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Abstract

The effects of neutron irradiation to 10 dpa at 500 and 800°C on a high quality, three-dimensional balanced weave composite (FMI-222) is presented.  Strength and dimensional stability for this system is compared to earlier work on this material, at lower dose, and contrasted with that of a well studied isotropic graphite (POCO AXF-5Q) irradiated at identical conditions.  For both irradiation temperatures the composite strength in bending is substantially increased.  Interestingly, while both irradiation temperatures cause contraction along the bend bar axis, the amount of contraction is greater for the higher temperature irradiation.  Moreover, for the 500°C irradiation the corresponding decrease in volume is observed, though an apparent large increase in volume occurs for the 800°C irradiated composite.  This departure from isotropic dimensional change is explained in terms of fiber dimensional stability model previously presented.

Introduction

The effect of neutron irradiation on the strength(ref) and dimensional stability(ref) of graphites has been well studied and are strongly related.  For isotropic graphite, an initial increase in strength and Young’s modulus occurs while the graphite densifies.  This densification is attributed to strain relief and filled internal porosity caused by the migration of irradiation-induced carbon atoms.  This pore-filling and the dislocation pinning caused by the irradiation lead to the increased modulus and strength.

Experimental and Results

The thermophysical properties provided by the manufacturer for the two materials are given in Table 1.  Materials were machined in the as-received condition into bend bars 2.3 x 6 x 30 mm and baked at 200°C in air prior to loading into the graphite holders of the 14J irradiation capsule.  The capsule was irradiated for 8 cycles in the removable beryllium (RB) position of the High Flux Isotope Reactor (HFIR.)  The capsule included thermocouples and was temperature regulated with zones at 500 and 800°C.  Bend testing was carried out at room temperature with cross-head displacement speed of 0.0085 mm/s with load and support spans of 6.45 and 19.05 mm, respectively.

Property
Poco AXF-5Q
FMI-222









Manufacturer
Poco
Fiber Materials Inc.





Architecture
Isotropic Graphite
Balanced. 3d weave

Precursor
Pitch based
P-120 Pitch fibers, Pitch Matrix

Grain size/Unit Cell Size (m)
 5
?

Thermal Conductity (W/m-K)
95
200

Apparent Density (g/cc)
1.78
1.96

Flexure Strength MPa
110 (90)
175





Table 1 :  Thermophysical properties of materials studied

Table 2 gives the dimensional and flexural strength results. It is clear that graphite is best represented by application of Weibull statistics.  However, the six samples available for the irradiated condition are far less than the 15-30 considered adequate for Weibull analysis.  For this reason the normal statistical mean ± 1 standard deviation are given.  It is interesting to note, however, that when the Weibull modulus (21.9) and size parameter (113 MPa) yield a mean of 111±18 which is very similar to the normal mean and standard deviation quoted in Table 2.  

It is seen that there is a slight decrease in flexural strength and density (implied from the length change) for Poco irradiated at 500°C.  However, the decrease is these data are within the standard deviation.  For the 800°C irradiation, a statistically significant decrease in strength (-13%) and density (-3.3%) occurs. In table 2, the flexural data for the FMI material is presented both with a proportional limit and ultimate bend strength.  As the FMI material is a composite architecture, the flexural curve exhibits a departure from linearity and significant “pseudo-ductility” as crack propagation is mitigated by the fiber tows.  This difference in flexural behavior, and the changes in stiffness and strength for the Poco and FMI materials, are illustrated in Figure 1.  From this figure the proportional limit and ultimate points are also indicated. 

The behavior of the FMI material contrasts with the Poco.    At both the 500 and 800°C irradiation temperatures a large increase proportional limit, flexural strength, and density occurs.  This is in contrast with the data for the Poco material.  The increase in the proportional limit at 500°C (97%) exceeds that of the 800°C (52%), which also holds true for the ultimate bend strength.  However, then densification at the 500°C is less than half of the 3.6% densification observed for the FMI material irradiated at 800°C.

Non-Irradiated


10 dpa, 500°C

1 x 1026 n/m2(E.0.1 MeV)
10 dpa, 800°C

1 x 1026  n/m2(E.0.1 MeV)






Poco AXF-5Q (#tests)
6
6
5

Ultimate Bend Strength, MPa (% change)
113±9
107±7 (-5%)
98±11 (-13%)

Length Change (%)
-
0.06±0.09
1.11±0.17






FMI-222
6
3
3

Proportional Limit, MPa (% change)
135±16
266±23 (+97%)
205±14 (+52%)

Ultimate Bend Strength, MPa (% change)
176±20
286±25 (+63%)
241±22 (+37%)






Length Change (%)
-
-1.53
-3.6

Volume Change (%)
-
~ 4
~ 5-10*

Apparent Fiber Bundle Length Change

Not observable
-5.9%

Irradiation induced dimensional change non-isotropic

Table 2 : Physical property changes due to irradiation

Discussion


Burchell ASTM 

600C, 

~ - 1.5%/dpa volume change, 

at 2 dpa +64% change in brittle ring fracture strength

Burchell/Eatherly 91 Graphnol increases in strength at 600 (20 dpa) and 875( 15 dpa) to the point of turnaround , then decreases

Increasing strength with neutron irradiation is well known for graphites (ref 5 in burchell) and is attributable to : (1) pinning of basal plane dislocations by irradiation-induced defects in the graphite crystallites, and (2) the reduction of internal porosity due to irradiation-induced volume shrinkage (densification.) 

Measurement of fiber bundle shortening perpendicular to the 800°C irradiated FMI-222 bend-bar tensile axis yielded a –5.9% shrinkage.  Not observed for the 500°C case.

The commonly accepted irradiation-induced dimensional change model is for initial densification of an isotropic graphite followed by a “turnaround,” swelling and eventual destruction of the graphite.  The turnaround and destruction occurs because the displaced carbon atoms form new basal planes causing swelling perpendicular to the existing basal planes (<c> direction.).  Obviously, the removal of carbon atoms from existing basal planes to form new planes will leave behind vacancies causing shrinkage in the <a> direction.  Typically, the amount of densification is less, and the point of “turnaround” to swelling behavior occurs at a lower dose, as the irradiation temperature is increased.(REF)  The contrasting dimensional change behavior for the FMI-222 composite irradiated at 500 and 800°C can be explained using our previously proposed “core-sheath” microstructural model (REF) in which the graphite planes are oriented circumferentially in the fiber periphery, and radially in the fiber core.  With this model, it is clear  that an initial diametral and axial shrinkage followed by diametral swelling, with continued axial shrinkage.  The point at which any graphite passes from the initial densification stage to one of 

Conclusion
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