o l y m e r i z a t i o n  (n) 
l i e s  wi th in  21-24 .  In  a n  i n v e s t i g a t i o n  of p r o d u c t i o n  t e c h n o t o g i e s  fo r  u n f i r e d  r e f r a c t o r i e s ,  e x p e r i m e n t s  
w e r e  c a r r i e d  out to  d e t e r m i n e  the  r e l a t i o n  b e t w e e n  the  s t r e n g t h  of m a g n e s i t e  m i x e s  bonded  with  s o d i u m  
p o l y p h o s p h a t e s  and the  c o m p o s i t i o n  of  the  s t a r t i n g  m a t e r i a l  [4-5].  A c c o r d i n g  to  Di B e l l o  and P r a d e l  [4], 
t he  s t r e n g t h  of the  t e s t  s p e c i m e n s  in  the  t e m p e r a t u r e  r a n g e  1000-1250~ i n c r e a s e s  with an  i n c r e a s e  in  the  
c a l c i u m  oxide  conten t  of t he  b a t c h  f r o m  2.1 to  12 wt .  % and a d e c r e a s e  in  the  m a g n e s i a  conten t  f r o m  95 to 
80 wt .  %. F o e s s e l  and T r e f f n e r  [5] r e l a t e  t he  v a r i a t i o n  in the  s t r e n g t h  to  tha t  of the  r a t i o  C a O / ( P 2 Q  + 
SiO 2) in  t he  s t a r t i n g  m a t e r i a l .  F o r  m a x i m u m  bend ing  s t r e n g t h  a t  1460~ the  r e c o m m e n d e d  r a t i o  i s  0.98, 
1.14, and 1.22 fo r  a n  MgO con ten t  in  the  b a t c h  of 90, 70 and 60 Wto % r e s p e c t i v e l y .  

P u b l i s h e d  d a t a  f u r n i s h  e v i d e n c e  tha t  the  s t r e n g t h  and t h e r e f o r e  the  s e r v i c e  b e h a v i o r  of p h o s p h a t e -  
bonded  m a g n e s i a  gun i t e s  depend  on the  c o m p o s i t i o n  of the  s t a r t i n g  m a t e r i a l .  

The  c a l c i u m  oxide  con ten t  of a p h o s p h a t e - b o n d e d  guni te  can  be  i n c r e a s e d  by add ing  a s u i t a b l e  c a l c i u m  
con ta in ing  c o m p o n e n t  o r  by  p r o d u c i n g  the  guni te  f r o m  uncond i t i oned  d o l o m i t i z e d  m a g n e s i t e s .  The  l a t t e r  
me thod  i s  v e r y  i m p o r t a n t  b e c a u s e  i t  h e l p s  to  r e s e r v e  p u r e  h i g h - q u a l i t y  m a g n e s i t e s  for  the  p r o d u c t i o n  of 
s p e c i a l - p u r p o s e  r e f r a c t o r y  p r o d u c t s .  

The  u s e  of a t o w - g r a d e  uncond i t i oned  m a t e r i a l  fo r  guni te  can  be  i u s t i f i e d  on the  g r o u n d s  tha t  a l a y e r  
of gun i t e  a p p l i e d  on the  l i n ing  of a n  i n d u s t r i a l  f u rna c e  in  the  c o u r s e  of the  m e t a l l u r g i c a l  p r o c e s s  has  a 
l i m i t e d  l i fe  of  a few m e l t s  a f t e r  which  the  gun i t ing  o p e r a t i o n  i s  r e p e a t e d .  

T A B L E  1. The  P l ann ing  M a t r i x  and the  A r i t h m e t i c  Mean  Va lues  of 
t he  C o l d - C r u s h i n g  S t r eng th  of the  B a t c h e s  a f t e r  F i r i n g  a t  800~ 

t Comp. of batches in coded Comp. of batches in Cold-crush- 
Test No form natural form tng strength 

- -  - -  - -  I(~)' kg/eros 
x~ x~ x3 MgO CaO SiO~ i 

5 
6 
7 
8 
9 

10 

1 
o 
o 

2> 

o 

7 
o 
i/3 
2/8 
0 
0 

2 :!! 

0 
0 
1 
0 
0 

1 b 

;7 

100 (100) 
55 (G3 0) 
55 (64,5)  
85 (88,7) 
70 (76,5) 
85 (89,5) 
70 (77,7) 
55 (63,6) 
55 (64, l) 
70 (77,0) 

45 (~  ,0) 

t5 (~,a) 
30 (23,5) 

a0 
15 (i2,5) 
15 (11,9) 

45 (35,5) 

E 
~5 (10 5) 
30 (22,3) 
15(11,6) 
30 (23,4) 
15(I1,1) 

78 (Yl) 
0 (y.) 

77 (Ya) 
0 (Yl~2) 
0 (YI~.") 

150 (Y~3) 
i00 (Y133) 
51 (Y223) 
42 (Y2~3) 

128 (Y123) 

*Mole % in parentheses. 
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100 wt. % 
fog mole % 

c~o (~Ht[ioe] (8s)~2[1o6] s~o~ q,, wt. % qs wt. % 
77 mole ~ Y$8 mole ~7~ J7 mole Go 35,5 mole % 

Fig. 1. Fig. 2. 
Fig. 1. Simplex grid for cubic approximation.  The points of the simplex 
show the mean ult imate cold-crushing strength (kg/cm 2) of the experimental  
batches af ter  firing at 600~ (in parentheses) ,  800~ (open), and 1200~ 
(in brackets) .  

Fig. 2. The theoret ical  cold-crushing strength af ter  firing at 800~C as a 
function of the batch composition. 

In this ar t ic le  the resul ts  are  repor ted  of an investigation of the feasibili ty of producing phosphate- 
bonded gunite f rom magnesia composit ions containing calcium oxides and silica in amounts exceeding those 
in the technical specifications for the magnesia s tar t ing mater ia l  for the production of r e f r ac to r i e s .  

The investigation was ca r r i ed  out within the limits of the t r iangle  of the t e rna ry  CaO--  MgO-- SiO 2 
sys t em star t ing with a composit ion containing 100 mole % MgO and finishing with a m i x  containing 37 mole 
'~ CaO and 35.5 mole % SiO 2. The experimental  compositions were prepared  f rom chemical ly pure mag-  
nesia and si l icic  acid, and pure calcium carbonate in accordance  with selected points on the phase d iagram 
of the CaO--  MgO-- SiO 2 sys tem.  After  thorough mixing in a ball mill the composit ions were molded into 
briquets at a p r e s s u r e  of 500 kg / cm 2 which were fired in an open-flame kiln at 1750~C with a holding t ime 
of 6 h .  

The fired briquets were c rushed in jaw c rusher s  and then ground in a v ibro-mi l l  to powder f iner than 0.09 
mm after  which 5 wt. % dry  sodium polyphosphate of par t ic les  f iner  than 0.088 mm with a degree of po lymer iza -  
tion of 22, i.e., (Nat>O3)22 was added to the powde r. The mixture was wetted to a mois ture  content of 10 % af ter  
which cubic specimens with sides of 20 mm were molded from compos itions on a laboratory press .  The molding 
effort of the p ress  was 2.4 kg- m. The p re - f i r ing  density of the specimens varied 2.0-2.4 g / c m  3 depending on 
the composit ion of the batch. The specimens were fired at various t empera tu res ,  the ra te  of increase  in 
the t empera tu re  was 6- 7 degC/min ,  andthe holdingtime at the fir ing t empera tu re  2 h. After the firing opera-  
t ion the cold-crushing strength of the specimens was determined when it was found that the s t rength was 
minimum in the case of specimens fired at 800~ -- which agrees  with ea r l i e r  data [1, 2]. 

It was found necessa ry  to establish,  within the selected sect ion of the t e rna ry  CaO--  MgO-- SiO 2 
sys tem,  the range of composit ions which would give maximum cold-crushing strength af ter  firing at 800~ 
To this end use was made of the Simplex method of experiment design [6]. The feasibility of using this 
method for plotting the relat ion between the proper t ies  and the composit ion in multiphase sys tems  on r e l a -  
t ively smooth sections of the phase d iagram was demonstrated elsewhere [7; 8, pp. 68-70]. Klimenko et 
al. suggest  the Simplex method of experiment  design for an investigation of the s trength of Sitall as a func- 
tion of the chemical  composit ion [9, p. 40]. 

In the present  case, the arguments  in the general  function of the cold-crushing strength are ,  in addi- 
tion to the chemical  composition, the stabilizing pa rame te r s  like the fineness of the grind, the mois ture  
content of the mix, the molding p re s su re ,  and the firing t empera tu re  and t ime.  Since in the mat r ix  of the 
experiment design according to the Simplex method it is only the values in the chemical  composit ion that 
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TABLE 2. The S tandard  Devia t ion  
of the Reproduc ib i l i t y  a t  the P o i n t s  
of the S implex  

Te~ No. 

m 

1 
2 
3 
4 
5 
6 
7 
8 
9 

!o 

J 
Results of pa~al~ SD o z. of 

I lel meas~, ! reum~ur 
kg/cm s { bilitx of 

par~lel 
I T l e a s .  

76; 78; 80 
0 

80; 76; 75 
0 
0 

147; 153; 150 
97; 102; 10l 
50; 50; 53 
41; 41; 44 
126; 130; 128 

vary, the resulting equation wiil represent a cross section of the general plane of response for the sta- 
bilized values of the parameters not contained in the matrix. 

It was decided to use the cubic degree of approximation. The Simplex grid for a cubic degree of 
approximation is shown in Fig. i. The matrix and the mean arithmetic values of the cold-crushing 
strength after firing at 800~ are given in Table I.* 

The strength of the batches containing CaO and no SiO 2 was zero, probably as a result of a high 
degree of hydration of the calcium oxide. The cold-crushing strength of specimens produced from a batch 
without phosphate binder was 3-15 kg/cm 2 after firing at 800~ 

Three experiments were set up for each point of the Simplex. The standard deviation of the repro- 
ducibility was calculated from the equation 

n 

( v , .  - ~i) ~ 
2 u=l (1) 

Gi n - 1  ' 

whe re  ~2 is  the  s t a n d a r d  dev ia t ion ;  Yi is the a r i t h m e t i c  m e a n  of p a r a l l e l  m e a s u r e m e n t s ,  kg /cm2;  Yiu is  
i 

the r e s u l t  of each  m e a s u r e m e n t ,  kg /cm2;  n is the n u m b e r  of m e a s u r e m e n t s .  

The  r e s u l t s  of the  c a l c u l a t i o n  a r e  g iven  in  Ta b l e  2. 

The  v a r i a n c e  of the  s t a n d a r d  dev i a t i on  of the r e s u l t s  of the e x p e r i m e n t  was d e t e r m i n e d  by c o m p a r i n g  
the  t h e o r e t i c a l  C o c h r a n  c r i t e r i o n  Gp with the t abu la ted  va lue  G t with the d e g r e e s  of f r e e d o m  f~ = n --  1 and 
f2 = N [10, p. 182]. The  t h e o r e t i c a l C o c h r a n  c r i t e r i o n  was d e t e r m i n e d  f r o m  the equa t ion  

2 
ffi max  

w 2 (2) 

whe re  ~r 2 is  the peak  s t a n d a r d  dev i a t i on  of the r e p r o d u c i b i l i t y ;  N is  the n u m b e r  of poin ts  in  the S im-  
i m a x  

p lex .  

When Gp is  l e s s  t h a n  Gt, the r e s u l t s  of the e x p e r i m e n t s  can  be combined  in to  a s ing le  aggrega te  de -  
s c r i b e d  by a n  equa t ion  of r e g r e s s i o n .  Fo r  the r e s u l t s  of the  e x p e r i m e n t  r e p o r t e d  h e r e ,  Gp = 0.243 < Gt = 
0.445 for  ft = 2 and f2 = 10. 

In  i t s  g e n e r a l  f o r m  the  equa t ion  of r e g r e s s i o n  for cubic  a p p r o x i m a t i o n  is  w r i t t e n  as follows : 

y =  "~ ~ixi+ ~ ~jx~xj + X' 7~jxixj (x~--xj )+ "r [~ij~xzxjx~. 
. , J  ~ - . ,  ~ ( 3 )  

I < i < q  1 < i  <_j<q 1 < i  ]<q l <i,-:./�9 k < q  

The coef f ic ien ts  of the equa t ion  a r e  ca l cu la t ed  f r o m  the r e s u l t s  of the t e s t s  : 

b i : Y i ,  bj : yj, bk =.qh- 

*Table 1 gives the composition of the batches in naturalterms in wt. % and in mole % in parentheses, for 
the relevant section of the ternary CaO-- MgO-- SiO 2 system. The quantities correspond to the coded 
values in the planning matrix. 
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T A B L E  3. T h e  E x p e r i m e n t a l  and T h e o r e t i c a l  C o l d - C r u s h i n g  S t r eng th  
a t  the  Con t ro l  p o i n t s  

Control 
point 

Coded batch comp. at 
control point 

x, t x, I 

6,9 2/9 
5':9 2'/9 
4, 9 2/9 

P, esults of parallel[ Arith mean of[ Theor. cold- 
meas., kg/cm z paraliel mea, .I ~h~h~../ 

x. I k,g/cm 
I 

~/,  78; 80:87 81,6 l 84.37 
2, 117; 122; 127 122,0 1 123,88 3~ 9 ~9 139; 141,3; 132 137,1 137.57 

The  equa t ions  of the  e f f ec t s  of t he  i n t e r a c t i o n  a r e  a s  fo l lows :  

~1-2 =..9/~. (Y11~ + Y1 2 ' ~ -  Yl--Y~), 
~13=9/4 (Y113 12- Y133 - - Y l -  Y3)' 
[323=9/~(Y2,.s + Yo.3s--Yz--Y3), 

9 (3y~1 __3y1~ 2 _ y 1 + y 2 ) ,  712 = - ' 4 -  

9 
Vla= - ~  (3Ylla--3VlS3--Yl + Ya), 

9 
7~.3 = T (3Y-~a--3Y2as--Y~ + Ya), 

27 
~1~a = 27yl~s - -  " -4-  (Vii2 + Yl~: +Yt13 + 

+ Y13s + Y.o_.3 + Y~3s) + 
9 

+ ~ (Y~ + y~ + y~). 

(4) 

The  r e s u l t s  of the  c a l c u l a t i o n  of t he  c o e f f i c i e n t s  w e r e  u s e d  to  d e t e r m i n e  the  m o d e l  of the  cub ic  
d e g r e e  of a p p r o x i m a t i o n :  

.q= 78xl + 77xs--175.5xlx~ -5 213,75xlx3 + 36x2x3 - -  175.5x,x~• 
(5) 

X (x,--x2) + "d~'a.2x~x3(xl--X3) +234x2xs(x2--x~) + 1838.25xlx~x3. 

T h e  a d e q u a c y  of the  equa t ion  of r e g r e s s i o n  was  c h e c k e d  with S tuden t ' s  t - c r i t e r i o n  c a l c u l a t e d  for  the  
r e s u l t s  of a d d i t i o n a l  e x p e r i m e n t s  at  c o n t r o l  po in t s  a ,  b, and  c which  w e r e  e x p r e s s e d  a s  c o m p o s i t i o n s  in  
n a t u r a l  t e r m s  (content  of MgO, CaO, and SiO2) in  m o l e  %: 

a -  (89.0, 7.5, 3.5); b -  (85.2, 7.7, 7.1), c -  (81.1, 7.9, 11.0).  

The  e x p e r i m e n t a l  and  t h e o r e t i c a l  v a l u e s  of the  c o l d - c r u s h i n g  s t r e n g t h  a t  the  c o n t r o l  po in t s  a r e  g i v e n  
in  T a b l e  3. 

S t u d e n t s ' s  t - c r i t e r i o n  was c a l c u l a t e d  f r o m  the equa t ion  

Av l/7~ 
t~ l: f , (6) 

w h e r e  Ay is the  d i f f e r e n c e  b e t w e e n  the  t h e o r e t i c a l  and e x p e r i m e n t a l  m e a n  c o l d - c r u s h i n g  s t r e n g t h ,  k g / cm2 ;  
a n d , ~ y 0 ~ i s  the  s t a n d a r d  d e v i a t i o n  of the  t e s t ,  kg / c m2 ;  

N 

2 i=--, __ .  (7) 
(~{Y~ = N ' 

i s  a quan t i ty  which  depends  on the  p o s i t i o n  of the  poin t  in  the  t r i a n g l e  of  c o m p o s i t i o n s  : % 

i i k  , 

k = i  
k = ]  

w h e r e  

(8) 

9 2 ( l__xi )  ' Cl i = Xl- - - -  ~ Xi 

9 
aij k = -ff-XiXj (3x~-  1), 

bi.ih = 27Xixjx h. 
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The theore t i ca l  values  of } for points a,  b, and c a r e  0.863, 0.922, and 0.900, and the t - c r i t e r i a  
for these  points 1o82, 1.21, and 0.31. The tabulated value of the t - c r i t e r i o n  for a 5% level of s ignif icance 
(~) r e f e r r e d  to the number  of control  points (/),  is t0.016;20 = 2.6 for  20 degrees  of f reedom,  i .e . ,  cons ide r -  
ably g r e a t e r .  It follows that  the r e s pons e  plane is desc r ibed  adequately by a t h i r d - o r d e r  polynomial .  

The model cons t ruc ted  in this manner  was used for  calculat ing the co ld-crushing  s t rength  of spec i -  
mens of var ied  composi t ion  (Fig. 2). The d i ag ram shows the range  of composi t ions  which give a c old- 
crushing s t rength  of at leas t  100 k g / c m  2 a f t e r  f ir ing at 800~ It was es tabl i shed that  the r e f r a c t o r i n e s s  
of the composi t ions  in this range  is over  2000~ 

The confidence l imits  of the e r r o r  for the co ld-crushing  s t rength  values calculated f rom the equation 
of r e g r e s s i o n  (5) was de te rmined  as follows: 

A = 4/t;/(~,,y~, (9) 

where  E<y) is the s tandard  deviat ion of the predic ted value of y at a given point in the Simplex. For  the 
s a m e  number  of exper iments  at  each point of the Simplex 

' -~= V ~  ' (lO) 

The value of ~ was taken  f r o m  the re levan t  sect ion of a graph [9]. 

In the composi t ion  range  marked  out in Fig. 2 the confidence l imits  of the e r r o r  of the theore t ica l  
co ld-crushing  s t rength  were  ~1.0 k g / c m  2. 

It is t he re fo re  quite p e r m i s s i b l e  to produce phosphate-bonded gunite f r o m  unconditioned magnes i tes  
containing up to 10-12 moIe % CaO and SiO 2. Siltcified and ta lc-conta in ing magnes i t e s  containing up to 
10-12 wt. % CaO and up to 10 wt. % SiO 2 (on the calcined substance)  occur  extensively  in the Vot 'chegorsk ,  
Karagai ,  and Gologorsk  deposi ts  of the Satkin group [11]. In the Vol ' chegorsk  deposi ts  the si l icif ied mag-  
nes i tes  a r e  usual ly dolomit ized to an apprec iab le  extent and a f t e r  calcining may contain up to 15% CaO and 
up to 3% SiO 2. In the  Karaga idepos i t s ,  on the other hand, some  magnes i te  contains m o r e  SiO 2 (up to 10- 
12%) than CaO (up to 4.0-4.5%) [11]. Siliceous magnes i t es  (up to 14% SiO~) were  d i scovered  in significant 
quanti t ies in the Savinsk deposi ts  [12, 13]. The i r  CaO content va r i e s  1.7-4.8% [13, 14]. Large  bodies of 
magnes i t e s  containing up to 7% SiO 2 and 12-15% CaO occur  a lso  in the overburden  of the chromi te  qua r r i e s  
in the Kempi r sa i  deposi ts  [15]. 

The r e su l t s  of this invest igat ion thus p rompt  the conclusion that contaminated natural  magnes i tes  
can be used as  s ta r t ing  ma te r i a l  for the product ion of phosphate-bonded gunite.  

C O N C L U S I O N S  

The Simplex method of exper iment  design was used for  es tabl ishing the feasibi l i ty  of using uncon- 
ditioned magnes ian  raw m a t e r i a l  containing up to 10-12 mole % calc ium oxide and s i l ica  for the produc-  
t ion of phosphate-bonded gunite.  
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