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Abstract

Measuring and quantifying the diffusion of fission products in reactor materials is 

a critical element of the future success of Very High Temperature Reactors 

(VHTRs).  While the extreme temperatures, which may be in excess of 1000 °C, 

allow for a potentially very high efficiency, they also can be problematic due to 

the increase in fission product transport.  The aim of this work was to explore a 

repeatable, accurate, and cost effective process to measure the diffusion 

coefficients of fission products in VHTR materials.  This work focuses on the 

diffusion of silver in graphite.

We constructed graphite cells which could be filled with a silver diffusant.  This 

diffusant may take the form of silver flakes, silver power, or a silver-laden 

graphite powder.  The cells were hermetically sealed and heated to temperatures 

comparable to those found in VHTRs.  These cells were imaged using 

microtomography and electron microscopy.  Neutron Activation Analysis (NAA) 

was used to determine actual diffusion profiles in the cells.  Preliminary estimates 

of the diffusion coefficient are reported from these data.

x



1.  Introduction

1.1   Overview

There has been much renewed interest in the research and development of Very 

High Temperature Reactors (VHTRs) for the next generation of nuclear reactors. 

Along with the Gas-Cooled Fast Reactor, Molten Salt Reactor, Sodium-Cooled 

Fast Reactor, Lead-Cooled Fast Reactor, and Supercritical Water Cooled 

Reactor, the VHTR concept is undergoing research by the Generation IV 

International Forum27.  This reactor offers improved efficiency due to its high 

temperatures (in excess of 900 °C) and the opportunity for process heat and 

hydrogen generation, along with the flexibility to operate using a Uranium, 

Uranium/Plutonium, or Uranium/Thorium core 2, 10.  One key area of interest in 

this research is the Tristructural Isotropic (TRISO) coated fuel particle, which is 

fundamental to the VHTR's fuel.
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Containment of fission products in the fuel is of paramount importance to the 

safety of an operating VHTR.  Fission products penetrating the coatings of a fuel 

particle may contaminate the primary loop, creating safety hazards for radiation 

workers.  Of particular interest in this work is the release of Ag-110m.  Ag-110m is 

not produced directly from the fission of U-233, U-235, or Pu-239, but rather from 

the activation of stable Ag-109.29  Despite the importance in understanding the 

mechanism of its diffusion in TRISO coatings, studies on silver have been 

minimal compared with those for Cs.  One purpose of this work is to explore new 

techniques for measuring silver diffusion in graphite, along with data supporting 

its validity.

The current model of the VHTR uses TRISO coated fuel particles bundled into 

fuel elements.  The fuel elements differ vastly among different programs, but the 

fuel particles themselves are generally similar (although TRISO fuel research and 

development remains ongoing).  There are a few key differences in fabrication 

techniques, but in general the fuel particles consist of a Uranium kernel (Thorium 

is also being investigated), surrounded by a series of pyrolytic carbon (PyC) and 

silicon carbide (SiC) layers.  The fuel particles fabricated in the United States 

have additional PyC seals around each layer1.

2
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Figure 1.1.1: Diagram of the TRISO fuel particle concept.17  Image 
courtesy of PBMR.



1.2   TRISO fuel particle design

Ceramic coated fuel particles allow the use of very high temperatures (900-1200 

°C) and act as containment for fission products.  This leads to improved 

efficiency (>50%)10 and, potentially, a safe and fission product-free core.  Two 

types of coated particles which have undergone a substantial amount of study 

are the BISO and TRISO coated particles.  The BISO particles have been found 

to be practically transparent to many metal fission products1-5, so the TRISO 

coating has come into favor.  The primary difference between these two types of 

particle is the presence of a SiC layer.  The TRISO fuel is composed as follows:

i. The fuel kernel – At the core of the coated particle is the fuel kernel, which 

can be of several different materials, among which are uranium 

oxycarbide (UCO) and uranium oxide (UO2).  Some cores contain 

mixtures of thorium and uranium particles, while others combine enriched 

uranium with natural uranium.  Typically this kernel will range from 200 to 

1000 m in diameter 2.

ii. The buffer – Immediately surrounding the kernel is a layer of PyC roughly 

100 m in thickness. This is typically a lower density, more porous layer  

than the following layers.  This layer serves to “absorb recoiling fission 

fragments and to provide capacity for the gases (Kr, Xe and CO) produced 
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during irradiation.14”  This layer also serves to allow for swelling of the 

kernel5.

iii. The Inner Pyrocabon Layer (IPyC) – This layer is typically on the order of 

40 m thick.  It serves as the first line of defense against the release of  

fission products, primarily against gaseous fission products5, 14.   This 

layer, along with the outer PyC layer, also provides protection for the 

silicon carbide layer against any oxidizing agents stemming both from the 

kernel and from outside the particle.

iv. The Silicon Carbide Layer (SiC) – This layer is the primary defense 

against the release of metal fission products.  It is ideally suited for this 

purpose due to “its small interatomic spacings, low neutron capture cross 

section, and good thermal conductivity.6”  Its thermal expansion coefficient 

is also quite similar to that of the PyC (4x10-6 K-1 for SiC compared to 

3x10-6 K-1 for C).  This layer is deposited via chemical vapor deposition 

(CVD) and is typically about 35 m thick.

v. The Outer Pyrocarbon Layer (OPyC) – The last line of defense against the 

release of fission products, this layer is the same material as the IPyC and 

is about 40 m thick.  This layer protects the kernel during fabrication, and  

provides a layer of protection for the brittle SiC layer5, 12. 
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1.3   A Comparison of Fuel Particles and Elements

As the majority of the research found stems from the US and FRG fuel 

development programs, we will focus primarily on fuel particles from those two 

programs.  

The reference fuel chosen for the German HTGRs is low-enriched uranium (LEU, 

10.6%) oxide with a 500 m diameter kernel, followed by a 95 m PyC buffer, 40 

m IPyC layer, 35 m SiC layer, and a 40 m OPyC layer.  The particles are then 

given a 200 m coating of a graphite matrix material to ensure there is no contact 

between particles in the fuel element.  Approximately 11,000 of these fuel 

particles are contained inside the same graphite matrix material in a 60 mm 

diameter spherical fuel element, with the outermost 5 mm of the matrix absent of 

particles2.  The 200 MW(th) German HTR-Module's active core contains 360,000 

of these elements.  The design limits for the German reference fuel are burn-up 

of between 8 and 10% FIMA, fast fluence of 3x1025 m-2, and an irradiation 

temperature of 1,250 °C2.

The US reference fuel discussed in IAEA TecDoc 976 uses a combination of 

fertile and fissile particles.  Rather than an oxide fuel, the US design uses 

Uranium Oxycarbide (UCO).  The fissile particles are 19.9% enriched uranium in 

a 350 m  kernel.  The subsequent layers are 100 m buffer, 35 m IPyC,  35 m 
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SiC, and 40 m OPyC.  The fertile particles have a 500 m diameter kernel of 

natural uranium with subsequent layers of 65 m buffer, 40 m  IPyC, 35 m  SiC, 

40 m  OPyC.   A mixture of about 6,500 fissile and 3,700 fertile particles and 

graphite shim particles are loaded into 12 mm x 49 mm fuel compacts in a 

graphite matrix.  These compacts are then loaded into 360 mm x 793 mm 

hexagonal fuel elements.  The 350 MW(th) MHTGR has an active core consisting 

of 660 of these fuel elements.  The design limits for this reference fuel are a 

burn-up of 26% FIMA for the fissile and 7% for fertile particles, fast fluence of 

4.5x1025 m-2,and irradiation temperature of 1,250 °C.
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1.4   Fabrication

Fission product release in the US fuel particles has been higher than that of the 

German fuels1.  Out of a selection of 3.3 million fuel particles produced by the 

German program, only about 100 defects were found2, whereas the defect levels 

found in US fuels “were much greater than those produced in Germany.1”  Among 

the reasons given for these failures are pressure vessel failure of the TRISO 

coating, kernel migration, failure of the SiC layer, debonding of the SiC and IPyC 

layers due to irradiation damage, and damage to the OPyC layer from both 

irradiation and interaction with the matrix material1.  In addition to other concerns 

such as the high packing fraction in US fuels, two significant contributing factors 

to these failures are anisotropy and porosity of the PyC coatings.

The German and US coatings are applied in very different ways.  The PyC layers 

of the German fuel are applied at a much higher gas concentration than the US 

PyC layers.  This leads to a higher deposition rate, which in turns leads to 

minimal anisotropy.  By contrast, the US fuels are coated more slowly, leading to 

a denser, less porous coating, but more anisotropic.  This anisotropy results in a 

greater amount of swelling and shrinkage, which can lead to cracks in the SiC 

layer.  The less porous nature of the US PyC layers makes it less permeable to 

fission products, but it can also results in debonding with the SiC layer which may 

lead to its failure1.
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2.  Review of the Literature

2.1   Overview of Techniques

Studies on silver diffusion in graphite are scarce, but we discuss a few selected 

experiments here.  These experiments typically take one of five forms:  joined 

sections, diffusion couples, ion implantation, batch experiments, or hollow 

cylinders.

Experiments involving joined sections, such as Zherdev's experiments3, involve 

placing a blank cylinder of an accepting medium in contact with an impregnated 

section of the same material.  These sections are packed into canisters and 

annealed.  The previously blank cylinder is then sectioned and analyzed. 

Diffusion couple experiments, like those performed by MacLean5, are performed 

9



by encasing a sample of diffusant within a shell made from the accepting 

medium.  The shells are sealed, heated, and analyzed.  They may be analyzed 

via CT, or weighed to measure release fraction.

Offermann's work4 is an example of an ion implantation experiment.  In this 

method, ions of silver are accelerated and fired into a plate of graphite.  The plate 

is then analyzed to determine the concentration profiles, for instance using XPS 

(x-ray photoelectron spectroscopy).  This analysis is performed before and after 

annealing to determine the magnitude of migration.

10



2.2   Zherdev's Joined-Section Experiment

Zherdev3 used the joined-section technique to measure the concentration 

distributions of Cs and Ag in graphite.  Three cylinders of graphite were stacked 

and placed in a graphite container along with graphite powder to displace any air. 

The middle specimen was impregnated with the diffusant material by means of 

“diffusion impregnation.”  Its concentration was around 0.1% diffusant by weight. 

This middle specimen was then immersed in a graphite powder mixture which 

contained the nitrate of the diffusant labeled by a radioisotope and then 

annealed.  When heated, the silver nitrate will decompose according to

2AgNO32Ag2NO2O2 (2.2.1)

This disassociation occurs at a relatively low temperature, under 500 °C9, and 

leaves elemental silver as a diffusant in the graphite powder mixture.

To ensure that the distribution of diffusant was uniform, additional samples were 

prepared and sectioned by grinding against paper with diamond paste.  These 

sections were analyzed via gamma spectroscopy, and it was found that the 

average concentration varied by no more than 5%.  The assembly was baked in 

an inert helium atmosphere at temperatures ranging from 600 - 1100 °C for times 

ranging from 160 - 4600 seconds.
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After annealing, the samples were machined down to form 9 – 10 mm diameter 

cylinders and the distribution of diffusant was analyzed along the sample's axis. 

This was done by removing sections ranging from 3 to 200 microns from the 

cylinders and analyzing via gamma spectroscopy. 

The calculations were performed as if the medium were infinitely large compared 

with the range of diffusion expected, therefore the standard solution to the one 

dimensional diffusion equation could be assumed:

c x ,t =
c0

2
erfc[ x

2Dt ] (2.1)

Figure 2.2.1 below shows two plots of Zhedev's data.  One trial is for a 340 

second heat treatment at 1110 °C, while the other is a 6000 second heat 

treatment at 810 °C.  The plot shows the measured relative concentration versus 

depth.

12



The extrema featured in Zherdev's data are thought to be an indication of multi-

channel diffusion.  The diffusion coefficients for silver in graphite corresponding 

to the 1110 °C trial shown in figure 2.2.1 are:

D1 = 5.1x10-12 m2/s (2.2.3)

D2 = 7.0x10-11 m2/s (2.2.4)

13

Figure 2.2.1: Ag concentration 
distributions in acceptor specimens 
after diffusion annealing3.



D3 = 4.0x10-9 m2/s (2.2.5)

Zherdev gives the following as the multi-channel diffusion equation:

∂c i

∂ t
=Di

∂2 ci

∂ x2 − ∑
j=1, i≠1

n

c iij  ∑
j=1, i≠1

n

c j ji i=1, ... , n

c ix=0 ,t =c0i

c ix0 ,0=0

(2.2.6)

where, for three channels, 

(c01/c03) : (c02/c03) : (c03/c03) = 426 : 34: 1 (2.2.7)

and n is the number of migration channels, Di is the diffusion coefficient for the 

migration channel corresponding to i, ci,(j) is the diffusant concentration at the site 

i(j).  βij is the flow coefficient between  i- and j- type sites.  c0i is the source 

concentration associated with the i-th channel.  “It is proportional to diffusion site 

density of a given type in the media.”

n is taken to be 3 in the data plotted above in figure 2.2.1.

Zherdev gives 
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c01 /c02 /c03=13 /32 /21 (2.2.8)

and reports that the beta coefficients in equations 2.2.6 and 2.2.7 are equal 

where i and j are equal in ij.   This would indicate that the diffusion coefficient for 

a given migration route depends only on the acceptor site.

The diffusion coefficients reported by Zherdev differ greatly compared to those 

reported by Verfondern or Offermann.  MacLean reported a summary of diffusion 

coefficients for silver in pyrocarbon5:

DPyC=1.00x10−8exp−164 kJ
mol

RT m2

s
Offermann (2.2.9)

DPyC=5.3x10−9 exp−154 kJ
mol

RT m2

s
FRG ,USA (2.2.10)

DPyC=5.3x10−4 exp−193 kJ
mol

RT m2

s
Russian Federation  (2.2.11)

Where T is absolute temperature in K, and R is the gas constant (8.314 J/mol K).
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By equation 2.2.7, equation 2.2.3 appears to be the primary channel of diffusion, 

since the concentration of diffusant at the sites corresponding to equation 2.2.3 is 

greater than that at the others by more than a factor of 10.  This diffusion 

coefficients, evaluated at the temperature used in the Zherdev experiment, turns 

out to be 1 order of magnitude smaller than in the case of equation 2.2.11, and 2 

orders of magnitude greater than in the case of equations 2.2.9 and 2.2.10 when 

compared to D1  above.  
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2.3   Nabielek's Batch Experiments12

The Dragon Reactor (a prototype HTGR run by UKAEA)  primary circuit 

components have been shown to contain traces of Ag-110m after operation. 

While the fission yield for Ag-109 is relatively low (0.04%, 0.03%, and 1.2% for U-

233, 235, and Pu-239, respectively.  Approximately 0.1% of these atoms will 

activate to form Ag-110m),  the gamma-ray dose rate of Ag-110m is five times 

higher than for Cs-137, so it is considered a key fission product.  Containment of 

Ag-110m, along with I-131, Cs-134,  and Cs-137, represents “the limiting criterion 

in a given reactor design and is derived from the accessibility and maintainability 

of boilers/circulators/reformer tubes/inspection chambers.”

Gamma spectroscopy of fuel tubes irradiated under identical conditions with both 

BISO and TRISO coated particles indicated a significantly higher release of silver 

from the BISO coated particles.  Also, higher release was seen using carbide 

fuels than with oxide fuels.  SiC was shown to almost completely retain the 

fission products Cesium, Strontium, Barium, and Cerium.   Silver was the only 

exception , which seems to indicate some alternative method of transport.

For the Nabielek experiment, BISO and TRISO particles with 18% enriched UO2 

fuel kernels were irradiated at 650 °C for 40 days, then annealed at 1500 °C in 

10 day increments, between which total cesium and silver release were 

17



measured.  The experiments with BISO fuel exhibited no holdup in the PyC 

layers.  The TRISO particles were annealed for a total of 210 days, after which 

“no release of cesium or strontium above the contamination level was observed.” 

Silver, on the other hand, was seen to be released after only 10 days.  The 

release pattern did not follow the expected results from the diffusion equation, 

but rather indicated that the SiC became gradually transparent as time and 

temperature increased.  The effective diffusion coefficient calculated for this 

release was approximately 10-15 to 10-16.

Nabielek also performed ion implantation experiments on SiC disk samples. 

While SiC prepared on disk samples is known to be less than optimal, the 

movement of the implanted Ag atoms in the SiC indicated a diffusion coefficient: 

D SiC≪10−19 m2/s at 1453K (2.3.1)

This upper limit on D for Ag in SiC is much lower than that which can be derived 

from in-pile experiments.  These data suggest that the primary mechanism for 

silver release is not classical diffusion, but rather due to “bad” silicon carbide, or 

the degradation of good silicon carbide under irradiation conditions.

18



2.4   Fukuda's Experiments

Fukuda7 performed experiments to measure the diffusion coefficients for fission 

products in matrix graphite of different densities.  10 mm matrix-graphite spheres 

were formed around a single 0.6 mm microsphere of UO2.   These spheres were 

then annealed at temperatures ranging from 1175 °C – 1375 °C, and for times 

ranging from 9 to 51 hours.  The fission products studied are Barium, Cerium, 

Strontium.

Diffusion coefficients were obtained for Strontium and Barium, but were not 

obtainable for Cerium.  This was due to large statistical error in the middle of the 

sample resulting from interference from the Ba-140 and La-140.  

DBa=7.3x10−2 exp−2.2x105

RT  cm2/s  (2.4.1)

D Sr=2.8x101exp−2.1x106

RT  cm2 /s  (2.4.2)

Where T is absolute temperature in K, and R is the gas constant (8.314 J/mol K)

There was no indication of the density's influence on the diffusion.
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2.5   Conclusions

No real consensus seems to have been reached which explains the mechanism 

behind the silver release from TRISO coated fuel particles5.  It is clear from the 

literature that silver is not blocked or held up in any meaningful way by the PyC 

layers, but it would seem that diffusion is not the preferred means of escape from 

the SiC layer5, 12.  Interactions between the fission fragments and the OPyC seem 

to be the primary causes of SiC failure1, so developing a way to prevent 

debonding and cracking while maintaining adequate protection from fission 

products seems to be the next step towards refining the TRISO coating design.  

The present lack of understanding regarding the influence of the graphite's 

density on diffusion is evident from the work done by Fukuda.  This 

understanding would be very useful given the clear difference in TRISO coating 

behavior between high and low density coatings1.  The benefits of a lower density 

PyC layer would appear to include less swelling and shrinkage, better bonding 

with the SiC layer, and a lower tendency for the high porosity PyC to exhibit 

anisotropy.  Determining the diffusion coefficients for the fission products in both 

high and low porosity PyC would potentially give rise to a more secure SiC layer, 

and a more reliable fuel particle in general.
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3.  Diffusion Theory

3.1   Overview

In this chapter we consider the two geometries used in the test cells.  Many of 

the experiments performed throughout this investigation make use of a flat 

acceptor surface, while one incorporates a hemispherical acceptor surface.  To 

predict the concentrations at different depths within the cell, we must solve the 

diffusion equation for both of these geometries.  Additionally, we wish to explore 

our sectioning technique, as well as methods of calculating the diffusion 

coefficient. 

Equation 3.1.1 below shows the Arrhenius form of the diffusion coefficient.  

D T =D0 e
−Q
RT m2/s (3.1.1)
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where D is the diffusion coefficient, D0 is the pre-exponential, R is the gas 

constant, Q is the activation energy, and T is the temperature.

This form holds well for vacancy-assisted and interstitial diffusion, but may not be 

sufficient to model materials which have been subjected to extreme conditions. 

For example, at very high temperatures (above about 0.7Tm ), di-vacancies and 

other such defect complexes can be formed8.   Based on the disagreement 

among sources regarding the diffusion coefficient of silver in graphite, and the 

results of this study, it may be reasonable to assume that subjecting a material to 

substantial time under irradiation may provoke a departure from Arrhenius 

behavior8. 

The solution to the one dimensional diffusion equation is noted in section 3.2. 

Many of the  designs of the test cell used in this study were built to take 

advantage of the simplistic nature of this problem compared to the three-

dimensional problem.  Figure 3.1.1 shows the temperature dependence of the 

diffusion coefficients whose parameters D0 and Q are given in table 3.1.1.  It is 

plain that there is still much discrepancy among sources for the diffusion 

coefficient of silver in graphite.  It seems likely that time under irradiation has 

played a significant role in this.

Brown and Faircloth14  give the following equation for breakthrough time through a 
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small spherical shell:

D=
l2

6 t
(3.1.2)

where D is the diffusion coefficient, l is the shell thickness, and t is the 

breakthrough time.

For one of our test cases, we have a sample undergoing a heat treatment for a 

period of 14 days at a temperature of 1200 °C.  If we assume that equation 

(3.1.2) gives a fair approximation to the diffusion depth, it gives an estimated 

maximum depth of 424 m for this case.  This corresponds to about an 8%  

relative concentration.  A log-log plot of equation 3.3.37 shows a 1% 

concentration at about 632 m using the US value of the diffusion coefficient, so  

while equation 3.1.2 does not make for a good quantitative representation of the 

actual diffusion depth in a non-spherical medium, it can be used to gauge the 

expected order of magnitude.  In this case, for our test cells we are looking for 

depth on the order of 0.5 mm.  

In fact, looking at the CT data, we will see in Chapter 4 that the actual depth of 

diffusion is around 1.0 mm.  However, both this model and this cell design are 

inadequate for any quantitative measurements of diffusion, as the diffusion is not 

occurring uniformly on the cell's ceiling.  The final cell design eliminates this 
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problem by using silver-laden graphite powder in place of silver vapor.
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Figure 3.1.1: Temperature dependence of the diffusion coefficients from a few sources.

Table 3.1.1: Q's and pre-exponentials for a few diffusion coefficients, along with values 
at high temperatures5.

 D (800 °C) D (1200 °C)
Russia 193

USA/FRG 154
164

Q (kJ/mol) D0 (m2/s)
5.3x10-4 2.14x10-13 7.60x10-11

5.3x10-9 1.69x10-16 1.84x10-14

Offerman 1.0x10-8 1.04x10-16 1.53x10-14



3.2   Solutions to the Diffusion Equation

The diffusion equation, in its generalized form, is derived from Fick's First and 

Second Laws.  For the case of constant diffusivity, it is written as:

∂
∂ t

C = D∇ 2C (3.2.1)

In the case of one dimensional diffusion, we may simply neglect the y- and z- 

components and rewrite this expression as:

∂
∂ t

C = D ∂2

∂ x2 C (3.2.2)

Before solving equation 3.2.2, we must determine the initial and boundary 

conditions for the problem.   For the scenario relevant to this work, we consider 

diffusion into a semi-infinite medium.  We assume that the depth of diffusion is 

insignificant when compared to the size of the cell, and that the amount of the 

material diffusing into the cell is insignificant when compared to the mass of 

diffusant present in the cell's core.  It is also assumed that no diffusant is present 

in the accepting medium initially.  We can express these initial and boundary 

conditions as follows:
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C = 0 for x > 0 and t = 0 (3.2.3)

C = C0  at x = 0 when t ≥ 0 (3.2.4)

Equation 3.2.2 may be transformed into an ordinary differential equation by 

means of a Laplace Transform8.  The transformed solution is found to be:

C x =
C 0

p
e− p /D x (3.2.5)

This image function may be inverted by performing complex analysis and contour 

integration.  See Churchill8 for a complete description of the problem.  The final 

solution to this problem, for our set of initial and boundary conditions, is given as 

equation 3.2.6:

C x , t  = C 0 erfc x
4 D t  (3.2.6)

where 

erfc  x  = 1 − erf  x  = 2
∫0

x

exp −2d  (3.2.7)
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3.3   Sample Sectioning

The expected diffusion profile for our one dimensional geometry can be predicted 

using equation 3.2.6.  In this example, we will use the diffusion coefficient in 

equation 2.2.10 along with the solution to the one dimensional diffusion equation. 

The expected diffusion profile for the case described in section 3.1 is shown in 

figure 3.3.1.

The diffusion coefficient is described as:

D=A×exp−Q
RT   m2

s


(3.3.2)

with

(3.3.3)

and

(3.3.4)
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A=5.3×10−9  m2

s


Q=154  kj
mol





Our example case will be a four day anneal at 1150 °C.  The core of the cell will 

be packed with silver-laden graphite powder, with 1 g of silver loaded into the 

powder.  The core is a cylinder of radius 0.25” and height 0.1875”.  The 

concentration of silver in the core is given by 3.3.5.

(3.3.5)

For this case, the concentration in the core is 0.00166 ng/m3.  
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C Ag=
mAg

 rcore
2 h

Figure 3.3.1: Mass of diffused silver versus depth in the cell.
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Figure 3.3.1 illustrates the expected diffusion profile for this scenario.  Sections 

may be taken from the surface down to the 100-200 m range.  These sections 

will be 10-20 m in thickness.  To determine the expected mass of silver present 

in each of these sections, 

(3.3.6)

If we assume 10 m sections, the expected mass of silver in each section can be 

calculated and is shown in figure 3.3.2.  For example, if we assume the diffusion 

coefficient corresponding to equations 3.3.3 and 3.3.4, the silver mass present in 

a 10 m section at a depth of 350 m is calculated to be 82 ng.  The detection 

limit of NAA at MURR is around the 100 ng range13, the first 100-200 m should 

contain the most detectable profile.
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Figure 3.3.2: Mass of silver at a given depth, assuming a 10 micron section.

30

0 50 100 150 200 250 300 350
0

50000

100000

150000

200000

Depth m

M
a
s
s
o
f
S
il
v
e
r
ng



3.5   Analytical Techniques

Three analytical techniques were implemented throughout this work.  These 

include energy-dispersive x-ray spectroscopy (EDS), computed tomography 

(CT), and neutron activation analysis (NAA).  In this section we will briefly go 

over how each mechanism works, and how it applies to this work.

EDS16 was initially intended to provide surface analysis for our samples.  For the 

flat graphite surfaces discussed in section 4.2, it was hoped that solid silver in 

contact with the surface would diffuse at temperatures ranging from 600 - 1100 

°C.  These surfaces were then to be analyzed at the Electron Microscopy Core in 

the Quanta 600f ESEM (environmental scanning electron microscope).  The 

Quanta is equipped with an Energy Dispersive X-Ray Spectrometer16.  The SEM 

allows us to focus in on a very specific portion of the surface at very high 

magnification, easily in excess of 1000X.  Within these magnified images, we can 

selected a point or region on which to perform EDS.  A focused electron beam is 

fired at this region, and by measuring the intensity and energy distribution of the 

x-ray signal generated by this beam, we may determine the sample's chemical 

composition.

The detection limit of EDS is too low, around 1000 ppm, to detect diffused silver 

in the type of graphite used in this research, so we looked to CT as an alternate 
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means of finding it.  The idea was that the same samples could be analyzed in 

multiple ways, since the CT analysis is non-destructive.  Also, since silver's 

atomic mass is substantially higher than that of the surrounding medium, carbon, 

it would show up very easily in a CT scan.  The CT machine generates a series 

of two-dimensional images which are then used to construct a three-dimensional 

image.  This three-dimensional image may then be sliced, blown up, and rotated 

to give the best visualization of the internal structure of the sample.  In our case, 

the light element carbon is nearly transparent and shows up as gray on the 

images, while the heavy silver is bright red30.

However, the silver only shows up on CT when there are only a small number of 

sites available for the diffusant.  For example, when the interior of the cell 

contains an edge, the diffusant tended to collect there preferentially.  When these 

preferred sites were removed by creating a hemispherical interior, however, no 

silver is seen to have deposited on the surface in any way.  When these same 

samples were analyzed via NAA, a small concentration of 4-6 ppm was seen, 

indicating that detecting this level of concentration is simply beyond the capability 

of the CT equipment used.

We finally found success with NAA as an analytical tool.  Silver is an excellent 

absorber of neutrons13, so even the very small traces of silver present in the cells 

only exposed to silver vapor were detectable.  When a move was made to the 
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silver-laden graphite powder, masses in excess of 100 g and as little as 60 ng 

were detected in large sections in the 50-100 m range.  The data found in  

Chapter 5 were found using this method.

After each section was prepared and placed in the plastic vials, the vials were 

irradiated at the University of Missouri Research Reactor (MURR).  Our silver 

sections “were irradiated for 7 seconds, allowed to decay for 60 seconds, and 

then counted for 120 seconds to measure Ag-110 which has 25 second half-

life.”13.  From here we may calculate the mass and concentrations in each 

sample.
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4.  Experimental Setup

4.1   Overview

This chapter will explore the variety of experiments which have been performed 

throughout this study.  For all cases, the general concept is to induce diffusion 

into an accepting medium by placing graphite  in contact with silver.  The concept 

has evolved from a rudimentary sandwich of graphite and steel to a hermetically 

sealed canister loaded with silver and graphite powder.  Each of these stages will 

be discussed in the following pages.  All unsuccessful attempts are also 

explained in detail to serve as guidance for future work.

The analysis technique has shifted a great deal, as well.  The initial goal was to 

preserve the sample by utilizing Energy Dispersive Spectroscopy (EDS) and 

Micro-Computed Tomography (micro-CT) to analyze and characterize the 

diffusion of the silver into the graphite surfaces.  It was later determined that a 
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sectioning technique needed to be developed in order to achieve the quantitative 

results we were initially seeking.  
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4.2   The Sandwich Experiments

The first sandwich design  was a very rudimentary and straightforward attempt at 

obtaining a diffusion coefficient.  A piece of silver wire was placed between two 

0.25” thick plates of graphite.  These plates were then sandwiched between two 

stainless steel plates.  Additional copper plates were placed on the outside of 

these steel plates to ensure greater heat conductivity.  This assembly was then 

placed inside a vacuum chamber and on a hot-plate capable of reaching 540 °C. 

The assembly was heated at this temperature for 11 days.  The silver pattern was 

removed from the plates, which were then analyzed via Energy-Dispersive X-Ray 

Spectroscopy at the Electron Microscopy Core at the University of Missouri's 

College of Veterinary Medicine.  EDS did not show any evidence of diffusion. 

Figure 4.1.1 illustrates this design concept.
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Figure 4.2.2: This is the second design used.  Silver flakes were placed in the small cavity 
and the whole assembly was heated for 13 days at 1200 °C.

Figure 4.2.1: Initial design consisting of two outer copper plates, two inner 
stainless steel plates, and two graphite plates sandwiching a thin silver wire.



A new sample was developed with a small cavity in the graphite plates.  The 

outer plates were stainless steel, and small silver flakes were placed in the 

cavity.  Figure 4.2.2 shows the design parameters of this sample.  The unit was 

placed in a tube furnace for 13 days at 1200 °C, a temperature well in excess of 

silver's 942 °C melting point.  This first trial was problematic because the graphite 

and steel formed a eutectic at this high temperature which reduced the steel's 

melting temperature.  The sample was destroyed in the process.  Subsequent 

samples were baked at lower temperatures between 1000 and 1100 °C and 

examined the the microscopy core.  Once again, no diffusion was seen.

The basis for these older designs was to induce diffusion in one direction, such 

that the diffusion could modeled using the solution to the one-dimensional 

diffusion equation.  The major hurdle that we did not adequately anticipate was 

the lack of wetting of the silver on the graphite surface.  Since the silver did not 

wet, there was no meaningful contact and little, if any, diffusion could occur.  As 

such, heating the silver to a liquid phase in the second trial did not help any.   A 

new design needed to be developed which would contain the silver in a  sealed 

graphite container which would force the silver vapor to diffuse into the 

container's ceiling.
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4.3   The High Temperature Cell Experiments

A third design was built which contained the silver in a hermetically sealed 

graphite canister, called the High Temperature Cell, or HTC.  The inside of the 

canister was bored out and contained a small collection of silver flakes.  A 

threaded plug was bonded to the cell using a mixture of phenolic resin and 

isopropanol called Graphi-Bond.  This assembly was situated in the tube furnace 

and baked at 1200 °C for 13 days, while a constant flow of Argon was pumped 

into the tube to minimize oxidation of the cell.

The results of this test were very promising, as the images received from the 

imaging center clearly showed deposition of some kind occurring along the far 

wall opposite the plug and the top section of the cavity.  This is consistent with 

the diffusion images seen in the thesis by MacLean5.  The following CT images 

are courtesy of Dr. Said Figueroa of the Harry S. Truman Memorial VA Hospital 

Research Center's Biomolecular Imaging Center.

The following series of images show the construction process for the HTC, the 

equipment setup used for the heat treatments, and the CT images acquired from 

the VA.  These images show deposition of some kind along the ceiling of the cell, 

and the left wall.  The bright ball at the bottom of the cell is the mass of silver, 

and the bright spot at the top, right corner is a flake of silver which was attached 
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to the bonding material which was used to seal the canister.  This image led to 

additional cell designs which we hoped would facilitate quantitative results.
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Figure 4.3.1: HTC Components - the lid, the silver flakes, and the cell itself.
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Figure 4.3.2: Silver flakes are placed inside the bore.
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Figure 4.3.3: Un-fired HTC freshly sealed with Graphi-bond.
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Figure 4.3.4: The cell is then heated on a hotplate to set the bonding material.
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Figure 4.3.5: A comparison of the unfinished cell (left) and the sealed cell (right).
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Figure 4.3.6: Equipment used for heat-treating the finished samples.  1) Oxygen 
scrubber.  2) Power supply for 1).   3) Flow controller readout.  4) Flow controller.  5) 
Tube furnace.
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Figure 4.3.7: Graphite cell design as it appears in the following images. Silver flakes are 
situated in the cavity and the whole assembly is bonded shut to form an air-tight seal.
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Figure 4.3.8: CT image of the first cell of this design.  Diffusion can be seen along the far 
left and top walls.  The bright orange mass is the silver.



A fourth design was really a change of the cell's orientation, rather than a change 

in design.  The cell was filed down until it fit in the tube furnace vertically, with the 

threaded plug on the bottom.  Because the silver does not wet, there was no 

danger of it seeking out an escape route through any defects in the bonding 

matrix, although it was unclear if there was any release from the previous 

attempts.  Another benefit of this orientation is the flat surface of the ceiling.  With 

the sealed cell, any diffusion which diffuses uniformly into the ceiling should 

follow a model of the one dimensional diffusion equation.

This cell was baked for 19 days at 1200 °C under an argon atmosphere in 

Thermodyne tube furnace.  After heating, the sample was cut open across its 

axis, such that the ceiling remained intact.  The silver mass was removed to 

minimize scattering and the top half was analyzed using CT.

The depth of diffusion seen in figure 4.3.10 is on the order of what we expect, 

using the diffusion coefficient reported by the USA and FRG, as cited by 

Verfondern5 (see equation 5), although figure 4.3.11 shows that the diffusion has 

preferentially occurred at the corners of the cell.  Since the diffusion is occurring 

at only a fraction of the available sites, perhaps this is why we are seeing a 

diffusion depth that is slightly higher than expected by plotting equation (1).  
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Figure 4.3.9: Same cell structure as before, with the flat ceiling above the silver mass,  
which is seated atop the threaded plug.
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Figure 4.3.10: The leftmost wall in this image was the ceiling during heating.  Silver 
vapor has deposited onto the sample where the colored area is seen.  The measurements  
shown in this image indicate a diffusion depth on the order of 1mm.
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Figure 4.3.11: Transverse view of the fourth sample after heating.  This image is a top-
down view of the sample, and shows the silver concentrating at the corners, rather than 
distributing uniformly over the entire ceiling.



The fifth generation of HTC replaced the flat ceiling with a hemispherical dome. 

This design eliminates edges from the acceptor surface and it was hoped that it 

would encourage uniform diffusion.  Figure 4.2.11 shows a schematic of this 

design.

These cells were baked in the tube furnace for as long as 14 days before being 

analyzed via CT.  Any silver that may have diffused into the rounded ceiling was 

under the detection limit of the CT.
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Figure 4.3.12: HTC-type cell with rounded ceiling to encourage 
uniform diffusion by eliminating preferred diffusion sites.



4.4   HTC Experiments with Silver-Laden Graphite

CT analysis indicated that very little diffusion, if any, was occurring in the cells 

loaded with silver flakes.  There were a number of challenges associated with 

this approach to begin with; among them were the low vapor pressure of silver 

(10 Pa at 1150 °C) , the presence of oxygen inside the cell, and the relatively 

high detection-limit of CT.  To account for these difficulties, a new source material 

was developed, and a new analytical technique was chosen.

The silver flakes at the core of the HTC were replaced with a silver-laden 

graphite powder.  This  new source material is prepared by soaking graphite 

powder in a silver nitrate solution.  This mixture is dried overnight and then 

heated at 700 °C for several hours in a tube furnace under an argon atmosphere. 

This process dissociates the nitrate, leaving only silver and graphite.  This 

material is then packed into the cells, which are sealed using Graphi-bond, and 

heated.  Using this type of source material allows us to reach source 

concentrations in excess of 1 picogram/m3.  By contrast, the concentration of 

silver vapor in the flake-loaded cells was on the order of 0.1 femtogram/m3.

Heat treatments are performed in the same manner as the other HTC types.  The 

calculations performed in section 3.2 indicated that sufficient silver would be 

present in each section after being heated for only a few days, so the the 
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annealing was performed for four days.  These cells are then machined apart 

and the source material is removed.  When the cell is cut in half, the material on 

outside of the cell is machined away on a lathe until a small section about 3 mm 

tall is exposed.  This section is roughly 7/16” in diameter.  Excess graphite on the 

now exposed and elevated acceptor surface is blown away with compressed air, 

and then the remaining piece of the cell is sectioned.  Finally, these sections are 

analyzed via NAA.
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4.5   Sample Sectioning

In order to determine a diffusion profile, the samples must be sectioned.  Since 

the diffusion has occurred primarily within the first few hundred microns, the 

sections must be very small and very precise.  Two methods were used for this 

purpose.

The first method incorporated diamond paste on paper.  The sample face was 

measured to the micron, then ground down on the diamond paste.  The paste 

was cleaned from the sample face, and then another measurement was taken. 

The difference between the two measurements should be very close to the 

sample thickness, from which we may determine the mass of silver present using 

equation 3.2.6.    In the absence of a known diffusion coefficient, one from the 

literature is used (equation 2.6).  This approximate value was requested by 

University of Missouri Research Reactor because silver is an excellent neutron 

absorber (with absorption cross-sections of 36 and 87 barns for Ag-107 and Ag-

109, respectively33) and may present a radiation hazard if present in large 

amounts.  

This method presented some difficulty in keeping the HTC's face level with the 

grinding surface, so a tool consisting of a v-block and aluminum tube was 

constructed (shown in figure 4.5.1).  The flat bottom-surface of this block  was 
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ideally suited to keep the attached aluminum cylinder vertical to the paper, but 

there were some issues with tearing of the paper, especially once the diamond 

paste was applied to the paper and the paper was wetted.  Additionally, the 

amount of force needed to grind off even a single micron of graphite from the 

sample surface was much greater than anticipated.  Rather than force the 

sample face into the grinding surface manually, another method was developed 

which alleviated many of these problems.

The final sectioning system uses a drill-press with a custom attachment designed 

to hold a sample with its face exposed (figure 4.5.2).  This attachment was made 

from a 1.5” diameter cylinder of stainless steel and a 1” diameter hole was 

removed from one end such that a small spacer may be placed inside behind the 

sample, and the sample secured inside the attachment by three screws.  The 

spacer may be replaced to accommodate samples of various thicknesses.  The 

tips of the screws were filed down to a point, so that when inserted into the 

attachment, the edge of the sample was pinned to the spacer by the screw tip. 

The attachment is pressed down onto a steel pillar upon which is placed an 

adhesive tab and a small piece of ultra-fine grit silicon carbide sandpaper.  An 

image of this attachment may be seen in figure 4.5.3.

To take measurements, the attachment is removed from the press, and the 

sample removed from the attachment. The sample thickness is measured with a 
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micrometer before and after each press.  The sandpaper is carefully taken from 

the pillar, and the sticky tab carefully removed from its back.  The paper is then 

placed in a vial and set aside in a labeled bag.  The process is repeated until 10 

or 15 sections are taken.

The 1600-grit sandpaper was not able to take very thick sections.  The material 

used to construct our cells was very dense and very hard, and this ultra-fine 

paper was only able to shave 10 micron sections at the thickest.  A batch of 600-

grit paper was used on another sample and sections in the 20-40 micron range 

were attainable.  For the best use of this method, small sections should be taken 

first where the concentrations are largest, followed by progressively thicker 

sections in order to keep the mass of silver present in excess of NAA's detection 

limit.
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Figure 4.5.1: V-Block with aluminum cylinder for sample sectioning.
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Figure 4.5.2: Drill press with sample-holding attachment.
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Figure 4.5.3: View of the sample inside the sample holding attachment.  Wear can be 
seen on the sample face as the surface draws nearer to a plane.



4.6   Discussion of Experimental Error

Each step along the way in this method introduces new errors.  In this section we 

will outline the individual steps which may introduce errors and attempt to identify 

ways of mitigating and circumventing them.  

The machining of the cells themselves can lead to some issues regarding the 

flatness of the accepting surface.  Since the section thicknesses are only on the 

order of 10-20 m, it is extremely important for the surfaces inside the cell to be  

very nearly flat.  During the sectioning process, it was discovered that this 

surface was slightly rounded such that the center of the surface was 

approximately 100 m above the surface at the edge.  This malformed surface  

will render the end results of this study qualitative, at best.  The presence and 

trend of the diffusion profile will still be determinable with the present samples, 

however the machining technique will need to be refined for future work.

The silver-laden graphite could not be analyzed via NAA to determine the 

average concentration of silver due to the high silver content, therefore the 

concentration must be calculated.  EDS analysis showed no presence of nitrates, 

but its relatively high detection limit surely leaves room for error.  Baking the 

powder in a vacuum furnace for a longer duration would help ensure that the 

silver nitrate is completely dissociated.  By contrast, the method used in this 
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study employs a tube furnace with no hermetic seals and no system for detecting 

the presence of oxygen.  Material could be lost as gas flows over the ceramic 

boat full of dust, or contaminants remaining in the gas might leave traces in the 

dust.  A high quality vacuum furnace would help to alleviate these concerns.

For the sake of proving a concept, our tube furnace is acceptable in that it is 

capable of reaching temperatures in excess of 1000 °C.  Additionally, the 

scrubbing system effectively protects the exterior of the cell to the extent that it is 

usable post-annealing.  However, the use a vacuum furnace would help provide 

better uniformity in temperature and provide a more inert atmosphere31.  Both of 

these qualities would be necessary for a more quantitative analysis of the 

diffusion profile.

Both of the sectioning methods we tried had some serious drawbacks.  The first 

method involved the v-block and aluminum tube.  This method was inaccurate 

because the sample could tilt very slightly in the tube and rub off the section at 

an angle.  Another problem was that it was difficult to apply enough force to the 

graphite to get it to effectively deposit material on the paper, and rubbing a block 

of steel on the paper introduces problems with tearing.  The major flaw in the 

drill-press technique is that when the graphite face is pressed down, the outside 

of the round surface has a longer path in contact with the abrasive paper, and the 

center does not rub at all against the paper.  The result is that the center of the 
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sample becomes a point, and the face becomes conical in shape.  The height of 

this cone seems to be however far the center of the sample face can be 

compressed into the paper.  This will not impact the experiment's ability to detect 

diffused silver, or even determine the trend of a profile, but it critically impairs its 

ability to give accurate quantitative values.  A better technique would use a 

lapping fixture.  This lapping fixture would stand on four carbide feet.  The sample 

would be held in place at the fixture's center, where it is connected to a piston. 

This piston is controlled by a dial at the fixture's top.  The fixture is rubbed on an 

abrasive surface until all four of the carbide feet are in contact with the surface. 

The paper would be cut away and placed in a vial and labeled.  The dial would 

be turned to expose 10-20 m of material, and then rubbed again and the  

process repeated.  Another benefit of this technique is that the fixture can be built 

such that each mark on the dial represents one micron.  Thus, the sample would 

not need to be removed and measured after each section was taken.

The measurement of each section taken with the drill-press was made by hand. 

The sample was first measured with a micrometer, and this value recorded.  The 

sample is placed in the sample holder, which is then mounted on the press.  A 

double-sticky tab was placed on a small aluminum pillar, and a small circle of 

sandpaper was placed on the tab.  The press was applied to the sandpaper until 

the paper began to rotate on the pillar.  The paper was then removed from the 

pillar, and the tab removed from the paper as thoroughly as possible.  The paper 
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was placed in a vial, and the vial labeled.  The sample was removed from the 

sample holder and measured again with the micrometer.  This value was 

recorded and the process repeated until 10 or 15 sections were made.

The majority of these errors seem to be correctable to a large degree with a 

larger investment in the project.  This work seeks to demonstrate that the method 

used is sound, and that quantitative results would be possible with such an 

investment.
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5.  Discussion of Results

Two samples were sectioned and analyzed at MURR using NAA.  These 

samples were heated together at 1150 °C for a period of four days.  The samples 

were then machined down to a section-able geometry and divided into 15 and 10 

parts, respectively.  These section thicknesses were measured and recorded, 

and concentrations of silver in these sections were calculated based on the data 

received from MURR.  The data for sample 1 are shown in Table 5.1.  

The second sample to be sectioned was unknowingly destroyed during the 

sectioning process.  As we see in figure 5.1, the bulk of the material is 

concentrated in the first 50 m of the sample face.  The first section, which was  

taken on a much higher-grit sandpaper than the first section due to the 

frustratingly small sections obtained using the 1600-grit paper, was over 40 m in  

thickness, and most of the subsequent sections contained silver concentrations 

below the detection limit of NAA.  Since the diffusion coefficient turned out to be 
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much smaller than predicted, the very small sections taken using the 1600-grit 

turned out to be very good (between 2 and 15 m).  The use of a lapping fixture  

for the sectioning process would help this source of error.  The data 

corresponding to this section are shown in table 5.2.

After closely considering the errors discussed in section 4.6, the data fit the form 

found in equation 3.2.37 surprisingly well.  The data show a very clear trend of 

decreasing concentration with increasing depth, although the depth of diffusion is 

substantially less than predicted by even the most conservative values given in 

the literature.  By plotting these data alongside a theoretical diffusion profile using 

the same temperature and anneal-times, we can see that the diffusion coefficient 

for our case is a full order of magnitude smaller than those found elsewhere in 

the literature.  The possible causes for this discrepancy are many, and range 

from simple differences in graphite fabrication to environmental impact on the 

samples (as in Nabielek's in-pile batch experiments).  

The surface of the samples are cleaned with compressed air before sectioning, 

but it is possible that some source material remained.  If this is the case, then it is 

plausible that the first section contained more silver than had actually diffused 

into it.  Plotting these points against a different diffusion coefficient, we get the 

curve shown in figure 5.2.
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Table 5.2: Mass of silver detected via NAA in each 
section of sample 2, along with section thickness.

Section # Depth (um)
1 58 10.75
2 100 0.67
3 128 <0.2
4 139 <0.2
5 169 0.13
6 179 <0.2
7 196 0.14
8 215 0.34
9 241 0.06
10 283 <0.3

Mass Ag (ug)

Table 5.1: Mass of silver detected via NAA in each 
section of sample 1, along with section thickness.

Section # Depth (um) Mass Ag (ug)
1 9 7.98
2 18 4.02
3 31 5.11
4 44 4.22
5 54 4.34
6 60 3.53
7 68 3.06
8 75 2.28
9 81 1.51
10 89 0.76
11 96 0.54
12 101 0.59
13 103 0.34
14 108 0.36
15 119 0.17
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Figure 5.1: The data obtained from NAA.  15 sections were taken from the sample face,  
covering a total of 0.1 mm.
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Figure 5.2: The red dots represent the data obtained from NAA.  The blue line is the 
expected diffusion profile assuming a diffusion coefficient of 0.00103 μm2/s.
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Figure 5.3: The last 14 points of the data can by closely approximated by this profile  
curve, using a diffusion coefficient of 0.00167 μm2/s.



These data appear to have a number of natural divisions where it may be 

possible that alternate modes of diffusion are occurring.  Indeed, the first two 

points vary much more dramatically than the others.  The diffusion coefficient 

corresponding to this degree of a drop in concentration is 0.00012 μm2/s, which 

is a full order of magnitude smaller than those assumed in the figures above. 

The section from point 2 to point 4 is shown with a fit using a diffusion coefficient 

of 0.00096 μm2/s, and the final group of points with 0.00086 μm2/s.

The second two of these three appear to be similar enough that our experimental 

error can account for the difference, but the first strongly indicates some other, or 

additional, method of migration.  Further investigation will be required to 

determine the nature of this migration at the boundary surface.

Fits for the divisions discussed here are shown in figures 5.4, 5.5, and 5.6. 
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Figure 5.4: A fit through the first two points of these data may be approximated by a 
diffusion coefficient of 0.00012 μm2/s.
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Figure 5.5: Points 2 though 4.  These points are closely approximated by a diffusion 
coefficient of 0.00096 μm2/s.
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Figure 5.6: Points 5 through 15.  These data are closely approximated by a diffusion 
coefficient of 0.00086 μm2/s.



The first two diffusion coefficients are vastly smaller than those discussed in 

Chapter 2.  Table 5.2 shows those diffusion coefficients evaluated for several 

different temperatures.
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Table 5.3: A comparison of diffusion coefficients discussed in Chapter 2 with those found 
in this study.  Present Work-1 includes the first data point, while Present Work-2 does 
not.  The results are given in m2/s.

 D (800 °C) D (1150 °C) D (1600 °C)
Russia 193

USA/FRG 154
164

Present Work 1
Present Work 2

Q (kJ/mol) D0 (m
2/s)

5.3x10-4 2.14x10-13 4.37x10-11 2.20x10-9

5.3x10-9 1.69x10-16 9.57x10-15 2.69x10-13

Offermann 1.0x10-8 1.04x10-16 1.18x10-14 2.67x10-13

1.03x10-15

1.67x10-15



6.  Conclusions and Future Work

Fully understanding the transport behavior of fission products in the fuel particle 

coatings is a critical part of developing a safe and efficient fuel particle design. 

The work presented in this thesis aims to present a method for measuring 

diffusion coefficients of silver in different grades of reactor graphite.  

The results discussed in Chapter 5 indicate an extremely small diffusion 

coefficient for the type of graphite used to construct the cells.  Performing these 

experiments on graphite samples of varying degrees of porosity and density 

would provide a much greater understanding of the risks and benefits of selecting 

certain types of graphite.  The graphite used in this study is very dense with a 

grain size of 0.00102 cm 32, which may have resulted in its very low diffusion 

coefficient.  If less dense graphite does not provide a significantly more 

transparent layer in the fuel, as is indicated by Fukuda's work, and yet increases 

the fuel's susceptibility to SiC layer failures, then a switch to a more porous 
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graphite could be advantageous.  

The data presented in Chapter 5 demonstrate that the method explored in this 

study is one worth further investigation.  While the data obtained here are 

somewhat suspect due to the presence of several possible sources of error, 

many of those discussed in section 4.6 may be addressed with upgraded 

equipment, and accurate quantitative measurements of the diffusion coefficient 

are certainly possible.  Other materials of interest from which an HTC-type 

structure may be constructed can be used in a similar fashion to the one in 

Chapter 3.  Any diffusant of interest for which a soluble nitrate may be obtained 

should also be examined as a possible candidate for this method.   

Future work would be significantly aided by the acquisition of new equipment, 

particularly a vacuum furnace.  Attaining temperatures in excess of 1600 °C 

would not only speed up the impregnation times, but it would also allow for the 

study of accident-condition temperatures.  The superior inert atmosphere 

provided by such a furnace would greatly reduce, if not eliminate, any material 

loss from the cells during heating, and would reduce the presence of impurities in 

the silver-laden graphite powder production method.  

A lapping fixture like the once discussed in section 4.6 would greatly improve the 

reliability of section-thickness measurements.  By reducing this source of error, 
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we can much more accurately predict the silver concentrations found in each 

section.  This equipment would also allow us to make much smaller sections, 

allowing many more sections within the first 100 m to be taken.  Such an  

instrument could be built by the University's Physics Machine Shop.

The cell structure could be improved upon to allow for the testing of irradiated 

graphite.  A small plug which would fit inside the NAA vials (a cylinder 

approximately 1 cm in diameter and 1.5 cm in height) could be used in place of 

the threaded cap.  With the silver-laden graphite as a diffusant source, the 

problem of release of silver vapor is not as much of an issue, so Graphibond 

could be used to secure the plug in the cell on top of the source material.  It may 

be possible to irradiate these plugs before applying them to the cell.  After 

heating, the plug face could be exposed by machining away the surrounding 

material.
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