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NONDESTRUCTIVE EVALUATION OF THE OXIDATION AND STRENGTH 
OF THE FORT SAINT VRAIN HTGR SUPPORT BLOCK 

G. L. Tingey, G. J. Posakony, W. C. Morgan, 
J. M. Prince, R. W. Hill, and D. L. Lessor 

Pacific Northwest Laboratory 
Richland, Washington 

INTRODUCTION 

The Fort Saint Vrain nuclear power reactor is a helium cooled, graphite 

moderated reactor designed to produce 330 MW of electrical power with a helium 

outlet temperature approaching SOO'C. Because of the high temperatures in

volved in operation of this reactor, the entire core is constructed of ceramic 

materials. Thus, the U02/Th02 nuclear fuel is contained in nuclear grade, 

graphite hexagonal blocks which also act as the ducting for the inert helium 

coolant. Considerable attention was given to the reaction of the hot graphite 

core with oxidizing impurities and operating limits were placed on reactor 

operation to prevent excessive oxidation from occurring. 

The core of the reactor rests on graphite blocks which are supported by 

an array of six-inch diameter graphite posts. Since the support structure is 

out of the central core and will not significantly affect the nuclear reac

tivity, the need for high purity nuclear graphite is lessened and the Fort 

Saint Vrain reactor used unpurified graphite for both the support blocks (PGX) 

and the support posts (ATJ). One of the consequences of the higher impurity 

levels of PGX graphite, however, is a significantly higher reactivity to the 

oxidizing coolant impurities. Because of this, greater attention has been 

given to the evaluation of the high-temperature oxidation of the support 

structure and the resultant potential loss of strength. 

Several methods may be used to evaluate the potential loss of strength of 

the support structure. These include: (1) determination of reaction rates of 

the specific graphite types in laboratory studies and applying these rates to 

1 



reactor conditions, (2) monitoring the coolant impurity levels to determine 

the effect of oxidation of the graphite, (3) placing graphite surveillance 

monitors in the vicinity of the support structure and withdrawing and analyz

ing them periodically as an indication of the oxidation and loss of strength 

of the support members themselves, and (4) nondestructive examination of the 

support blocks during refueling outages to directly determine the density and 

strength. 

The first three methods mentioned are all currently in use to evaluate 

degradation of the support structure but none is a direct measure of the actual 

support block. The last mentioned method is under development with plans to 

test the approach in the Fort Saint Vrain HTGR at the earliest possible time. 

The efforts to develop this process and the assembly of the equipment for the 

in situ tests are the subjects of this document. 

NONDESTRUCTIVE EVALUATION 

The ultimate goal of this study is to be able to directly measure or 

accurately infer the strength of the graphite support members. Thus, an 

effort was undertaken to develop a technique for testing the graphite blocks 

supporting the reactor core. The desired approach was to measure the modulus 

of the graphite and analytically relate the strength to the modulus. Alter

nately, if necessary, one could measure other properties such as density and 

density profile and, with a knowledge of the temperature and type of oxida

tion, correlate the strength with that property. In attempting to develop a 

suitable technique for evaluating the strength of the support graphite in a 

HTGR in general and of Fort Saint Vrain in particular, we have examined and 

developed ultrasonic velocity and backscatter, and eddy current techniques. A 

brief description of each technique is contained in the following paragraphs. 

Sonic Velocity Measurements 

From a review of available nondestructive techniques, Morgan and Becker 

(1974) selected ultrasonic velocity measurements as the best method for a 

direct measurement of strength. This technique transmits an ultrasonic pulse 
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through the material of known thickness and determines the velocity of propa

gation. The relationship of modulus to the sonic velocity was developed nearly 

four decades ago and is given by the expression (Love, 1944) 

v2 E (l-g) _ 
" - p (l+a)(l-2a) 

where V = ultrasonic wave velocity (longitudinal mode) 

E = Young's modulus 

p = density 

a = Poisson's ratio. 

Morgan and Becker further described the use of this technique in conjunction 

with the Griffith Theory (Griffith, 1920) to determine the strength of graphite 

as given by the expression 

S=(E/a)^ - K(^)^V2Y = K' V^ 

where S is breaking stress or strength 

Y is an unknown constant 

K and K' are nearly constant 

B is equal to or greater than 2o. 

These equations were tested on several graphite types using right cylin

ders and found to hold for unoxidized samples and for samples oxidized in COp 

up to several percent weight loss. Oxidation conditions were varied over a 

wide temperature range to yield a range of results from nearly homogeneous 

oxidation to surface oxidation (Morgan, 1977; 1979). As a result of these 

tests, we concluded that the strength could be determined with sufficient 

confidence for cylindrical posts with as much as 10 percent of the graphite 

removed by oxidation. However, since both sides of the the support block are 

not accessible, the direct evaluation of strength by transmission tests was 

not possible. We, therefore, selected the eddy current and sonic backscatter-

ing techniques as the measurement techniques to be used when only single sur

face access is available. These methods are less direct in that they are a 
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measure of the density profile of the samples, rather than a direct measure of 

the modulus. The strength of the support block can then be calculated from 

the density profiles by comparing them with profiles from samples in which the 

strength has been destructively determined. 

Eddy Current Measurements 

Eddy current inspection is based upon measurement of conductivity of a 

material by electromagnetic induction (Figure 1). A sinusoidal constant amp

litude current flow through a single test coil causes eddy currents to flow in 

the test object. These eddy currents produce a secondary field which combines 

with the primary or excitation field. The combined fields produce a complex 

signal at the test coil which can be de-convolved to define the conductivity 

of the material under test. Under test conditions, the interaction of the 

test coil and material is balanced against a known standard. Variations in 

the sample under test unbalance the instruments electronic bridge and produce 

an unbalanced signal which is used to define changes in the conductivity of 

the test sample. This signal can be described by an amplitude and a phase 

angle with respect to the test coil exciting-current (Libby, 1979; Am. Soc. 

Metals, 1976). Since the depth of penetration of the electromagnetic field is 

CONDUCTIVITY 
OF 

SURFACE 

GRAPHITE 
BLOCK 

FIGURE 1 . Eddy Current Technique 
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a function of frequency and permeability of the material, the inspection depth 

can be selected by choosing an appropriate test frequency. 

From the electrical conductivity, one can infer a variety of other prop

erties when the data are compared with that of well characterized standard 

samples. Other properties which may be determined include magnetic perme

ability, grain size, composition, hardness, physical dimensions, presence of 

defects, porosity, density, and other microstructural parameters. Although 

the eddy current technique has been principally used for metals, it can also 

be used for evaluation of other electrically conducting materials. Previous 

studies have been conducted using eddy current methods to examine defects in 

the structure of graphite billets (Oaks, 1971) and graphite fiber reinforced 

polymers (Owston, 1976). 

Because of the wide variety of applications of eddy current techniques, 

we have examined it as a measure of the density or, more specifically, the 

near surface density profile of oxidized graphite samples. In this study, we 

have demonstrated that conductivity of oxidized graphite sample can be mea

sured at the surface of the sample to a depth of about 3 mm. The profile of 

the oxidation is determined by using multiple frequency examination and cor

relating the results (both amplitude and phase angle) with the results from 

well characterized, oxidized plates of graphite. A computer algorithm (ZFIT) 

has been developed which used the theory developed by Dodd (Dodd, 1975; Deeds, 

1979), along with the eddy current data, to calculate the conductivity profile 

for a thin layer near the surface of the graphite sample. Furthermore, the 

algorithm, using data from three frequencies (100 KHz, 1 MHz, and 4 MHz), cal

culates the oxidation profile by comparing the conductivity with standard 

sample conductivity profiles. The energy from each frequency penetrates to a 

different depth in the graphite, the low frequency achieving the deepest pene

tration. In order to obtain an accurate correlation of conductivity and oxi

dation at the higher frequencies, it was necessary to minimize coil resonance 

caused by stray capacitance in the coil and in the coaxial connecting cables. 

This has been accomplished and laboratory experiments confirm that the tests 

can be performed through the frequency range of interest. Thus, near surface 
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oxidation profiles can be determined in graphite samples with sufficient accu

racy for monitoring loss of strength in an oxidized HTGR support block. 

Ultrasonic Backscatter 

Although the oxidation of the graphite support structure will most likely 

be limited to the near surface region, recent information (Morgan, 1981) has 

shown the potential for oxidation in depth. We, therefore, felt it necessary 

to supplement the eddy current examination with one which could detect oxida

tion at depths beyond 3 mm into the graphite block. As only single side access 

is available, the most promising method for this examination appears to be an 

ultrasonic backscatter technique. In this system, an ultrasonic transducer is 

coupled to the graphite sample and sound waves propagating in the media are 

scattered by grain boundaries, pores, and other defects present. Measurement 

of the amplitude of the backscattered ultrasound yields information on the 

microstructure which scatters them. A theoretical description of the back-

scatter technique for measuring the size of grain boundaries is given by 

Hecht, et al. (1981). The ultrasonic backscatter technique being proposed for 

density profile measurements is shown in Figure 2. A two-transducer con

figuration (one transmitter, one receiver) is used for the measurement. The 

transmitting transducer propagates energy at several discrete frequencies 

(i.e., 500 kHz, 750 kHz, 1.5 MHz, 2.0 MHz). The receiver transducer, which is 

responsive to the energies transmitted, is positioned to "intercept" the 

GRAPHITE 
BLOCK 

FIGURE 2. Ultrasonic Backscatter Technique (Subsurface Oxidation) 
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transmitted beam at a chosen depth. This feature allows one or more specific 

depths to be investigated. Measurements will be made at several points within 

the test zone. Temporal averaging techniques will be used to enhance the 

signal response and spatial averaging will be employed to normalyze responses 

from local anomolies which are not representative of the average condition of 

the material. Tests are proceeding to select the appropriate frequencies and 

to develop the algorithm from which the degree of oxidation will be assessed. 

Examination of Fort Saint Vrain Support Block 

Plans are currently underway to non-destructively examine the core sup

port blocks of the Fort Saint Vrain gas cooled reactor. The purposes of the 

initial examination are two fold: 1) To demonstrate that a meaningful non

destructive examination can be completed on a support block of a commercial, 

operating, HTGR during the refueling cycle, and 2) To obtain baseline data on 

the response of the Fort Saint Vrain reactor support block to eddy current and 

sonic scattering tests as a future reference for monitoring the oxidation of 

the structure. 

Demonstration of feasibility should be readily accomplished during the 

first examination, although needed improvements to both the procedure and 

equipment will undoubtedly become evident. The applicability of the baseline 

data, however, is not so neatly defined. It would have been desirable to 

obtain this type of data prior to startup testing of the reactor, and this 

procedure is recommended for future reactors. The techniques were not avail

able prior to startup of the Fort Saint Vrain reactor, but it would still 

appear prudent to obtain baseline data at the earliest opportunity. The total 

oxidation to date is undoubtedly very small and probably insignificant as it 

relates to loss of strength. Furthermore, any excessive localized oxidation 

would likely be recognized by comparison with our laboratory test samples. 

One other uncertainty is the need to extrapolate the data obtained from one 

refueling region to the entire support block. In spite of these uncertain

ties, we believe that the initial data will permit us to detect, much more 

confidently, oxidation and strength loss to the support block during future 

normal operation or unusual occurrences. 
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The support block of the reactor is accessible only through the reactor 

core. Upon removal of a region of the hexagonal fuel elements, access is 

achieved to both the removable and permanent reflector blocks. These will be 

ranoved to obtain direct access to the support block. As presently envisioned, 

we would attach a single fixture, containing the eddy current and ultrasound 

test heads and electronics to the fuel handling machine. This machine will 

position the NDE instrument package at various locations for testing. Ideally, 

we would have a sufficient number of conductors to operate the T.V. camera, 

the eddy current, and the ultrasound probes independently but, due to the dif

ficulty of adding conductors to the fuel handling machine, we have elected to 

"time share" the existing cables. 

The test system planned for the Fort Saint Vrain test is shown in the 

block diagram (Figure 3.). The ultrasound and eddy current probes, along with 

their driver/preamp circuitry will be attached to the grapple head of the fuel 

handling machine. These systens will share three existing coax lines with the 

T.V. camera through a coax switch arrangement. 

The ultrasonic system is a specially designed electronic test instrument 

using an ultrasonic probe to provide the data needed for the waveform aver

aging and backscatter analysis. This analysis will provide data on both dis

tributed oxidation and voids in the material. 

The eddy current system is a commercially available multiple frequency 

unit. It will be used to acquire graphite conductivity data from three test 

frequencies. The three different frequencies provide three sets of data which 

are a function of the depth of penetration of each of the frequencies. From 

these data a profile of the conductivity from the surface to a depth of three 

millimeters can be computed. From this conductivity information the oxidation 

profile can be deduced. 

The system controller is an HP-85 small computer system, which includes 

dual floppy disc storage for archiving oxidation data in the field. The sys

tem controller will control the test sequence and manage the storage of the 

oxidation data onto the disc. It will also be used to perform preliminary 

analysis on the data at Fort Saint Vrain to verify data validity before 
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FIGURE 3. Fort St. Vrain HTGR Support Block Test System 



bringing it back to the Laboratory for a more detailed analysis. The digital 

interface transposes data into a form suitable for the system controller. 

Preparations are currently underway with the goal of making the first 

measurements in Fort Saint Vrain during the 1983 refueling outage. As now 

planned, initial measurements will be made in a single refueling region thus 

reducing the impact on the refueling process. The resulting data will be 

carefully analyzed and results interpreted by comparing with laboratory 

prepared samples. It is assumed that the baseline data obtained will have 

application to the entire support block and permit accurate evaluation of oxi

dation occurring as later measurements are made in other refueling regions. 

The verification of this assumption must await a return to the same refueling 

region which is expected to occur in 1989. 

CONCLUSIONS AND RECOMMENDATIONS 

Non-destructive detection of changes in the strength of graphite support 

structures in a HTGR appears to be feasible using sonic velocity measurements 

where access for through transmission is possible. Therefore, future HTGR 

designs should consider providing such access. Where access is not available, 

strength changes can be correlated with oxidation profiles in the support 

member. These oxidation profiles can be determined non-destructively by a 

combination of eddy current measurements to detect near surface oxidation and 

sonic backscattering measurements designed to determine oxidation in depth. 

The Fort Saint Vrain reactor provides an operating reactor to test the 

applicability of the eddy current and sonic backscattering techniques for 

determination of oxidation in a support block. Furthermore, such tests in 

Fort Saint Vrain will supply base line data which will be useful in assuring 

an adequate strength of the support structure for the lifetime of the reactor. 

Equipment is, therefore, being developed for tests to be conducted during the 

next major refueling of the reactor. 
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