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SUMMARY 

Dust samples were obtained from a circulator which was removed from service during 
FY 1989. These samples were examined by scanning electron microscope and by x-ray 
diffraction and fluorescence. The latter technique showed that the bulk of the major dust 
sample consisted of Fe304 with about 10 wt% MoS2 and 5% other materials. The MoS2 is 
thought to be present from its use as a lubricant on bolts used to assemble the circulator to the 
reactor. No graphite was observed. The presence of Fe304 was either the result of sigmficant 
moisture ingress during the shutdown before removal of the circulator or to exposure of the 
dust to air following removal of the circulator. The back-scattered electron (BSE) examination 
of the dust showed the MoS2 to be present as discrete flakes adhering to the other particles. 
The scanning-electron microscopy (SEM) examination of the dust showed that the bulk of the 
iron oxide particles were less than 1 pm in diameter. 

1. OBJECTIVE 

The possibility of recovering Ft. St. Vrain dust from the circulator was viewed as a 
unique opportunity. It is recognized that the frequent incursions of moisture into the reactor 
may have resulted in different chemical forms for the metallic impurities since moisture ingress 
into this reactor has been a recurrent problem. It was desired to determine whether the major 
portions of the dust were graphite (or other carbon forms) or were metallic materials derived 
from scaling of metal surfaces. It is also expected that the general size of the particles which 
were deposited in the circulator would be similar, independent of the chemistry of the gas 
system. 
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2. INTRODUCTION 

Fission products deposit on both the surfaces of the materials contacting the MHTGR gas 
phase and on dust particles suspended in the gas or residing on the surfaces. The chemistry of 
the interactions and the relative surface areas of the bulk materials and the dust determine the 
significance of the effect of dust on the behavior of the volatile fission products. 

In general, the dust particles to be found in the MHTGR fall into three classes; 1) metals 
or metallic oxides, 2) graphite or other carbonaceous, and 3) extraneous materials derived from 
impurities. The latter category includes environmental dust such as clay particles, construction 
debris, etc. Of particular interest is the fact that the oxidation potential for normally operating 
HTGR reactors (when the impurity levels are low) is slightly reducing to iron oxide. This is 
indicated by gas analyses from the Peach Bottom and Ft. St. Vrain reactors taken when the 
reactors had minimum gas impurities (1) (Table 1). 

Table 1. Primary coolant impurities (best conditions) 

Impurity levels (vppm) 

Reactor H2 CH4 CO2 H2O H2/H20 

Ft. St. Vrain 3 0.3 5.5 1.2 0.2 15 

Peach Bottom 10 1.0 0.5 < O S  -0.5 20 

The H2/H20 ratio of 15-20 observed in both of the reactors when significant in-leakage 
was absent gives an oxygen potential which is very close to that required to oxidize iron to 
FeO. Under normal conditions the system will probably reduce the FeO to iron metal and, 
with only a fairly minor in-leakage of steam will oxidize the iron to FeO. Thus only minor 
perturbations will cycle the iron alloy surfaces from metal to oxide; this will certainly generate 
dust particles through the expansion and contraction of the surface layer and is the likely source 
of the iron oxide particles observed in the Ft. St. Vrain dust. Graphite dust could either result 
from chemical erosion of the surface of the graphite blocks or from mechanical abrasion from 
vibration. Carbon particles can also result from the carbon cycle through decomposition of 
carbon species. 
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The relative quantities of the various types of dust and the absolute quantity of total dust 
will vary from reactor to reactor depending on many design and operational variables. 
However, based on the above discussion it appears that either metallic or metallic oxide 
particles would be expected. 

About 0.7 g of dust was obtained from the hub of the circulator removed from the 
Ft. St. Vrain reactor. Minor quantities were obtained from gas deflectors in the same general 
area, but these quantities were not sufficient for detailed examination. The dust was exposed to 
air both before the recovery and afterward. As mentioned earlier, this could have resulted in 
the oxidation of iron or FeO particles to Fe304. 

3. RESULTS 

The dust sample was examined by x-ray diffraction to determine the composition of the 

The dust was examined by SEM and BSE to determine the morphology of the particles 
dust. This examination is reported in Appendix A. 

and obtain an estimate of the particles sizes. This examination is reported in Appendix B. 
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APPENDIX A 

RESULTS OF ANALYSIS OF FORT SAINT VRAIN REACTOR DUST 
BY X-RAY DIFFRACTION AND FLUORESCENCE* 

C. J. Sparks, E. D. Specht, D. S. Easton 

Metals and Ceramics Division 
Oak Ridge National Laboratory 

Oak Ridge, TN 37831 

Abstract 

Both the X-ray diffraction and fluorescence analysis of the Ft. St. Vrain dust gives the 
overall average composition of the sample. The major compounds determined by diffraction 
are Fe304 (85 wt %) and MoS2 (9.5 wt %). X-ray fluorescent analysis revealed that Ca, Ti, 
Cr, and Ni comprised the remaining 5% of the elements above atomic no. 15. An air 
environment greatly reduced the sensitivity to elements below Ca; however, Ca-Ai-Si or other 
low atomic no. minerals of a crystalline nature comprising more that 5 wt % of the sample 
would have been detected by diffraction. No graphitic carbon was detected which indicates 
0.5 wt % as the upper limit in the sample. Amorphous material could comprise up to 5 wt % 
of the sample. If other analytical methods find more than 5% of low atomic no. elements other 
than sulfur and oxygen our compositions would need some adjustment. 

The results of our analysis are shown in Table A. 1. 
The sample of Ft. St. Vrain dust was encapsulated in a lucite plastic sample holder with a 

thin -6 pm thick mylar f h  window to permit X-ray analysis with a minimum of background 
scattering and yet contain the radioactive sample (-10 mad  on contact). Powder diffraction 
analysis revealed the dominant compounds to be Fe304 and MoS2 both in crystalline form, 
Fig. A. 1. We determine the relative weight fractions of the two compounds in the sample by 
comparing intensities with two standards mixed in the proportions of 0.5 Fe304 + O.SMoS2 
and .90 Fe304 + 0.10 MoS2. After analysis, we concluded that the Ft. St. Vrain sample 
contained 90 k 2 wt 95 Fe304 and 10 wt % MoS2. Comparison of the X-ray diffraction pattern 

*Research sponsored by the Division of Materials Sciences, U.S. Department of 
Energy, under contract DE-AC05-840R21400 with Martin Marietta Energy Systems, Inc. 
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Table A.l. X-ray diffraction and x-ray fluorescent 
analysis of Ft. St. Vrain reactor dust 

X-ray diffraction X-ray fluorescence 

Compound Weight % Element Weight % 

MoS2 9.5 + 2 

Fe304 85+2 Fe 

0 

Mo 

S 

Graphite 

others 

Amorphous 

<OS 

<6 

e5 

ca 

Ti 

CT 

Ni 

62k2 

24 k 1 calculated* 

5.7 zk 0.5 

3.8 zk 0.3 

1.9 zk 0.9 

1.1 k 0.7 
(could partly be 
Fe escape peak) 

1.0 k 0.3 

1.4 & 0.3 

Radioactive isotopes Fe55 + Mnka X ray 

-'A& X ray 

La +BaKa X ray 

No measurements made beyond 40 keV 

X-ray fluorescence measurement was made in an air environment which * 
drastically attenuates the X-ray signal for elements below atomic no. -18. 
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of the Ft. St. Vrain sample (Fig. A.l) with the standard 90 wt % Fe304 + 10 wt % MoS2 
(Fig. A.2) shows how well the standard reproduces the pattern. Identical sample holders were 
used. Careful analysis for crystalline graphite showed no graphite peaks. If any graphite is 
present, it must be less than 0.5 wt %. Similarly, no other compounds were found. 
Amorphous material may be present producing only background scattering. A careful study of 
the background scattering produced no evidence of any amorphous phase. We conclude that if 
an amorphous phase is present, the quantity would be less than 5 wt %. Fluorescent analysis 
would detect any amorphous phase whose elements have atomic numbers above Ca and S. 
Table A.2 gives the powder diffiaction patterns from which a positive identification was made 
for Fe304 and MoS2. There is no possibility that these compounds are other than stated. 

X-ray fluorescence analysis was performed on the same reactor dust and the 90 wt % 
Fe304 + 10 wt % MoS2 standard for comparison. The sample containers were identical to 
eliminate elemental contaminates not part of the reactor sample. Table A.3 gives a printout of 
the signals detected. Those elements not belonging to the reactor sample were identified 
by comparison with the standard. In addition, we identified the radioactive nuclides. 
Radioactivity in the sample was measured by counting with the Si(Li) detector and with no 
external source of X-ray impinging on the sample. The results are shown in Fig. A.3. 
Figures A.4-A.6 show the fluorescent spectrum excited by operating a Rh target at 40 keV 
with the reactor dust as the sample. 

Since Fe304 is in between the fully oxidized state of Fe, Fe2O3, and the least ozidized 
from, FeO, the likely conditions for formation of Fe304 is a slightly reduced oxygen pressure 
in the presence of water vapor. MoS2 is a well known lubricant. 

The following calculations were made to standardize the X-ray fluorescent measurements 
to weight percent. We assumed that the X-ray diffraction measurement of 90 wt % 
Fe304 + 10 wt % MoS2 gave us the elemental composition as follows: 

3 x  55.85Fe 

231.55 Fe304 
x .9 = 65 wt % Fe 

4 x  160qt 
x .9 = 25 wt % 0 

23 1.55 
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Figure A.2. X-Ray diffraction pattern taken on standard composed of 90 wt.% Fe304 
and 10 wt.% MoS2 for comparison with Ft. St. Vrain circulator dust. Strong preferred 
orientation occurs in the M& pattern. 
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Table A.2. Standard X-Ray diffraction powder patterns of MoS2, Fe304 and graphite 

2.5s 1.49 2.97 4 .8s  (F.,O,,)56E 

I00 40  30 8 Iran (hide 

6-0097 

1.4192 
1.3277 
1.2807 
1.2659 
1.2119 
1.1221 
1.0930 

E 0.9 

.95 

2 331  
4 620 

10 SSS 
4 622 
2 u 4  
4 642- 

12 731 

"i 'i 

ea  n-S  ' Y  S I P  
2v "P color Black 
Ref.  Ibid.  

*Refined in 1975. 
Sam10 obtained fmm the Collabirn Carbon Co., Nn York 
17, N w  York. Spinel stmcture. 
Sacctmalrmhic analysis showed the foollorinn u j o r  
ilpuritier: 0.01 to 0.1% Co, 0.001 t o  0.01\ Ag, A I .  q, 
b, no. M i .  s i .  Ti and Zn. P~ttem taken a t  2S.C. 
Internal s t a n d u d .  W. Cbrck Index. 8th Ed., p .  455. 

23 64 C 

4.852 
2.967 220 

::::::I :: I ::: 
1.4845 40  440 

840 

20 
26.508 
42.402 
44.599 
50.675 
54.65 1 
59.854 
77.401 
83.394 
85.201 
86.906 
93.913 

10 1.600 
132.677 
136.619 
148.170 

I/I- x 100 CarbodGraphite 2H CuK- X rays 
100 
10 
50 

5 
80 
10 
30 
50 
5 

20 
5 

40 
10 
40 
5 

* 
0*gnetit.) 

d A  ' 1 / 1 1  
.a952 2 
.8802 6 
.a569 8 
.1233 4 
-8117 6 
.8080 4 T 



Table A.3. Measured fluorescent intensities of elements identified in Fort St. Vrain circulator dust and 
their conversion to weigh fraction of the collected sample 

x-Ray 
X-Ray X-Ray production Weight 
energy counts X-Ray lines efficiency Conversion of Count to weight fraction fraction 

2.30 
2.96 
3.69 
4.5 1 
5.41 
5.90 
6.40 

7.05 
7.48 

17.46 
19.61 
20.18 
22.15 
22.74 
24.95 

410 
489 
606 

1120 
1905 
1894 

175478 

24535 
3992 

14577 
3315 
1139 
755 
3 10 
222 

REGION Rev) 

0.48 - 40.00 

S KA1, S KA2, S KBl 
ARKAl.ARKA2 
CA KA1, CA KA2 23 
TI KAl, TI KA2 75 
CR KAl, CR KA2 130 
MN KA1, MN KA2 
FE KAl, FE KA2, 200 
MN KB1, MN KB3 
FE KB1, FE KB3 
NI KA1, NI KA2 212 
MO KA1, MO KA2 223 
MOKBl.MOKB3 
RH KAl, RH KA2 
AG KA1, AG KA2 
RH KBa, RH KB3 
AG KB1, AG KB3 

7 

INTEGRAL CrS/SEC 

8.9329E + 05 4466.47 

FLUORESCENT SPECTRUM BACKGROUND 
REMOVED 200 SECONDS DEC 18,1989 

0.04 wt/4lOc = 0.98 x 
From air 
200123 x 606 x .037 x 104 
200/75 x 1125 x .037 x 104 
200/130 x 1854 x .037 x 104 
Fe55 radioactive isotope 
65 wt/175 x I d  = 0.037 x lo4 wt fraction/count 
65 wt/175 x l d  = 0.037 x 104 wt fraction/count 

wt fraction/count 

200/212 x 3992c x .037 x 104 
0.06 wt/14577c = 0.0412 wt fraction/count* 
0.06 wt/14577c = 0.0412 wt fraction/count* 
Target 
Cdlm radioactive isotope 
Target of X-Ray tube 
From Cdl@ radioactive isotope 

0.04* 

0.019 
0.01 1 
0.01 

0.65* 
0.65* 

0.014 
0.06* 
O M *  

*Known from X-Ray diffraction pattern. 
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QUANTEX-RAY GRAPHICS 
FLOURESCENCE SPECTRUM, ELEMENTAL IDENTIFICATION 

FORT ST. VRAIN REACTOR DUST 
PR = 2000s 200 s 0 I N T  
V=4024 H=40keV i:iQ AQ=4OkeV lQ 

ORNL-DWG 94-8405 

QUANTEX-RAY GRAPHICS 
FLOURESCENCE SPECTRUM, ELEMENTAL IDENTIFICATION 

FORT ST. VRAIN REACTOR DUST 
PR= 2000s 2 0 0  s 0 INT 
V=1024 H=40keV 4:4Q AQ=40keV i Q  

10.56 17.5 20.80 

X-RAY ENERGY (keV) 

Figure AS. X-Ray fluorescent spectrum of Ft. St. Vrain 
circulator dust above 10 keV. 

, 

20.48 2 2  24 26 28 30 
X-RAY EN ERGY (keV) 

Figure A.6. X-Ray fluorescent spectrum of Ft. St. Vrain 
circulator dust above 20 keV. 
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95.64 Mo 

160 
x . l =  6wt  % MO 

MoS2 

2 x  32s 

160 
x . 1 = 4 w t % S  

With these known weight percents, we calculated the weight percents of the other elements 
observed by fluorescence from their known X-ray fluorescent cross sections and absorption 
coefficients combined in a term we label X-ray Production Efficiency in Table A.3. These 
calculations for conversion to weight fractions and the measured fluorescent counts are 
shown on Table A.3. As the other elements comprised about 5 wt % of the sample, we 
iterated to obtain a sum for the components of 100%. Our standard composed of 90 wt % 
Fe304 + 10 wt % MoS2 was measured by X-ray fluorescent analysis under identical conditions 
and sample container as the Ft. St. Vrain dust to both help identify and standardize those lesser 
elements. 

The results of these analysis are all presented in Table A. 1. 



APPENDIX B 

EXAMINATIONS OF DUST BY ELECTRON MICROSCOPE 

The dust was examined both by SEM and by BSE microscopy. Samples of photographs 
by BSE are shown in Fig. B.l. Photograph A1 (250X magnification) shows an isolated MoS2 
particle as a white flake. Also shown in this photograph, is a fiber identified as iron (Fe304). 
Photograph B1 (75X magnification) shows another particle of MoS2. Photograph C1 (250X 
magnification) shows a MoS2 particle attached to an agglomeration of Fe304 particles. These 
identified MoS2 particles confirm the X-ray diffraction analysis showing MoS2 as a significant 
component of the dust. The particles observed appear as discrete particles and are apparently 
not present as a component of the other materials. Fig. B.2 shows larger magnifications of 
dust by SEM. The individual particle shown in photograph A2 (1000X magnification) is high 
in calcium and silicon as would be expected for an environmental contaminant; this may have 
been introduced into the reactor or may have contaminated the recovered dust during handling. 
Photograph B2 (5000X magnification) shows particles identified as iron (Fe304). The great 
majority are e1 pm and are agglomerated. A very few particles appear to be non-agglomerated 
and >1 p. Photograph C2 (10,000X magnification) again indicates that the majority of the 
particles are e1 pm with a significant number 10.2 pm. 

15 
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Figure B.l. Photographs of Ft. St. Vrain dust by backscattered 
electron microscopy. 
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Figure B.2. Photographs of Ft. St. Vrain dust by scanning 
electron micrscopy. 
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Figure B.2. (continued) 
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