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ABSTRACT 

A survey of the interactions of up to 220 kg stainless 
steel melts at 1973 K with the candidate core retention 
materials borax, firebrick, high alumina cement, and magnesia 
is described. Data collected for the interactions include 
rates of material erosion, aerosol generation, gas evolution, 
and upward heat flux. Borax acts as an ablative solid that 
rapidly quenches the melt. Firebrick is ablated by the steel 
melt at a rate of 8.2 x 10~ 6 m/s. High alumina cement is 
found to be an attractive melt retention material especially if 
it can be used in the unhydrated form. Magnesia is also found 
to be an attractive material though it can be eroded by the 
molten oxides of steel. 

IOTRODXTION 

Experiments exploring the behavior of molten, reactor materials in 
contact with materials that might be used to retain high temperature 
melts are described in this paper. The work was prompted by the 
resul ts of previous studies of safety-related phenomena that develop 
when high temperature melts contact concrete [1]. This ear l ier work 
with melt/concrete interactions, such as might develop during a core 
disruptive accident at a nuclear power plant , showed that gas 
generation was an especially important safety hazard. Gases thermally 
liberated from the concrete by the melt would threaten the containment 
of a reactor during an accident by either over-pressurization or 
detonation. The gases are also responsible for other safety-related 
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phenomena such as accelerated aerosol generation and enhanced heat 
transport to containment. 

The safety of a nuclear reactor would be enhanced if concrete 
below the reactor pressure vessel were replaced by a material 
that did not evolve gas when heated. Itossible choices for this core 
retention material may be characterized as either sacrificial or 
refractory. Sacrificial cere retention materials interact with the 
melt to absorb its heat and dilute its heat sources. Refractory, 
core retention materials are largely immune to the chemical and 
thermal actions of the melt and act as crucibles to retain the 
reactor core debris. 

Ihe survey experimentation described here examined the inter
action of molten stainless steel with a sacrificial retention 
material (borax) and three refractory retention materials (firebrick, 
high alumina cement, and magnesium oxide). The goal of the survey 
experimentation was to identify for further, more detailed, study 
safety-related phenomena that develop during melt/re-.ention material 
interactions. 

EXPERIMENTAL PROCEDURES AND MATERIAL DESCRIPTION'S 

The experimental procedure was similar to that used in previous 
studies of large-scale melt/concrete interactions [l]. A melt or 
about 200 kg type 304 stainless steel was prepared in an induction 
furnace. When the steel reached 1973 K it was teemed into a crucible 
of the chosen retention material. The teem required about 21 seconds. 
Conditions for the four tests are summarized in Table I. The steel 
was allowed to cool naturally after being teemed into the borax 
crucible. In tests with refractory retention materials, induction 
coils embedded ir. the crucibles were used to sustain the melts at 
temperature. An instrumentation tower was lowered over the refractory 
crucibles once the melt was in place so that gas generation, aerosol 
generation, and upward heat flux could be measured. 

Crucibles used in the tests were 0.74 m high, 0.84 m diameter-
blocks with 0.38 m diameter, 0.38 m deep cavities. Thermocouples 
embedded in the retenion materials were used to monitor temperature 
and erosion rates. 

The borax curcible was made by melting NajB.O^ • SHjO and 
casting the melt into a mild steel shell with u.32 cm thick walls. 
The casting procedure yielded a glassy borax contaminated with 
2.5-3 weight percent iron oxide. 

Firebrick was tested as a lining over basaltic concrete. 
The bottom of the cavity of a basaltic concrete crucible was 
lined with a 6.35 cm thick layer of refractory firebrick 



TABLE I 

Conditions for Melt/Retention Material Tests 

Crucible Material Melt Mass Duration 

borax (Na^Oj) 220 kg cooled 
naturally 

firebrick 206 kg 7700 s 

high alumina cement 208 kg 1050 s a 

MgO 104 kg 7500 s b 

aLoss of coolant to the induction coil caused early termination of 
of this test. 
"Poor coupling of induction field preventing maintaining the melt. 

(density = P = 2160 kg/nr; thermal conductivity = k = 
1.3 W/mK) over a 6.35 cm thick layer of insulating fire
brick ( p= 880 kg/ra3; k = 0.29 W/mK)- The vertical walls 
of the crucible cavity wr.-s lined with a dry castable magnesia 
refractory, so that the melt interaction with firebrick occurred 
only in the downward direction. The lined cavity was then covered 
with a 1.6 cm thick layer of steel. Previous tests have shown that 
this steel layer would be consumed by a steel melt in a few seconds 
and would not figure significantly in the melt/firebrick interaction [2]-

Aggregate for the basaltic concrete was imported from 
quarries near Richland, Washington. The basaltic concrete 
contained about 5 weight percent water which could be 
volatilized in two steps at about 393 (3%) and 673 K (2%) [3]. 

High alumina cement was made from calcium aluminate binder 
(SECAR 250 from Lone Star Lafarge Co.) and brown fused alumina 
aggregate (DURALUM from Industrial Compound Co.). It was tested 
in the hydrated form. The hydrated material contains 2.3 
weight percent water which is volatilized in two steps of about 
equal magnitude at 380 and 545 K. 



The magnesium oxide crucible was made with 98% pure, burned 
magnesite bricks (Kaiser Refractories) and a 1.3 cm thick, 98% pure, 
MgO liner (Norton). Hie crucible was heated to 850 K just prior 
to the test. 

RESULTS MID DISCUSSION 

Resultsof the tests are summarized in Table II and the tests are 
discussed individually below. 

Borax Test 

The teem of steel into the borax crucible produced great quantities 
of aerosol. This aerosol generation was due to boiling of the borax 
which occurs at 1833 K under the ambient pressure of the test 
(0.084 MPa) [4]. Intense aerosol generation ceased 25 seconds after 
the start of the teem. Quenching of the steel from the 1973 K teem 
temperature to less than 1833 K in 25 s would require heat removal 
rates of about 1.75 MW/m . 

The roelt/borax interaction, once aerosol generation ceased, 
was quite mild. Bool depths and temperature measurements are shown 
in Figure 1. A liquid borax pool existed for more than 2 hours. 
Liquid steel, encased in a solidified crust could be detected in 
the Fool for 1100 s after the start of the test. 

Pool temperature measurements for the first 700 s of the test 
could only be made in the top 3 cm of the pool. These temperature 
measurements are indicated in Figure 1 by darkened circles. Later in 
the test, the pool was stirred prior to the temperature measurements. 
The higher, "mean", temperatures obtained after stirring are shown as 
open circles in Figure 1. Obviously, significant temperature gradients 
existed in the pool. Pentagonal convection cells about 9 cm across 
could be seen clearly in the liquid borax during most of the test. 

The maximum pool depth developed about 750 s after the start of the 
test. Thereafter, the depth decreased as steel and borax solidified. 
If all the heat losses were assumed to be upward (conduction into the 
borax assumed negligible) the upward heat flux from the melt 2000-6000 s 
after the test start is calculated to be 0.3T - 300 kW/m where T is the 
absolute pool temperature. 

The maximum erosion of borax (6-7 cm) occurred at the bottom 
of the crucible cavity where the stream of molten steel struck during 
the teem. Elsewhere, the melt contacted the borax at lower 
velocities and produced erosion of only 2-3 cm. Thermo
couple failures indicated the horizontal erosion rate to be 
2.5 x 10 m/s. The erosion rate at the bottom of the crucible 
cavity during the teem was about 2.1 x 10 m/s. 



TABLE II 

Summary of Results of Interaction Tests 

Upward 
Heat Flux 
kW/m2 

Borax 2.5 x 10~f to 0.3 T(K) - 310 
2.1 x 10 - 3 

Crucible Erosion 
Material Rate 

m/s 
Gas Aerosol 
Generation Genera

tion 

None copious 

Firebrick 8.2 x 10" b 34.5 - 4.25 H,, 
c6 2. 

CO 
CH 4 low 

High Alumina 
Cement none 37.3 H2 

moderate 
(0.45 g/m3) 

Magnesia 6.3 x 10 - 7 not determined none very low 

"test of Firebrick Over Basaltic Concrete 

The teem of steel into the firebrick-lined, basaltic concrete 
crucible produced little aerosol and no discernable gas. The melt 
was sustained for 7700 s. At that time, the layer of refractory 
firebrick eroded (rate = 8.2 x 10" 6 m/s) and intimate contact of the 
melt with the concrete occurred. The cataclismic nature of this 
contact brought an abrupt end to the test. 

Gas generation during the test increased smoothly though it did 
not exceed 0.02 m /sec until melt/concrete interaction occurred. The 
hydrogen content of the evolved gas and the sum of the carbonaceous 
contents of the gas stream (CO + C0 2 + CH.) are plotted versus time 
in Figure 2. Hydrogen in the gas was produced when water liberated 
from the concrete was reduced by the high-temperature melt. Temperature 
rises in the concrete were arrested at about 393 K by the water 
vaporization process. The 393 K isotherm propagated into the concrete 
at a very nearly constant rate of 1.45 x 10 _ J m/s. This propagation 
rate yields, based on the Landau Theory of phase change [5], a heat 
flux into the concrete of 7.3 kW/m . Tb derive this heat flux from 
temperature measurements in the firebrick it wap necessary to assume 
that the thermal conductivity of the insulating firebrick was about 
0.56 W/m-K. Apparently, gas liberated from the concrete and passing 
through the porous brick accentuates the thermal conductivity of the 
firebrick. Heat flux into the insulating firebrick was found to 
smoothly increase from the start of the test to a fairly constant 



plateau of 16.7 kW/m . Heat flux into the refractory firebrick was 
estimated to be 45.1 kW/m. Upward heat flux from the melt was 
found to be 34.5 kW/nr early in the test. "Die upward heat flux 
increased to 42.5 kW/m about 4500 s after the start of the test when 
gas generation became more vigorous. 

Test of High Alumina Cement 

The steel interaction with high alumina cement was sustained for 
only 1050 s. No erosion of the cement either by spallation or by 
melting occurred during this time. Gases generated during melt 
interactions consisted mostly of hydrogen. The aerosol concentration 
in the gas was about 0.45 g/nr which was much less than the 9 g/nr 
observed in similar tests with ordinary concrete [l]. The aerosol 
had an aerodynamic mean particle size 16] of 1.5 fm and a 
composition of Na, 1600 ppm; Mg, 540 ppm; Al/180 ppm; K, 1100 ppmr Ca, 
67 ppm ; Ti, 17 ppm; Cr > 1% ; Mn > 1%; Fe > 1% ; Ni , 490 pom. 

Upwc rd heat flux from the melt was found to be 37.3 kW/m . "Die 
downward heat flux was estimated to be 91.1 kW/m . 

Test of Magnesia 

The teem of metal into the magnesia crucible produced no gas and 
little, if any, aerosol. Ihe melt could not be sustained at 
temperature in the magnesia crucible because of poor coupling with 
the induction heater. A 0.8 cm thick layer of liquid oxides of 
steel at 1710 i 40 K did exist over the steel throughout the test. 
This oxide eroded the magnesia at a rate of 6.3 x 10 m/s. An 
independent test of magnesia erosion by steel oxides at 1970 K 
yielded an erosion rate of 1.05 x 10 - 5 m/s. These data are ccmpai-ed 
in Figure 3 to a chemical dissolution model for magnesia erosion [7]. 
The data fit the model well if the diffusivity of MgO in the liquid 
oxide is taken to be. 

D = 630 exp(-5030/T(K) )m 2/s (1) 
which is in good agreement with diffusivities reported for ferrous 
oxide [8]. 

SUMMARY 
This work has shown that all four candidate retention materials 

hold promise of being superior to conventional concrete when exposed 
to high temperature melts. Borax rapidly quenches high temperature 
melts. The quenched melts erode the borax slowly and approximately 
uniformly in the horizontal and downward directions. Firebrick in 
a thin layer over concrete"would not prevent vigorous melt/concrete 



interactions. Firebrick erodes at a faster rate than either high 
alumina cement or magnesia. These latter materials appear to be 
attractive retention materials though neither of the tests of these 
materials were long enough to clearly reveal this potential. High 
alumina cement would be especially attractive if it were dried so 
that gas generation during melt attack did not occur. Oxide 
dissolution appears to be a signi ficant mechanism of magnesia 
erosion by high temperature melts. 
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FIGURE CAPTIONS 

Figure 1. Melt temperature (O and • ) and melt depths (X) observed 
during melt interactions with borax. Temperatures of top 
3 cm of the stagnant melt are indicated by darkened circles, 
and temperatures of the melt after stirring are indicated by 
open circles. 

Figure 2. Percent hydrogen (0) and the percent of carbonaceous 
(CO + CH^ + COo) gas (X) in the gas stream evolved during the 
melt interaction with firebrick over basaltic concrete. 

Figure 3. Comparison of erosion rates observed for the steel oxide 
melt/iTagnesia interaction (points) with a dissolution model 
described in reference 7 (solid line). 
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Figure 1. Melt temperature (0 and* ) and melt depths (X) observed 
during melt interactions with borax. Temneratures of too 
3 cm of the stagnant melt are indicated by darkened circles, 
and temperatures of the melt after stirring are indicated by 
ooen circles. 
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Figure 2. Percent hydrogen (O) and the percent of carbonaceous 

(CO + CH4 + CCH) gas (X) in the gas stream evolved during the 
melt interaction with firebrick over basaltic concrete. 
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Figure 3. Comparison of erosion rates observed for the steel oxide 
melt/magnesia interaction (noints) with a dissolution model 
described in reference 7 (solid line). 


