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ABSTRACT
Graphite's resilience to high temperatures and neutron damage makes it vital for nuclear reactors, yet irradiation alters its

microstructure, degrading key properties. We used small‐ and wide‐angle X‐ray scattering to study neutron‐irradiated fine‐grain
nuclear graphite (Grade G347A) across varied temperatures and fluences. Results show significant shifts in internal strain and

porosity, correlating with radiation‐induced volume changes. Notably, porosity volume distribution (fractal dimensions) follows

non‐monotonic volume changes, suggesting a link to the Weibull distribution of fracture stress.

1 | Introduction

Graphite played a key role in nuclear reactors since the Chicago
Pile and remains essential for current and next‐generation
designs like molten‐salt and high‐temperature gas reactors [1].
However, its complex irradiation response is unpredictable; the
volume and other properties alter depending on graphite grade,
irradiation temperature, and applied stress [2, 3]. Irradiated
graphite first densifies—by up to 10%—then swells, with the
turnaround point marking the volume minimum. A higher
turnaround dose (in dpa) extends component lifespan, which is
critical given disposal challenges. A predictive understanding of
these effects is key to developing more durable graphite for
safer, more economical nuclear energy.

Nuclear graphite has a composite‐like structure of crystalline filler
particles, less crystalline binder, pores, and cracks. Grains and
pores exist in a variety of shapes and with a broad size distribution
(sometimes between nanometers to micrometers). Radiation‐
induced changes in porosity and lattice stress drive the volume
change and mechanical degradation [3–7]. The structural com-
plexity and variability between nuclear graphite grades preclude
reliable predictions of the irradiation response by molecular‐
dynamic simulations [8]. We provided a literature review in the
Supporting Information focusing on relevant prior studies of
microscopic properties and porosity.

The G347A graphite specimens investigated in this study
were irradiated to fluences below and significantly above the
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turnaround point across a broad temperature range. Synchro-
tron X‐rays measurements were used to characterize structural
changes across multiple length scales, from the interatomic
(<1 nm) to mesoscopic scale (~104 nm).

The porosity of nuclear graphite is often described as fractal,
which means that the pores' geometry looks similar over
several orders of magnitude in length scale [9–11]. The self‐
similarity suggests uniformity in characteristics across a broad
range of scales. The fractal dimension, D, characterizes the
distribution of volume and surface area of pores [12, 13].
Small‐angle X‐ray scattering (SAXS) measures fractal dimen-
sions directly [14, 15].

Fractal structures are common in materials like cement [16],
rocks and minerals [17, 18], nanoparticle aggregates [19], and
granular matter [20–23]. Fractal porosity has been used to ex-
plain the Weibull distribution of brittle fracture in ceramics and
other porous materials [24, 25]. This paper is the first to suggest
this framework for irradiated nuclear graphite [26, 27].

Our main finding is that the fractal dimensions closely follow
the volume change curve vs irradiation damage, reaching a
turnaround point near the volume turnaround and following
similar temperature dependence. In addition, the crystallographic
c‐axis follows the same trend. These observations connect
the morphology of pores with lattice strain, and potentially, the
probability distribution of brittle fracture.

2 | Results

We measured irradiation‐induced changes in lattice constants
a and c (see Figures S1 and 1, together with the plot of the relative
change in the total volume [3]). These results agree with previous
measurements [4, 28, 29], except that the basal plane shrinkage
(Δa/a) shows no signs of saturation. Williamson‐Hall analysis [30]
shows that the microstrain monotonically increases with the dose,
in contrast to the nonmonotonic volume change. See Section S3
for details.

SAXS is ideal to study the effects of irradiation on the graphite
porosity [11, 31, 32]. For SAXS, graphite is a two‐component
system, where pore surfaces are sharp interfaces that separate
carbon and air, two components of different electronic scatter-
ing length densities (SLD). The SAXS results are modeled using
power laws where the intensity ∼I Q Q( ) β− and Q is the
wavevector transfer. The value of β indicates the morphology
of the structures within a material. Normally, β = 4 at large
Q (Porod regime) in systems as diverse as polymers, micro-
emulsions, and metallic alloys [33]. However, in nuclear graphite
β was found to be a non‐integer, a hallmark of fractality.

Fractal models were refined to SAXS measurements as
described in the SI and displayed in Figure 2A,B. Our mea-
surements only covered the region described by the surface
fractal dimension (above l). Due to the limited Q‐range, we
could not fit parameters l and ξ . We fixed their values to
those found previously [10], and set D D=m s. (Extending these
measurements to lowerQ requires X‐ray tomography [10].) The
unirradiated G347A graphite had a surface fractal dimension of

D = 2.6282(8)s that increased in the irradiated samples as
shown in Figure 2A,B.

Our most remarkable result is shown in Figure 3, the change of
the fractal dimension with irradiation. Strikingly, Ds increases
substantially and almost reaches the non‐fractal value of D = 3s

around the temperature‐dependent turnaround point and
decreases again at higher doses.

3 | Discussions

In a fractal distribution, the number of objects larger than a
given size r, denoted N L r( > ), follows the relation ∝N r D− ,
where D is the fractal dimension [13, 24]. If rs is the size of the
smallest crack (or pore), then the fraction F of cracks larger
than r can be expressed as


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r
=

( > )

( > )
= .

D

s s

−
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Therefore, a higher fractal dimension indicates a greater pro-
portion of smaller pores. According to our measurements, the
fractal dimension increases upon densification and decreases
with swelling due to the growth of larger pores. This picture

FIGURE 1 | Relative change in samples volume (A) and lattice

constants (B) vs irradiation fluence measured in dpa. Shapes and colors

denote different irradiation temperatures. Lines are quadratic fits of

the data. (A) The volume change plot is from an earlier publication [3].

Blue diamonds: 700°C, red squares: 475°C, black circles: 400°C. The

turnaround points are at the minima of the volume curves (~8, 12, and

16 dpa for 700, 475, and 400°C, respectively). (B) Filled and empty

symbols denote c‐ and a‐axis lattice parameters correspondingly. The

colors and shapes correspond to the same temperatures as at the top

graph. Error bars are smaller than the symbol size and can be seen

inside the empty symbols.
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implies that the fraction of larger pores in graphite decreases
with increasing dpa below turnaround and increases above it.

Compacted granular matter exhibits analogous behavior,
with the fractal dimension increasing alongside density under
agitation, then decreasing as excessive agitation creates larger
voids [22]. (Neutron irradiation is equivalent to agitation in that
it supplies the energy to the system.) Drawing parallels between

irradiated nuclear graphite and granular compaction may yield
new insights into densification mechanisms.

A fractal‐based model of nuclear graphite could enhance pre-
dictions of brittle fracture probability. This approach aligns with
the Weibull distribution, which statistically attributes failure to
the presence of critical flaws within a given volume [24–26]. A
two‐parameter Weibull distribution is the most frequently used:
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where σw is the fracture stress, F σ( )w is the probability of failure
of the stressed specimen, σ0 and m are a scale factor and the
Weibull modulus. According to the Griffith model [5], for
cracks of radius r , the critical stress perpendicular to the crack
plane ∝σ rw

−1/2; then, Equations (1) and (2) lead to the Weibull
modulus m D= 2 , where D is the fractal exponent [24]. This
model limits the Weibull modulus to ≤m 6, which is much
smaller than normally quoted values [26, 27]. We speculate that
the discrepancy can be removed by using the three‐parameter
distribution [24, 34]:
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where σw th, is the threshold Weibull stress below which the
fracture cannot occur [24]. To test this assertion, we will have

FIGURE 2 | SAXS measurements of G347A specimens fit to various models (The SLD contrast between carbon and air was calculated to be

15.26 × 10 Å−6 −2). Thick blue lines (data points) are the data; red dashed and orange lines are model fits. (A, B) The fractal model refined to the

unirradiated and irradiated SAXS measurements shown with the length l that separates the surface and mass fractal regions and the length ξ that

separates the upper cutoff region. These scattering measurements only capture the surface fractal region. (C) SAXS of an irradiated specimen were fit

using only a fractal model which fails to capture intensity at the lowest and mid‐Q regions. (D) SAXS of the same irradiated specimen fit using a

fractal model with the addition of two polydisperse spherical models for the non‐fractal pores. Error bars (square root of X‐ray counts) are too small

to be visible.

FIGURE 3 | The change in the surface fractal dimension with

irradiation damage calculated from fitting the SAXS measurements.

Error bars are visible inside the symbols; they are smaller than the

symbols size.
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to replot existing graphite fracture distributions [26, 27]
as three‐parameter Weibull distributions. An interesting
prediction of this model is that the Weibull modulus will
change nonmonotonically with irradiation in accordance with
Figure 3, with the largest Weibull modulus at around the
turnaround point.

Future work will aim to directly link fractal dimensions with
Weibull failure distributions. This could enable non‐destructive
estimation of Weibull moduli using SAXS or pore‐quantifying
methods like X‐ray CT.

4 | Conclusions

The detailed analysis of the SAXS data in irradiated nuclear
graphite shows that the pore size distribution near the turn-
around point is markedly different from that of unirradiated
and high‐dose irradiated graphite. The fraction of larger voids
decreases with increasing dose below turnaround and increases
above it. We hypothesize that these porosity changes influence
the Weibull fracture distribution, suggesting a potential for
non‐destructive estimation of Weibull parameters to assess
graphite performance [24, 25, 34].
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