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a b s t r a c t 

Isotropic polycrystalline graphite samples were irradiated with ~1 GeV 

197 Au and 238 U ions of fluences 

up to 5 × 10 13 ions/cm 

2 . Beam-induced changes of thermophysical properties were characterized using 

frequency domain photothermal radiometry (PTR) and the underlying structural transformations were 

monitored by Raman spectroscopy. The ion range (~60 μm) was less than the sample thickness, therefore 

thermal diffusivity contributions of the irradiated as well as non-irradiated layer were considered when 

analyzing the PTR data. At the highest applied fluences, the thermal effusivity of the damaged layer de- 

grades down to 20% of the pristine value and the corresponding calculated values of thermal conductivity 

decrease from 95 Wm 

−1 K 

−1 for pristine material to 4 Wm 

−1 K 

−1 , a value characteristic for the glassy car- 

bon allotrope. This technique provides quantitative data on thermal properties of ion-irradiated polycrys- 

talline graphite and is very valuable for the prediction of lifetime expectancy in long-term applications 

in extreme radiation environments. 

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. 

This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The ongoing development of new generations of high-

emperature nuclear reactors and high-power accelerators faces

any technological challenges. One of the critical aspects is

elated to the extreme radiation and temperature operation con-

itions for engineering materials. In high-temperature gas cooled

eactors (HTR), graphite acts both as moderator and as structural

aterial, whereas in the field of high-power accelerators, it is the

rst choice material for collimators, beam dumps and production

argets. For the latter application, one of the main limiting factors

or higher luminosities is the degradation of the thermophysical

roperties of beam intercepting device materials exposed to high

ntensity beams. For high-dose applications, it is thus essential

o understand how the thermophysical properties of different

raphite grades evolve with accumulation of radiation damage. 
∗ Corresponding authors at: Materials Research Department, GSI Helmholtz Cen- 

er of Heavy Ion Research, Planckstr. 1, 64291 Darmstadt, Germany. 

E-mail addresses: a.prosvetov@gsi.de (A. Prosvetov), m.tomut@gsi.de (M. Tomut). 
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359-6454/© 2019 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access a
Isotropic polycrystalline graphite (PG), a material that served

raditionally for many decades in the nuclear field, is still one of

he best candidates for applications in extreme radiation envi-

onments [1–3] . The low atomic number and density of graphite

ead to reduced energy deposition by the ion beam in comparison

ith metals [4] . In addition, both the nuclear activation by inter-

ction with high-energy primary ion beams and its decay time

re low for pure carbon, qualifying graphite as most favorable in

erms of radiation safety [1 , 5] . However, it was shown that heavy

on irradiations lead to beam-induced structural defects, phase

ransformations and degradation of the electrical and mechanical

roperties of graphite [6–10] . One has also to expect a severe

nfluence of ion irradiation on the thermophysical properties of

raphite, affecting both the thermal diffusivity ( a ) and conductivity

 k ) with a direct consequence on the efficiency of the system to

iffuse the energy deposited by the ion beam. Under extreme

onditions, reduced a and k may lead to performance degradation

nd ultimately to failure of the device. 

This study concentrates on new fine-grained, high density,

sotropic graphite grades with improved mechanical properties

nd stability at elevated temperatures that are under continuous
rticle under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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development. Structural and morphological irradiation-induced

modifications are known to be determined by the pristine graphite

structure. The evolution of thermophysical properties with accu-

mulated radiation dose is dependent on the starting degree of

graphitization. Most of the previous studies on polycrystalline

graphite concentrated on neutron irradiation induced damage

produced by collisional displacement cascades, relevant for nu-

clear reactor applications [11–17] . The defect creation mechanism

via elastic atomic displacements, characteristic for neutron and

keV-MeV ion irradiations, is quite different from ions of MeV-GeV

energy [18 , 19] . When high-energy heavy ions pass through matter,

the energy loss is dominated by ionization and electronic exci-

tation processes of the target atoms (electronic stopping). Defect

creation occurs via energy transfer from the excited electronic

subsystem by electron-phonon coupling to the atomic system.

After having slowed down to MeV-keV energies, approxima-

tively within the last 10 μm of the ion path, nuclear energy

loss becomes more and more dominant, and damage is created

via atomic displacement cascades due to elastic collisions. In

contrast to electronic stopping, this process is highly efficient

because of the direct conversion of deposited energy into atomic

motion. A specific property of swift heavy ions is the fact that

above a critical electronic energy loss, each projectile can produce

a cylindrical damaged region along its path, the so-called ion

track [20] . Tracks form easily in insulators whereas many metals

are insensitive. Track diameters are typically of the order of a

few nanometers, the precise value depends on specific material

properties and increases with the electronic energy loss of the

projectile. The evolution of the damage with increasing ion flu-

ence follows the direct impact model [21] which considers that

the integral damage increases linearly in the initial irradiation

stage but evolves towards saturation if more and more tracks

overlap. 

At present it is not clear to which degree nuclear and electronic

stopping contribute to the overall damage and consequent degra-

dation of thermophysical properties in graphite. Experimentally

this phenomenon has not yet been investigated thoroughly, be-

cause data of thermal properties are scarce for neutron irradiated

graphite [13 , 16 , 22 , 23] and non-existing for graphite irradiated with

low and high energy ions. This lack of experimental data is prob-

ably linked to the fact that the penetration depth of ions is rather

limited (tens of nanometers for keV ions and up to about 100 μm

for GeV ions) and the analysis by classical methods typically ap-

plied for bulk samples, such as Laser Flash Analysis (LFA) [24] or

scanning thermal microscopy (SThM) [25] is not straightforward. 

In this work, the modification of thermophysical properties of

fine-grained, isotropic graphite samples irradiated with GeV Au

and U ions was investigated using the photothermal radiometry

(PTR) technique [26–31] . This method was chosen based on its

previous successful application for thermal characterization of

modifications in plasma-exposed graphite [32 , 33] and proton

irradiated ZrC [34] . The technique provides access to the thermal

effusivity, e , allowing the measurement of the effusivity of graphite

as a function of ion fluence and the determination of thermal con-

ductivity, k . Raman spectroscopy was performed on fractured

sample cross-sections for monitoring structural modifications

along the full length of the ion trajectories. 
Table 1 

Density of isotropic polycrystalline graphite and glassy carbon grad

diffusivity and specific heat capacity values were deduced from resp

Material Grade Density (g/cm 

3 )

Polycrystalline graphite SIGRAFINE R6650 1.84 

Glassy carbon 
SIGRADUR K 1.54 

SIGRADUR G 1.42 
The obtained results for ion-beam induced thermal conductivity

egradation are also important for future model calculations, be-

ause they can be used as a benchmark for computer models such

s finite element and molecular dynamics simulations [35–39] . 

. Experimental 

.1. Material 

The investigation concentrated on fine-grained polycrystalline

raphite using the high density SIGRAFINE R © R6650 grade pro-

uced by SGL Carbon SE. According to the data sheet provided by

he manufacturer, this is an isotropic graphite grade produced by

sostatic pressing. The average grain size is 7 μm and the density

s 1.84 g/cm 

3 [40] . The disk-shaped samples with diameter of

0 mm were cut from a larger bulk piece and lapped from one

ide to reduce the sample disks to a thickness of 0.5–0.9 mm. 

As reference of disordered carbon material, we used com-

ercial low temperature SIGRADUR 

R © K and high temperature

IGRADUR 

R © G grades of glassy carbon (HTW Hochtemperatur-

erkstoffe GmbH) and arc evaporated amorphous carbon foil

aC) (ACF-Metals). For thermal analysis a 2-mm thick, pristine,

isk-shaped, polycrystalline graphite SIGRAFINE R © R6650 sample

erved as reference. The densities as provided in Table 1 are taken

rom the manufacturer’s datasheets [40 , 41] , whereas thermal

iffusivity and specific heat capacity values were determined from

aser flash analysis and differential scanning calorimetry (DSC)

easurements, respectively (see below). 

.2. Ion irradiation 

The irradiations of polycrystalline graphite SIGRAFINE R6650

amples were performed at room temperature with 

197 Au ions

4.8 and 5.9 MeV/u) and with 

238 U ions (4.8 MeV/u) at the

3-beamline of the M-branch at the UNILAC accelerator of GSI

elmholtz Center (Darmstadt, Germany). The applied fluence

aried between 1 × 10 11 and maximum 5 × 10 13 ions/cm 

2 . The

on flux was kept constant to about 2 × 10 9 ions/(s ·cm 

2 ). This

eam energy was selected to minimize sample activation and on

he other hand to provide sufficiently large ion ranges for analysis.

he range of the Au and U ions in graphite, which corresponds

o the thickness of the beam modified layer, is between 50 and

0 μm, one order of magnitude less than the sample thickness.

or both ion species, the evolution of the energy loss, dE/dx, along

he ion trajectory in graphite shows a rather homogeneous energy

eposition over tens of μm (see Section 3.1 .). The sample and

rradiation parameters including the energy loss at the sample

urface, the mean energy loss and the range of the ions according

o calculations using the SRIM-2010 code [42] are summarized in

able 2 . 

.3. Sample characterization 

After the irradiation, some of the high-fluence samples were

otched from the non-irradiated side and fractured. No pieces

hipped off and the whole fresh cross-section of the sample

as exposed for Raman spectroscopy damage analysis, using
es according to manufacturer’s data sheets [40 , 41] ; thermal 

ective LFA and DSC measurements. 

 Thermal diffusivity (mm 

2 /s) Heat capacity (Jg −1 K −1 ) 

80.8 ± 0.6 0.70 

1.3 ± 0.1 0.79 

5.2 ± 0.1 0.81 
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Table 2 

Sample thickness (L) and irradiation parameters including the specific ion energy (E s ) in units of MeV per nucleon 

(MeV/u), electronic energy loss at the sample surface (dE/dx) surf , and mean energy loss (dE/dx) mean calculated by 

dividing the total kinetic energy by the ion range R (thickness of the irradiated layer) according to the SRIM-2010 

code [42] . 

Ion E s (MeV/u) (dE/dx) surf (keV/nm) (dE/dx) mean (keV/nm) R (μm) L (μm) Fluence (ions/cm 

2 ) 

197 Au 4.8 20.3 16.6 57 486.0 1 × 10 11 

513.3 2 × 10 11 

513.0 5 × 10 11 

486.1 1 × 10 12 

511.4 1 × 10 12 

494.9 2 × 10 12 

496.2 1 × 10 13 

513.3 5 × 10 13 

197 Au 5.9 19.9 17.1 68 506.8 1 × 10 11 

498.6 1 × 10 12 

507.8 1 × 10 13 

499.8 5 × 10 13 

238 U 4.8 25.7 19.7 58 843.3 5 × 10 11 

871.5 1 × 10 12 

865.0 2 × 10 12 

907.4 5 × 10 12 

886.3 1 × 10 13 

930.2 5 × 10 13 

Fig. 1. (a) Scheme of sample irradiation and analysis by means of photothermal radiometry (PTR) from top layer and by Raman spectroscopy from sample cross section; (b) 

Scheme of photothermal radiometry (PTR) setup. 
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ine profiles along the whole ion range, including also a re-

ion of the non-irradiated substrate. The cross-section of the

rradiated layer was additionally inspected using Schottky field

mission scanning electron microscopes (Philips XL30 FEG for

ow magnification and JEOL JSM-7600F for high magnification).

on beam-induced structural changes were analyzed by confocal

aman spectroscopy (HR800 system, Horiba Jobin Yvon) with a

0 mW laser of 473 nm excitation wavelength. The calibration of

he spectrometer was done using a Si sample. The Raman spectra

ere recorded along five profiles on the sample cross-section,

ach with a length of 100 μm, normal to the irradiated surface

nd along the incoming ion direction, with a step of 2 μm, using

pectral autofocus. The scheme of an irradiated sample and the

rientation of the different measurement techniques are shown

n Fig. 1 a. 

To analyze the thermophysical properties of the irradiated

ayers, all samples were measured using a frequency domain pho-

othermal radiometry (PTR) setup. The sample surface is heated

ith a continuous laser (DPSS, Dream Lasers Technol. Co., model

DL with a wavelength of 532 nm) modulated in the frequency

omain via an acousto-optic modulator (AOM model AA.MTT.AR

5) in the frequency range of 1 to 100 kHz. At these frequencies,

he measurements are subject to 3D effects which necessitate a

hange of the laser beam shape. At low frequencies a flat top (FT)

ptics, consisting of a beam shaper/diffuser (ED1-C20, Ø1 ′′ 20 °
ircle Pattern Diffuser, Thorlabs) and two lenses, is used. One lens

ollects the large scattered beam and the other focuses it on the
ample. With this configuration, the laser spot size is larger than

he sample which imposes a 1D heat transfer throughout the ma-

erial as explained in numerous earlier studies [28 , 34 , 43 , 44] . The

nfrared radiation emitted from the sample surface is transferred

y two off-axis parabolic gold-coated mirrors to a liquid-nitrogen

ooled HgCdTe photoconductive detector sensitive for IR radiation

avelength between 5 and 12 μm. The detector output signal is

nalyzed by a lock-in amplifier Stanford Research Systems SR865.

he signal is proportional to the variation of the temperature of

he sample surface and is linked to the thermophysical properties

f the investigated material layers. The experimental setup is

ketched in Fig. 1 b, and more technical details are given elsewhere

28] . 

To provide input data for the PTR analysis, the thermal diffu-

ivity and heat capacity of a 2-mm thick pristine graphite sample

see Table 1 ) were determined by means of laser flash analysis

LFA) on a NETZSCH LFA427 device [45 , 46] . The surface roughness

f this sample was measured using a Dektak profilometer from

eeco with a tip radius of 12 μm. In the LFA set-up the rear

ace of a given sample was illuminated with a 0.3 ms laser pulse

laser wavelength λ = 1064 nm) and the relative temperature

volution on the sample front face was recorded with a cooled

R detector. Thermal diffusivity values were deduced based on

he half-time, a characteristic time at which the temperature at

he sample front face reaches half of the maximum rise, taking

nto account the finite pulse length and heat losses of the sample

47 , 48] . 
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Fig. 2. SEM images of graphite sample irradiated with 4.8 MeV/u U ions at a flu- 

ence 5 × 10 13 ions/cm 

2 . (a) and (b) are low magnification images of sample cross- 

sections, the dashed line marks the SRIM calculated ion range (upper area: irra- 

diated and lower area: pristine); (c) high magnification image of non-irradiated 

section (beyond ion range); (d) irradiated area of graphite sample within ion range. 
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3. Results and discussion 

3.1. Morphological and structural changes 

For all studied samples, scanning electron microscopy (SEM)

images show distinctive contrast features in the cross-section

of the irradiated layer. Examples of low and high magnification

SEM images of a sample irradiated with 5 × 10 13 U ions/cm 

2 are

presented in Fig. 2 . On the low magnification image in Fig. 2 a and

2 b the irradiated layer features brighter structures. The thickness

of this modified layer is in good agreement with the ion range

as calculated by the SRIM-2010 code (dashed line). Compared to

the non-irradiated substrate (below dashed line), the material of

the ion-modified layer (above dashed line) seems to have a more

homogeneous structure, showing some signs of brittle fracture.

The brighter features observed in this layer correspond to the

complex topography of the fractured surface producing more
Fig. 3. Raman spectra of isotropic graphite sample irradiated with 4.8 MeV/u U ions at 

G-band. (a) Depth evolution of spectra as 3D plot; (b) corresponding 2D intensity map w
econdary electrons in the SEM detector. In the high-magnification

EM images ( Fig. 2 c and d), the pristine graphite displays a poly-

rystalline structure with sharp edges of individual graphite flakes

hereas the irradiated graphite shows smoothed conglomerates of

rains with no defined edges. This indicates possible bending and

ross-linking of basal planes in the irradiated layer leading to a

articular interconnected carbon structure. 

Raman spectroscopy analysis allowed us to distinguish between

he structure of the irradiated layer and the pristine substrate and

o check if the graphite exposed to swift heavy ions still preserves

he sp 

2 bonding. The measurements were performed on the cross

ection of fractured samples by stepwise recording spectra from

he sample surface, across the irradiated region until deep into the

on-irradiated substrate with a step width of 2 μm. An example

f a Raman spectroscopy depth profile for a sample irradiated

ith 4.8 MeV/u U ions at a fluence 5 × 10 13 ions/cm 

2 is shown

n Fig. 3 . The spectra are background corrected and normalized to

he intensity of the G-band (Raman shift 1582 cm 

−1 ). The position

f the sample surface was identified based on the appearance

f the G-band in the spectrum. The corresponding point was

et as 0 depth for each line in the depth profile. Because of the

nite laser beam spot size (~4 μm) and the surface roughness

f the fractured sample, the real sample edge is defined within

n uncertainty of several μm. To analyze the spectra along the

ull scan length, the ratio of D - and G-band intensities I(D)/I(G),

he full width at half maximum of the G-band FWHM(G) and

he intensity ratio of the so called D3-band (around 1500 cm 

−1 )

o the G-band I(D3)/I(G) were taken into account. Details of the

aman spectra fitting and more examples of spectra measured on

he polycrystalline graphite irradiated with 4.8 MeV/u Au and U

ons at a fluence of 1 × 10 12 , 1 × 10 13 and 5 × 10 13 ions/cm 

2 

an be found in Section 1 of the Supplemental Material. The

arameter I(D)/I(G) is connected to the in-plane crystallite size

nd to the defect density in basal planes, whereas FWHM(G)

escribes the degree of crystalline order of the investigated carbon

aterial [49–51] . The D3-band is usually assigned to the presence

f amorphous carbon [52 , 53] . A small shift of the G-peak position

t the end of the ion range is ascribed to beam-induced stresses

t the interface between the pristine and the irradiated part (see

ig. 3 b) 
a fluence of 5 × 10 13 ions/cm 

2 . The spectra are normalized to the intensity of the 

ith intensity as color code. 
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Fig. 4. Electronic and nuclear energy loss of 4.8 MeV/u Au ions (a) and U ions (b) in polycrystalline graphite and the respective I(D)/I(G) ratio (c, d), FWHM(G) (e, f) and 

I(D3)/I(G) ratio (g, h) averaged over five line profiles measured on fractured cross-section of samples exposed to fluences of 1 × 10 12 , 1 × 10 13 and 5 × 10 13 ions/cm 

2 . 
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Fig. 5. Evolution of Raman parameters (a) I(D)/I(G), (b) FWHM(G) and (c) I(D3)/I(G) with increasing fluence of Au and U ion irradiated polycrystalline graphite. Open symbols 

are averaged values from 0 - 40 μm sample depth dominated by electronic stopping and full symbols are averaged values from 40 - 56 μm sample depth dominated by 

nuclear stopping. The average values of pristine polycrystalline graphite and two kinds of glassy carbon are marked by dashed lines. (d) The average Raman spectra of 

pristine polycrystalline graphite (PG pristine), PG irradiated with 5 × 10 13 ions/cm 

-2 Au and U ions, two grades of glassy carbon (Sigradur K and Sigradur G) and amorphous 

carbon (a-C). 
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For fluences of 1 × 10 12 , 1 × 10 13 and 5 × 10 13 ions/cm 

2 ,

the depth profiles of these parameters along with the calculated

energy loss of 4.8 MeV/u Au and U ions are presented in Fig. 4 .

For all measured samples, the profiles of the three studied Raman

parameters follow a similar scheme. The fluctuations along the

profile are ascribed to the rather large grain size (~7 μm) of

the sample being larger than the size of the laser spot (~4 μm)

of the Raman spectrometer. Within the first ~55 μm from the

irradiated surface, the I(D)/I(G), FWHM(G) and I(D3)/I(G) values

are larger than those for pristine graphite. Towards the end of

the ion range, both values steeply drop to the average values of

pristine polycrystalline graphite within less than 10 μm. The high

I(D)/I(G), FWHM(G) and I(D3)/I(G) values in the irradiated layer

are a clear evidence for structural changes and disordering of the

carbon lattice. The thickness of this beam-modified layer is in

good agreement with the range of the ions as calculated by the

SRIM-2010 code. For both irradiations (Au and U ions), the values

of the I(D)/I(G) ratio increase at a sample depth of approximately

50 μm ( Fig. 4 c and d) following the trend of nuclear stopping. This

correlation indicates a dominant contribution of point defects due

to the nuclear energy loss at the end of the ion range. In contrast,

the values of FWHM(G) and I(D3)/I(G) are almost constant within

the whole ion range, steeply decreasing close to the depth where

the ions stop, suggesting a correlation to the electronic energy

loss without excluding some contribution by the nuclear energy

loss. The loss of crystalline order, indicated by larger values of
WHM(G) and the formation of amorphous carbon (I(D3)/I(G)) is

ignificantly more pronounced at the highest fluence (5 × 10 13 

ons/cm 

2 ). In spite of high defect density and disordering, the

orresponding Raman spectra still show the predominance of sp 

2 

onds, characteristic to graphite basal planes. In order to better

istinguish the specific contributions of the electronic and nuclear

nergy loss, the studied Raman parameters were averaged along

he first 40 μm from the surface (electronic dE/dx) and for the

epth range from 40 to 56 μm (nuclear dE/dx). The mean values

or the various fluences are presented in Fig. 5 . 

The analysis of the Raman spectra of the graphite samples

rradiated at the highest fluence of 5 × 10 13 ions/cm 

2 with Au

nd U ions indicate a beam-induced transition from fine grained

olycrystalline graphite to a damaged structure similar to glassy

arbon ( Fig. 5 ). Glassy carbon is a fullerene-related structure

f randomly interconnected tortuous graphitic lamellae of sp 

2 

onded carbon [54–57] . In general the structure of glassy carbon

trongly depends on the process temperature during pyrolysis,

hich can extend from 600 °C to 2500 °C. Low temperature grades

f glassy carbon are characterized by small size, disordered sp 

2 

onded carbon domains, which tend to rearrange and form larger

nd less-disordered curved flakes in a high temperature pyrolysis

rocess. The production process temperature of the Sigradur K and

igradur G samples used in this work is unknown, but one can

ompare the Raman spectra of these samples with those from a

revious study [56] and qualitatively define them as low and high



A. Prosvetov, G. Hamaoui and N. Horny et al. / Acta Materialia 184 (2020) 187–198 193 

t  

m  

t  

G  

c  

o  

I  

R  

b  

c

 

p  

s  

e  

t  

g  

s  

b  

d  

a  

d  

a  

a

 

g  

s  

o  

v  

e  

a  

g  

s  

c  

t  

a  

s  

g  

h  

m  

p  

c  

i

 

c  

t  

e  

t  

i  

t  

c  

t  

[

3

 

p  

d  

g  

μ  

m  

P  

s  

d  

c

Table 3 

Thermal effusivity e of pristine graphite (SIGRAFINE R6650) from laser flash analysis 

and PTR results for e and L ·a − 1/2 of cut and lapped surface layers. 

Pristine graphite Method e (Ws 1/2 m 

−2 K −1 , × 10 3 ) L ·a −1/2 (s −1/2 , × 10 −3 ) 

Bulk LFA 11.6 ± 1.2 –

Cut surface PTR 2.9 ± 0.6 3.0 ± 0.1 

Lapped surface PTR 4.2 ± 0.9 1.3 ± 0.1 
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emperature grades respectively. According to the data sheet of the

anufacturer [41] , the two grades differ also in maximum service

emperature of 10 0 0 °C for Sigradur K and of 30 0 0 °C for Sigradur

. We consider these two grades as examples of two extreme

ases but are aware that depending on the synthesis conditions

ther intermediate grades exist. The values of I(D)/I(G), FWHM(G),

(D3)/I(G) ( Fig. 5 . (a), (b) and (c) respectively) and the shape of the

aman spectra ( Fig. 5 . d) of our high fluence irradiated graphite

ecome rather close to the typical low-temperature glassy carbon

haracterized by smaller, disordered sp 

2 building blocks. 

The observed structural changes of swift heavy ion irradiated

olycrystalline graphite show a similar trend to the previously

tudied evolution of highly oriented pyrolytic graphite (HOPG)

xposed to low [51 , 58] and high [59 , 60] energy ions, as well as

o low energy ion irradiated polycrystalline graphite [15] and

lassy carbon [61] . All this data indicates a high sensitivity of

p 

2 based carbon structure to the radiation damage dominated

y nuclear energy loss. The elastic collisions and the resulting

amage cascades lead to the development of dislocations, milling

nd misorientation of carbon crystallites, reaching finally a highly

isordered turbostratic structure and complete amorphisation at

 very high fluence (~1 × 10 16 ions/cm 

2 ) as supported by HRTEM

nalysis [15] . 

The effect of electronic energy loss on the damage creation in

raphite has not yet been studied sufficiently. The direct compari-

on of our results with data of Ref. [59 , 60] is complicated because

f different experimental conditions. By comparing of I(D)/I(G)

alues the dependence of the Raman D -band intensity on the

nergy of an excitation laser E L should be considered by using

 scaling factor of E L 
4 [50] . The Raman spectra of polycrystalline

raphite at a fluence of 5 × 10 13 ions/cm 

2 show more significant

tructural disorder and a higher fraction of amorphous carbon in

omparison with ion irradiated HOPG. This can be connected to

he initial structural difference between polycrystalline graphite

nd HOPG. Polycrystalline graphite is formed of randomly oriented

mall grains, consisting of multiple crystallites of well-structured

raphite. Although on the scale of single crystallites this material

as the structure of ideal HOPG, the initial defected structure,

icroscopic crystallite and grain sizes, as well as quasi-isotropic

roperties due to random orientation of anisotropic grains may

ause a different response of PG and HOPG to swift heavy ion

rradiation. 

The present Raman analysis allows us to conclude that poly-

rystalline graphite shows pronounced defect formation towards

he end of the ion range ascribed to nuclear energy loss. In the

ntire electronic energy loss regime, strong effects on the struc-

ural changes were observed, but the data do not provide evidence

f and to which extend this is a result of a combined contribu-

ion of nuclear and electronic energy loss. The data are also not

onclusive enough to discuss synergistic effects between the elec-

ronic and nuclear energy loss as previously reported for oxides

62–66] . 

.2. Thermophysical properties 

Modulated heating of a material leads to the generation and

ropagation of so-called thermal waves [26] . The penetration

epth of the thermal waves defines the probing thickness at a

iven frequency and is known as the thermal diffusion length

= 

√ 

a/π f , where a is the thermal diffusivity of the studied

aterial and f the laser excitation frequency modulation. With a

TR setup configuration combined with a beam diffuser as de-

cribed above, heating is considered to be one-dimensional (1D). A

etailed theoretical descriptions of the method and its limitations

an be found in Refs. [28 , 34 , 43 , 67] . 
The modulated heat transfer through our multi-layered system

as simulated using a 1D thermal quadrupoles method [68] and

he experimental PTR data (normalized amplitude and phase si-

ultaneously) were fit by means of a Gauss-Newton algorithm. For

ore details on selecting a multi-layer system for describing the

rradiated samples see Section 2a of the Supplemental Material.

ased on the theoretical approaches presented in previous works

34 , 44] , the following independent parameters are considered:

1) the ratio of thermal effusivities e i / e i +1 and (2) the product

 i a 
−1 / 2 
i 

, where the subscript i stands for the layer number i and

 i and a i denote the layer thickness and its thermal diffusivity,

espectively. Knowing that e is a function of the thermal conduc-

ivity k i , density ρ i , and specific heat capacity C Pi of each layer,

he effusivity is e i = 

√ 

k i ρi c pi . 

Additionally, the estimated sensitivity of the amplitude and

hase to all independent parameters of the theoretical model were

alculated and presented in the Supplemental Material Section 2b

Figs. S4 and S5). The sensitivity analysis for the non-irradiated

amples (Fig. S4) shows a perfect correlation between e of the

urface and substrate layer, with the consequence that just the

atio of e could be obtained and that it is impossible to extract

hem simultaneously as fitting values. Thus, the value of e of bulk

raphite SIGRAFINE R6650 was determined in an independent

xperiment by means of LFA, yielding a = 8.1 × 10 −5 m 

2 /s and

 p = 704 Jkg −1 K 

−1 . Inserting ρ = 1.84 g/cm 

3 for the bulk density

f pristine graphite from the material datasheet [40] , a value of

 = 11.6 × 10 3 Ws 1/2 m 

−2 K 

−1 is obtained. In order to calculate

 of the non-irradiated graphite substrate, the LFA results were

sed as input parameters in the 1D PTR heat transport model. The

btained parameters are summarized in Table 3 considering that

he uncertainties of the PTR fitting are calculated according to

he procedure described in [69] and detailed in the Supplemental

aterial Section 2c using 10% uncertainty on the input parameters

f the model. 

The specific nature of the surface layer is not the main object

f this study, however the effect of graphite grain size is presented

n the Supplemental Material Section 3 . It should be mentioned

hat near-surface structural effects, like crystallite refinement

nd residual stress [70] , as well as increased hardness [71] were

eported earlier for machined synthetic graphite. 

Selected PTR data of fluence series of graphite samples irra-

iated with Au and U ions are presented in Fig. 6 showing the

ormalized amplitude and phase of the PTR signal as a function

f frequency. The evolution of the amplitude and phase in the

canned frequency range changes with accumulated ion fluence,

ndicating irradiation-induced modifications of the thermophysical

roperties. Since the change of emissivity with fluence is negli-

ible, the change of amplitude is directly related to the modified

hermal properties of the samples. Overlapping of the curves,

bserved at low ion fluences, indicates a similar thermal response

rom different samples and a small beam effect on thermophysical

roperties. At the highest fluence, the evolution of the amplitude

nd phase curves in the mid and high frequency regime indicates

omogenization of the irradiated layers. 

From the data shown in Fig. 6 in combination

ith the theoretical model, the fitting parameters e sur f ,
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Fig. 6. Series of PTR data for isotropic polycrystalline graphite samples irradiated 

with Au ions (4.8 and 5.9 MeV/u) and with U ions (4.8 MeV/u) of various fluences: 

normalized amplitude and phase of the thermal signal as a function of frequency. 

Solid lines are model fits considering a 3-layer system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Thermal effusivity (top) and L a −1 / 2 (bottom) values versus fluence as de- 

duced from fits to experimental PTR data: surface layer (open symbols) and irradi- 

ated layer (full symbols) for polycrystalline graphite samples exposed to different 

Au and U ion beams. 
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e irr , ( L a 
−1 / 2 ) sur f , and ( L a −1 / 2 ) irr were extracted. The evalua-

tion considers the sensitivity analysis of Fig. S5 using as input

parameters the properties of the substrates (taken from LFA

Table 3 results) and the thickness of the layers (see Table 2 ). The

SRIM ranges were used as thicknesses of the irradiated layers with

the assumption that the ion range does not change with fluence

and that the radiation damage of the irradiated layer along the

ion range in first approximation is quasi homogeneous, supported

by the Raman investigation presented above. The results of these

thermophysical properties are presented in Fig. 7 . 

From Fig. 7 it is clearly seen that the accumulation of ion

fluence leads to degradation of e and to an increase of L a −1 / 2 

for both layers (exhibiting a similar trend). Therefore, the overall

increase in amplitude with increasing fluence ( Fig. 6 ) is ascribed

to an overall higher surface temperature due to a decrease in

thermal effusivity and thus thermal conductivity. The decrease of

e and increase of L a −1 / 2 with ion fluence for the surface and for

the irradiated layer is probably mainly caused by the degradation

of the thermal diffusivity a and thus of the thermal conductivity

k of the layer. At the highest fluence of 5 × 10 13 ions/cm 

2 , e irr 

tends towards the typical value for glassy carbon (~150 0–260 0

Ws 1/2 m 

−2 K 

−1 ) calculated based on the data for SIGRADUR K and

SIGRADUR G taken from Table 1 . The unknown structure of the

surface layer makes further deconvolution of each term of the

parameter L a −1 / 2 difficult because this layer was hardly distin-

guished by means of Raman spectroscopy, optical microscopy and

SEM. Nevertheless, it is reasonable to assume that the thickness

of the surface layer is of the order of the surface peak-to-valley

roughness and at least an order of magnitude less than the ion

range. Since the thermal diffusivity a derived from L a −1 / 2 depends

on the thickness at a power of 2, large thickness uncertainties

cause large errors. Nonetheless, previous studies have shown that

beam-induced swelling in a porous material such as graphite is

only of the order of 1%. Swelling of individual crystallites may be

more pronounced but is assumed to be readily accommodated
y the existing porosity [72] . This indicates that a thickness

ariation of the irradiated layer can be neglected throughout our

alculations. Subsequently, the product L a −1 / 2 describes mostly

ualitatively the degradation of a . A quantitative analysis should

ely on the fitted values of thermal effusivity instead. 

The observed changes of the thermophysical properties of our

rradiated polycrystalline graphite samples are ascribed to beam-

nduced structural changes, as deduced from Raman spectroscopy.

t is assumed that in the electronic energy loss regime, each

rojectile creates a nanometric track. This direct impact process

eans that at low fluences the structural changes increase linearly

ith fluence until individual tracks start to overlap with neigh-

oring tracks. Finally, at high fluences, when the whole sample is

ompletely covered by tracks, the material modification reaches

 saturation limit. This direct impact phenomenon is typically

escribed by the following exponential function [21] : 

 = 1 − A 

(
1 − e −σ�

)
(1)

here Y denotes the material modification, A is the amplitude of

he degradation in the saturation regime at high-fluence, σ is the

amage cross-section of a single ion, and � is the ion fluence.

f the damage along the ion path is continuous, one can deduce

he corresponding track radius R from the damage cross-section

= πR 2 . To estimate the size of the tracks created by Au and

 ions used in this experiment, Eq. (1) was applied to fit the

hermal effusivity data of the irradiated layer shown in Fig. 7 . The

elative e degradation ( e irr /e pristine ) as a function of fluence and the

orresponding fit values are presented in Fig. 8 a and in Table 4 ,
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Fig. 8. (a) Ratio of thermal effusivity of irradiated to pristine layer as a function of fluence. Symbols represent experimental data, dashed lines are exponential fits of the 

data series corresponding to samples irradiated with Au (violet) and U (green) ions; (b) Track radii as a function of the average total energy loss, comparing present results 

with previous experimental and theoretical data for polycrystalline graphite and for highly oriented pyrolytic graphite (HOPG). The dashed line corresponds to thermal spike 

calculations [73] . 

Table 4 

Track parameters deduced from exponential fits to beam-induced thermal 

effusivity data as a function of fluence according to Eq. (1) . The data for 4.8 

and 5.9 MeV/u Au ion are fitted together. 

Ion Amplitude A Cross section σ (nm 

2 ) Track radius R (nm) 

197 Au 0.76 ± 0.04 20.6 ± 6.1 2.6 ± 0.4 
238 U 0.79 ± 0.04 26.4 ± 5.6 2.9 ± 0.3 
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Fig. 9. Degradation of thermal conductivity of graphite as a function of fluence. 

The data were deduced from thermal effusivity measurements assuming that the 

pristine value of the volumetric heat capacity does not change significantly. 
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espectively (the data for 4.8 and 5.9 MeV/u Au ions are shown

ombined because of their similar energy loss (see Table 2 )). 

The deduced damage cross-section and the respective track

adius of U ions are slightly larger than the values for Au ions

 Table 4 ), which is in agreement with the fact that the energy loss

f U ions is higher. The damage cross sections obtained in this

ork are comparable with values deduced from on-line electrical

esistivity measurements of irradiated polycrystalline graphite

6 , 8] ( Fig. 8 b). This agrees well with the assumption, that both

he electrical and thermal conductivities have a similar sensitivity

o ion beam induced defects. The track radii for the irradiated

olycrystalline graphite are systematically higher in comparison

ith reported values for highly oriented pyrolytic graphite (HOPG)

btained by thermal spike model calculations [73] and from

nvestigations by scanning tunneling microscopy (STM) [74] . The

igher damage cross-sections of fine grained graphite compared to

he thermal spike model calculations for HOPG are probably due

o the structural difference, as discussed in Section 3.1 . This leads

o an opposite effect to the generally accepted positive impact

f grain boundaries in annihilation of mobile defects in collision

adiation damage studies. When comparing the experimental track

adii, it has to be considered that STM measurements record

he convoluted information from beam-induced topography and

ocal density of electronic surface states, probing thus a different

olume than tracks in bulk graphite. The data deduced from our

TR analysis provide supportive evidence for the conclusion that

rack radius in polycrystalline graphite corresponding to a modi-

ed thermophysical property seems to be homogeneous along the

hole ion range. We conclude this from the PTR measurements

here by frequency scanning, different depths of the irradiated

ample are probed showing that the applied 3 layer model con-

aining a single irradiated layer with homogeneous properties for

oth electronic and nuclear energy loss dominated sections can

ery well fit the experimental data. 
As the thermal effusivity is a function of the thermal conductiv-

ty and volumetric heat capacity of a given material, the contribu-

ion of these parameters in the observed beam-induced decrease

f e can be estimated. The change of the density of such material

s omitted because swelling can be neglected as mentioned above.

ased on results from neutron irradiation [75] , it is also possible to

ssume that beam-induced changes of the heat capacity can be ne-

lected. It means that the main contribution of the thermal effusiv-

ty degradation is due to the decrease of the thermal conductivity. 

For technical/practical applications it is more common to

onsider the thermal conductivity rather than the thermal effu-

ivity. As discussed above, the determination of k from L a −1 / 2 is

ffected by lar ge errors on the thickness. Therefore in order to

uantitatively estimate this parameter, it was calculated from the

easured e value using e i = 

√ 

k i ρi c pi . Inserting the volumetric heat

apacity of pristine graphite and a constant density, k evolves as

 function of fluence as shown in Fig. 9 . For the Au as well as

he U beams, k drops from ~100 Wm 

−1 K 

−1 originally, down to

–5 Wm 

−1 K 

−1 for the highest fluence of 5 × 10 13 ions/cm 

2 . Ad-

itionally, it should be noted that the density difference between
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polycrystalline graphite and glassy carbon is about 20%. Thus,

even if complete transformation at the highest fluence is assumed

and the lower density of glassy carbon is taken into account, the

final k will increase just by a few Wm 

−1 K 

−1 being an order of

magnitude less than the value of pristine polycrystalline graphite. 

As for the case of effusivity, the strong degradation of the

thermal conductivity with increasing fluence is in good agreement

with structural transformations in irradiated graphite observed

by Raman spectroscopy. The large number of defects produced

along the entire length of the projectile path has a strong influ-

ence on the properties of graphite. Previous molecular dynamics

simulations showed that carbon materials have the tendency

to recrystallize into faulty sp 

2 structures with non-6-membered

carbon rings during the ultrafast cooling of the lattice in the ion

tracks [38] . Such defects induce fragmentation, bending, and in-

terconnections of basal planes, but the predominant sp 

2 structure

is retained.Taking into account that the main heat carriers in

graphite are phonons [76–80] , the degradation of k is ascribed to

a decrease of the phonon mean free path due to enhanced phonon

scattering at defects and newly formed grain boundaries. This is

supported by the finding of Fugallo et al. [76] who demonstrated

a pronounced decrease of the lattice thermal conductivity of

graphene and graphite when the crystallite size becomes smaller

than 10 μm. Irradiation-induced point defects have also an impor-

tant contributions to the degradation of thermal conductivity in

graphene and graphite, as shown by means of molecular dynamics

simulation [36 , 81] . 

A comparison of the degradation of k induced by neutron

irradiation was done based on the dpa calculation of collisional-

cascade induced displacements along the ion trajectory. For the

highest fluences of 5 × 10 13 ions/cm 

2 , the dpa values calculated

using SRIM-2008 Kinchin-Pease Quick [82] with an displacement

energy of 25 eV [39 , 83] are of the order of 10 −3 for the first 80%

of the irradiated layer thickness, increasing gradually to a value

of 5 × 10 −2 for the last 20% of this layer. The relative change of

the thermal conductivity of our graphite samples induced by swift

heavy ions is larger than the one caused by room temperature

neutron irradiations at the same dpa value [13 , 22] . This indicates

that elastic collisions are not the only responsible mechanism for

the degradation of the thermal conductivity of swift heavy ions

irradiated graphite, where the damage creation by the indirect

mechanism of ionization/excitation and coupling to the crystalline

lattice play also an important role. 

4. Conclusions 

The irradiation of polycrystalline isotropic graphite with swift

heavy ions (4.8 and 5.9 MeV/u Au and 4.8 MeV/u U) in the elec-

tronic energy-loss regime leads to significant structural damage

and modifications of thermophysical properties. Analysis of the

irradiated sample cross-sections by Raman spectroscopy and SEM

provide clear evidence of defect production and at high fluences

of a transition towards a glassy carbon-like material. To quantify

the radiation-induced effects on thermal effusivity and thermal

conductivity, the technique of frequency domain photothermal

radiometry in combination with a three-layer model was success-

fully applied. The analysis of the relative effusivity degradation

shows a single ion impact mechanism of the accumulated ra-

diation damage with a track diameter of 5–6 nm. For future

application of graphite in high-dose environments, it is important

to emphasize that, at high ion fluences corresponding to complete

track overlap (5 × 10 13 ions/cm 

2 ), the thermal effusivity of the

irradiated material drops down to approx. 20% of the pristine

value. The corresponding values of thermal conductivity, obtained

from the latter parameter assuming no beam-induced changes

in volumetric heat capacity, decrease from 95 to approximately
 Wm 

−1 K 

−1 , which is in close agreement with glassy carbon k

alues. Such a tremendous degradation can lead to inefficient heat

issipation and finally to thermomechanical failure of graphite

eam dumps and production targets in ion accelerators. The risk

ue to largely reduced thermal conductivity values in high-dose

nvironments have to be considered when designing and esti-

ating the long-term operation conditions of beam-intercepting

evices for the new generations of high power accelerators such as

he Facility for Antiproton and Ion Research (FAIR) in Darmstadt,

he High Luminosity Large Hadron Collider (HL–LHC) and the

uture Circular Collider (FCC), both at CERN in Geneva. 
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