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a  b  s  t  r  a  c  t

A  family  of ternary  carbides  and  nitrides,  known  as MAX  phases,  combine  attractive  properties  of  both
ceramics  and  metals,  and  has been  suggested  for  potential  nuclear  reactor  applications.  The  unirradiated
materials  properties  of  importance  for  in-core  structural  materials  and  as  fuel  pellet  coatings  for  several
leading MAX  phase  materials  have  been  summarized  from  literature.  The  materials  show  high  mechanical
damage  tolerance  in  terms  of  creep,  thermal/mechanical  fatigue  and  fracture  resistance,  and  very  good
chemical  compatibility  with  select  coolants  such as  molten  lead  and  sodium.  Neutron  activation  has  been
calculated  for  commercial  purity  materials  exposed  to  both  idealized  fast  and  thermal  reactor  neutron
spectra  for  10,  30,  and 60 years  of exposure.  The  specific  activities  of  Ti3SiC2,  Ti3AlC2,  and  Ti2AlC were

compared  to  those  of SiC  and Alloy  617, two leading  candidate  materials  for  next  generation  reactor
components.  The  specific  activities  of  MAX  phases  were  similar  to SiC  and  three  orders  of  magnitude  less
than Alloy  617  after  10–60  years  decay  for all  three  activation  times  in both  the  fast  and  thermal  spectra.
As  with  SiC,  the  main  radioisotopes  after  a decay  period  of 10 years  for all three  activation  times  in  the
MAX phases  are  tritium  and  C14. Neutron  irradiation  results  of  Ti3SiC2, Ti3AlC2,  and  Ti2AlC  experimentally

ansm
confirmed  the  neutron  tr

. Introduction

Several next generation nuclear power plant designs require
aterials to perform at temperatures up to 1000+ ◦C in fast-neutron

nvironments. The Mn+1AXn (MAX) phases are a new group of lay-
red, machinable, ternary carbides and nitrides, where M is an early
ransition metal, A is one of elements in groups 13–16, and X is C
nd/or N. These compounds offer a unique combination of prop-
rties, some of which are typical of ceramics, others more typical
f metals. As discussed herein, these phases are attractive candi-
ate materials for structural and fuel coating applications at these
xtreme conditions.

Due to their layered atomic structure and the presence of active
asal slip the MAX  phases possess unique properties that are atyp-

cal for ceramics. The MAX  phases are the only known metallically
onded polycrystalline solids to which the description thermo-
ynamically stable nanolaminates applies (Barsoum et al., 1997).

any of the mechanical properties of these materials stem directly

rom the fact that they are metallically bonded, and basal plane
islocations are mobile, multiply at temperatures as low as 77 K.

∗ Corresponding author at: Savannah River Site, 773-A, Aiken, SC 29808, United
tates. Tel.: +1 803 725 5475; fax: +1 803 725 7369.
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utation  analysis.
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The latter are arranged either in dislocation pileups or kink bound-
aries. Single grains can deform by a combination of slip, kink-band
formation, and delamination; all dislocation-based (Barsoum et al.,
1999; Faber et al., 1999).

Establishing the utility of these materials for in-core nuclear
applications requires an evaluation of their neutronics and neutron
radiation damage response. A set of unirradiated material proper-
ties, important to structural components and fuel pellet coatings,
has been assembled as a precursor step to the generation of irradi-
ated properties’ data. We  also report, for the first time, neutron
activation calculations of select commercial purity MAX  phases
when irradiated in both a fast reactor and thermal reactor neutron
spectrum for up to 60 years with up to 10 years decay. These results,
benchmarked with a screening irradiation in the Massachusetts
Institute of Technology Reactor, provide information on their neu-
tronic performance for in-core applications. Analysis of the results
provides an initial assessment of their neutronic performance.

2. Unirradiated materials properties

2.1. Mechanical properties
Some of the MAX  phases, such as Ti3SiC2, Ti3AlC2 and Ti4AlN3,
in particular, are elastically quite stiff. For example, at 320 GPa, the
stiffness of Ti3SiC2 is almost three times that of Ti metal, with a

dx.doi.org/10.1016/j.nucengdes.2011.12.009
http://www.sciencedirect.com/science/journal/00295493
http://www.elsevier.com/locate/nucengdes
mailto:Elizabeth.Hoffman@srnl.doe.gov
dx.doi.org/10.1016/j.nucengdes.2011.12.009
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imilar density of 4.5 g/cm3 (Barsoum and Radovic, 2004). Ti3SiC2
nd Ti2AlC, although elastically stiff, can dissipate up to 25% of
he mechanical energy when loaded in compression due to their
ysteretic, non-linear elastic behavior, even at room temperatures
Barsoum et al., 2000a; Radovic et al., 2002). The physical mecha-
ism responsible for this non-linear elastic hysteresis is postulated
o be the formation and annihilation of dislocation-based incipient
ink bands, IKBs. This deformation leads to materials capable of
ully reversible non-linear strain, a phenomenon absent in brittle
olids. Note that since dislocations are confined to two  dimensions,
lassical work hardening is not possible.

Despite being elastically stiff, these solids are relatively soft,
ith hardness values between 2 and 8 GPa. The highest value,
8 GPa, was measured on Ti2SiC (Amini et al., 2007). Unlike most

raditional ceramics, it is difficult to induce cracks from the corners
f Vickers indentations in the MAX  phases due to the confinement
f the extent of damage to a small zone around the indentation
Pampuch et al., 1993; El-Raghy et al., 1997). The energy-absorbing

echanisms that occur at the indentation corners include diffuse
icrocracking, delamination, crack deflection, grain push-out and

ull-out, and the buckling/kinking of individual grains (El-Raghy
t al., 1997).

The fracture toughness of Ti3SiC2 is approximately 10 MPa-m1/2

t room temperature, and 5 MPa-m1/2 at 1200 ◦C (Gilbert et al.,
000; Chen et al., 2001). The material exhibits stable crack growth
r R-curve behavior, with stable crack extension of up to several
illimeters with a corresponding toughness of up to approximately

6 MPa-m1/2 and 7 MPa-m1/2 at room temperature and 1200 ◦C,
espectively (Gilbert et al., 2000; Chen et al., 2001). The high dam-
ge tolerance is attributed to kinking and the formation of heavily
eformed lamellar bridges in the crack wakes.

Tensile creep studies of Ti3SiC2 in the 1000–1200 ◦C tempera-
ure range, showed that the creep resistance is comparable to those
f some high temperature metallic alloys (Zhen et al., 2005; Radovic
t al., 2003).

The MAX  phases, particularly Ti2AlC, can withstand extreme
hermal environments and thermal cycling. The material survived
000 heating and cooling cycles from room temperature to 1350 ◦C
Sundberg et al., 2004). The materials also have good thermal shock
esistance. Ti3SiC2 with a grain size of 100–200 �m quenched from
400 ◦C maintained, and in some cases slightly increased, the pre-
uench flexural strength (Barsoum, 2000b).

Limited data exists on the MAX  phases response to irradia-
ion (Liu et al., 2008; Nappe et al., 2008; Whittle et al., 2010).
i3(Si0.95Al0.05)C2 and Ti3(Si0.9Al0.1)C2 were irradiated with 75 MeV
6Kr at 20 and 500 ◦C with heavy ion fluence of 2 × 1011–1015

on/cm2. The irradiation at 20 ◦C showed an increase in hardness
ith fluence, whereas no significant increase in hardness was

een at 500 ◦C (Liu et al., 2008). Transmission electron microscope,
EM, examination revealed atomic disorder following exposure of
i3(Si0.9Al0.1)C2 with 92 MeV  Xe to 7.5 × 1018 ion/m2, at room tem-
erature however, the typical layered structure was  preserved (Liu
t al., 2010).

.2. Thermal and electrical properties

Unlike SiC and ZrC, many of the MAX  phases are better elec-
rical conductors of electricity than Ti metal (Barsoum, 2006). At
30–40 W/m-K, the thermal conductivities of Ti3SiC2 and Ti2AlC
t room temperature are also more than double those of pure Ti
Barsoum, 2000b).  The MAX  phases are good thermal conductors
ecause they are good electrical conductors.
.3. Chemical stability

Like traditional ceramics, many Al-containing MAX phases are
table in inert atmospheres up to at least 1500 ◦C; Ti3SiC2 is stable
g and Design 244 (2012) 17– 24

up to 2200 ◦C (Du et al., 2000). However, when exposed at high tem-
perature to oxidizing environments, the MAX  phases form oxide
scales that depend on their chemistry. For some, like Ti2AlC, the
oxide scales are found to be protective at temperatures as high as
1350 ◦C for 8000 heating and cooling cycles (Sundberg et al., 2004).
The excellent oxidation resistance stems from the formation of a
thin tenacious, adherent, alumina layer.

Moreover, Ti3SiC2 was  found to have excellent corrosion resis-
tance in acid and alkali liquids such as HCl, H2SO4, NaOH, and
KOH (Jovic and Barsoum, 2004; Jovic et al., 2006a,b). Minimal sur-
face reaction or corrosion has been observed between circulating
molten lead and Ti2AlC and Ti3AlC2 at both 650 and 800 ◦C (Barnes
et al., 2008).

2.4. Fabrication

Complex, fully dense, shapes can be fabricated by pressure-
less sintering of green bodies or by machining from blocks. The
MAX  phases can be machined using high-speed tool bits with no
lubrication or cooling required. Machining is possible due to the
fracture of microscopic layers instead of by plastic deformation.
Thick films can be produced through traditional thermal spray
methods on substrates of aluminum and iron (Frodelius et al.,
2008).

3. Neutron activation

Three MAX  phases, Ti3SiC2, Ti3AlC2, and Ti2AlC, were compared
to SiC and Alloy 617, two  leading candidates for next generation
nuclear power reactors (Shankar and Natesan, 2006; Nanstad et al.,
2009; Nozawa et al., 2009; Katoh et al., 2007), in an analysis of
neutron activation for exposures to a neutron flux in hypothetical
fast and thermal reactors. Activation of materials for reactor inter-
nals may  challenge waste disposal either at periodic replacement
intervals or at the time of reactor decommissioning.

Table 1 lists the nominal commercial-grade material composi-
tions with impurities for the materials considered in the simulation
activation. Trace elements were not taken into account in the MAX
or SiC calculations. The calculations for the steel included common
impurities. The simulated activation was  performed using ORIGEN-
S of the SCALE code system (SCALE, 2009). ORIGEN-S computes
time-dependent concentrations and source terms of radioisotopes,
which are simultaneously generated or depleted, through neu-
tronic transmutation, fission, and radiological decay and in-growth.
One gram of each subject material was exposed to hypotheti-
cal fast reactor and thermal reactor neutron spectra for periods
of 10, 30, and 60 years. For the fast reactor spectrum, 238-group
cross-sections were collapsed to 1 group using a total neutron
flux normalization of the Advanced Breeder Test Reactor spec-
trum contained in the SCALE system (SCALE, 2009). The total flux
assumed for these simulations is 1 × 1015 n/cm2-s. For the ther-
mal  reactor neutron spectrum, continuous energy cross-sections
were collapsed to three energy groups from the pointwise energy
spectrum for a typical pressurized light water reactor contained
in the SCALE system. The three energy groups are a fast group
(1–10 MeV) flux of 4.4 × 1013 n/cm2-s, an epithermal group flux of
1.5 × 1014 n/cm2-s (1 eV–1 MeV), and a thermal group (0.0–1 eV)
of 3.2 × 1013 n/cm2-s, respectively. Location specific information
regarding a collapsed three-group energy distribution was  not
available as input for the simulations, therefore, engineering judg-
ment was used to estimate the flux profile used in the modeling

simulations. The group-average cross-sections were generated by
SCALE from the standard ENDF/B-IV libraries.

As noted above, the activation products for each of the mate-
rials of interest were determined at exposure intervals of 10, 30,
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Table  1
Weight percentage of nominal and impurity elements assumed for the commercial purity materials. The MAX  material impurities are based on typical material supplier
analyses.

Element Ti3SiC2 (wt%) Ti3AlC2 (wt%) Ti2AlC (wt%) SiC (wt%) Alloy 617 (wt%)

Ti 73.093 73.510 70.788 0.000 0.3
C 12.277 12.434 9.045 29.950 0.087
O  0.172 0.395 0.487 0.000 0.0
P  0.001 0.001 0.001 0.000 0.00
S  0.001 0.001 0.001 0.000 0.01
Mn  0.007 0.007 0.007 0.000 0.7
Cl 0.007 0.007 0.007 0.000 0.0
N 0.013  0.124 0.173 0.000 0.0
Fe  0.022 0.041 0.048 0.000 1.5
Al  0.007 13.560 19.583 0.000 1.15
Si  14.357 0.007 0.007 70.050 0.5
Mg  0.007 0.007 0.007 0.000 0.0
Na 0.007 0.007 0.007 0.000 0.0
Ni  0.000 0.000 0.000 0.000 52.0
Cr 0.000 0.000 0.000 0.000 22.0
Mo  0.000 0.000 0.000 0.000 9.0
Co 0.000 0.000 0.000 0.000 12.5
Cu  0.000 0.000 0.000 0.000 0.25

a
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B  0.000 0.000 

nd 60 years. The specific activities of the main radioisotopes,
nd corresponding specific decay heats, at 0 and 10 years decay
imes for the materials exposed in the fast reactor, are listed in
ables 2 and 3, respectively. The specific activities of the main

adioisotopes, and corresponding specific decay heats, at 0 and 10
ears decay times for the materials exposed in the thermal reactor
re listed in Tables 4 and 5, respectively.

able 2
pecific activity of primary activation products after decay times of t = 0 years and t = 10 y
uries  per gram of source material.

10 Year activation 30 Years activation 

t = 0 years t = 10 years t = 0 years t

Iso. Spec. activity
(Ci/g)

Iso. Spec. activity
(Ci/g)

Iso. Spec. activity
(Ci/g)

I

Ti3SiC2

Al 28 6.0E−02 H 3 6.0E−06 Al 28 6.0E−02 H
Sc  47 5.5E−02 C 14 3.8E−06 Sc 47 5.4E−02 C
Sc  46 3.1E−02 Fe 55 3.3E−06 Sc 46 3.1E−02 F
Sc  48 7.4E−03 Mn  54 1.3E−08 Sc 48 7.4E−03 M
Ca  45 2.9E−03 Cl 36 4.0E−09 Ca 45 2.9E−03 C

Ti3AlC2

Al 28 1.4E−01 H 3 4.7E−05 Al 28 1.4E−01 H
Sc  47 5.5E−02 C 14 3.0E−05 Sc 47 5.5E−02 C
Sc  46 3.1E−02 Fe 55 6.1E−06 Sc 46 3.1E−02 F
Na  24 8.6E−03 Mn  54 2.3E−08 Na 24 8.6E−03 M
Sc  48 7.5E−03 Cl 36 4.1E−09 Sc 48 7.4E−03 C

Ti2AlC
Al 28 2.0E−01 H 3 6.5E−05 Al 28 2.0E−01 H
Sc  47 5.3E−02 C 14 4.1E−05 Sc 47 5.3E−02 C
Sc  46 3.0E−02 Fe 55 7.1E−06 Sc 46 3.0E−02 F
Na  24 1.3E−02 Mn  54 2.7E−08 Na 24 1.3E−02 M
Sc  48 7.2E−03 Cl 36 3.9E−09 Sc 48 7.2E−03 C

SiC
Al  28 2.9E−01 H 3 1.9E−06 Al 28 2.9E−01 H
P  32 2.2E−05 C 14 1.7E−06 P 32 6.7E−05 C
H  3 3.4E−06 Be 10 5.2E−09 H 3 5.6E−05 B
C  14 1.7E−06 P 32 3.3E−10 C 14 5.0E−06 P
Na  24 9.9E−08 Si 32 3.3E−10 Na 24 3.0E−07 S

Alloy  617
Co 58 1.5E+00 Co 60 9.8E−02 Co 58 1.5E+00 C
Co  60 3.7E−01 Fe 55 6.0E−03 Co 60 4.9E−01 N
Mo  99 2.0E−01 Ni 63 3.3E−03 Mo 99 2.1E−01 F
Tc  99m 1.8E−01 Ni 59 1.7E−04 Tc 99m 1.9E−01 N
Fe  55 7.5E−02 Mo  93 1.6E−04 Fe 55 8.0E−02 M
0.000 0.000 0.003

Specific activities of the activation products, for times up to 10
years at each exposure interval are shown in Figs. 1–3 for the fast
reactor exposure, and Figs. 4–6 for the thermal reactor exposure,
respectively to the 10-, 30-, and 60-year exposures.
These results clearly show that the total activation of the MAX
phases is similar to that of SiC and approximately three orders
of magnitude less than Alloy 617 after 10 years of post-exposure

ears following exposure in a fast spectrum reactor. Specific activities are noted in

60 Years activation

 = 10 years t = 0 years t = 10 years

so. Spec. activity
(Ci/g)

Iso. Spec. activity
(Ci/g)

Iso. Spec. activity
(Ci/g)

 3 2.6E−05 Al 28 6.0E−02 H 3 9.7E−05
 14 1.1E−05 Sc 47 5.4E−02 C 14 2.2E−05
e 55 3.5E−06 Sc 46 3.0E−02 Fe 55 3.4E−06
n  54 1.2E−08 Sc 48 7.3E−03 Cl 36 2.4E−08

l 36 1.2E−08 Ca 45 2.9E−03 Be 10 1.3E−08

 3 1.3E−04 Al 28 1.4E−01 H 3 2.7E−04
 14 8.9E−05 Sc 47 5.4E−02 C 14 1.8E−04
e 55 6.5E−06 Sc 46 3.0E−02 Fe 55 6.3E−06
n  54 2.3E−08 Na 24 8.6E−03 Cl 36 2.4E−08

l 36 1.2E−08 Sc 48 7.4E−03 Mn 54 2.2E−08

 3 1.7E−04 Al 28 2.0E−01 H 3 3.3E−04
 14 1.2E−04 Sc 47 5.2E−02 C 14 2.4E−04
e 55 7.6E−06 Sc 46 2.9E−02 Fe 55 7.5E−06
n  54 2.7E−08 Na 24 1.3E−02 Mn 54 2.6E−08

l 36 1.2E−08 Sc 48 7.1E−03 Cl 36 2.3E−08

 3 3.2E−05 Al 28 2.9E−01 H 3 1.8E−04
 14 5.0E−06 H 3 3.2E−04 C 14 9.9E−06
e 10 1.6E−08 P 32 1.3E−04 Be 10 3.1E−08

 32 9.5E−10 C 14 9.9E−06 P 32 1.8E−09
i 32 9.5E−10 Na 24 6.0E−07 Si 32 1.8E−09

o 60 1.3E−01 Co 58 1.4E+00 Co 60 1.3E−01
i 63 9.3E−03 Co 60 4.9E−01 Ni 63 1.7E−02
e 55 6.3E−03 Mo 99 2.1E−01 Fe 55 6.1E−03
i 59 5.0E−04 Tc 99m 2.0E−01 Ni 59 9.6E−04
o  93 4.6E−04 Fe 55 7.7E−02 Mo 93 8.8E−04
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Table 3
Specific decay heat from primary activation products after decay times of t = 0 years and t = 10 years following exposure in a fast spectrum reactor. Specific decay heat is
noted  in Watts per gram of source material.

10 Year activation 30 Years activation 60 Years activation

t = 0 years t = 10 years t = 0 years t = 10 years t = 0 years t = 10 years

Iso. Spec. decay
heat (W/g)

Iso. Spec. decay
heat (W/g)

Iso. Spec. decay
heat (W/g)

Iso. Spec. decay
heat (W/g)

Iso. Spec. decay
heat (W/g)

Iso. Spec. decay
heat (W/g)

Ti3SiC2

Al 28 1.1E−03 C 14 1.1E−09 Al 28 1.1E−03 C 14 3.3E−09 Al 28 1.1E−03 C 14 6.6E−09
Sc  46 3.9E−04 H 3 2.0E−10 Sc 46 3.8E−04 H 3 8.7E−10 Sc 46 3.8E−04 H 3 3.3E−09
Sc  48 1.6E−04 Fe 55 1.1E−10 Sc 48 1.6E−04 Fe 55 1.2E−10 Sc 48 1.6E−04 Co 60 1.6E−10
Sc  47 8.8E−05 Mn 54 6.2E−11 Sc 47 8.7E−05 Co 60 6.6E−11 Sc 47 8.7E−05 Fe 55 1.1E−10
Ca  45 1.3E−06 Na 22 2.6E−11 Ca 45 1.3E−06 Mn 54 6.1E−11 Ca 45 1.3E−06 Mn 54 6.0E−11

Ti3AlC2

Al 28 2.5E−03 C 14 8.8E−09 Al 28 2.5E−03 C 14 2.6E−08 Al 28 2.5E−03 C 14 5.1E−08
Sc  46 3.9E−04 H 3 1.6E−09 Sc 46 3.9E−04 H 3 4.2E−09 Sc 46 3.8E−04 H 3 9.2E−09
Na  24 2.4E−04 Fe 55 2.0E−10 Na 24 2.4E−04 Fe 55 2.2E−10 Na 24 2.4E−04 Co 60 2.9E−10
Sc  48 1.6E−04 Mn 54 1.1E−10 Sc 48 1.6E−04 Co 60 1.2E−10 Sc 48 1.6E−04 Fe 55 2.1E−10
Sc  47 8.8E−05 Na 22 2.6E−11 Sc 47 8.8E−05 Mn 54 1.1E−10 Sc 47 8.7E−05 Mn 54 1.1E−10

Ti2AlC
Al 28 3.6E−03 C 14 1.2E−08 Al 28 3.6E−03 C 14 3.6E−08 Al 28 3.6E−03 C 14 7.1E−08
Sc  46 3.7E−04 H 3 2.2E−09 Sc 46 3.7E−04 H 3 5.6E−09 Sc 46 3.7E−04 H 3 1.1E−08
Na  24 3.5E−04 Fe 55 2.4E−10 Na 24 3.5E−04 Fe 55 2.5E−10 Na 24 3.5E−04 Co 60 3.5E−10
Sc  48 1.5E−04 Mn 54 1.3E−10 Sc 48 1.5E−04 Co 60 1.4E−10 Sc 48 1.5E−04 Fe 55 2.5E−10
Sc  47 8.5E−05 Co 60 2.7E−11 Sc 47 8.5E−05 Mn 54 1.3E−10 Sc 47 8.4E−05 Mn 54 1.3E−10

SiC
Al  28 5.3E−03 C 14 4.9E−10 Al 28 5.3E−03 C 14 1.5E−09 Al 28 5.3E−03 H 3 6.1E−09
P  32 9.1E−08 H 3 6.5E−11 P 32 2.8E−07 H 3 1.1E−09 P 32 5.5E−07 C 14 2.9E−09
Na  24 2.8E−09 Be 10 6.2E−12 Na 24 8.3E−09 Be 10 1.9E−11 Na 24 1.7E−08 Be 10 3.7E−11
C  14 4.9E−10 P 32 1.3E−12 H 3 1.9E−09 P 32 3.9E−12 H 3 1.1E−08 P 32 7.6E−12
H  3 1.1E−10 Si 32 1.3E−13 C 14 1.5E−09 Si 32 3.9E−13 C 14 2.9E−09 Si 32 7.5E−13

Alloy  617
Co 58 8.9E−03 Co 60 1.5E−03 Co 58 8.7E−03 Co 60 2.0E−03 Co 58 8.4E−03 Co 60 2.0E−03
Co  60 5.6E−03 Ni 63 3.4E−07 Co 60 7.5E−03 Ni 63 9.6E−07 Co 60 7.6E−03 Ni 63 1.7E−06

d
o

i
t
T
F
m
a
s

F
f

response to a moderate dose (up to 2 dpa), and moderate
Mo  99 6.5E−04 Fe 55 2.0E−07 Mo 99 6.5E−04 

Al  28 2.5E−04 Mo  93 1.5E−08 Al 28 2.5E−04 

Tc  99m 1.6E−04 Nb 93m 1.2E−08 Tc 99m 1.6E−04 

ecay, irrespective of the activation period for either the fast reactor
r the thermal reactor exposure.

The contributions to activity shown in Tables 2 and 4 for the
nitial discharge, and after a decay period of 10 years show that
ritium and C14 are the primary radioisotopes in activated Ti3SiC2,
i3AlC2, Ti2AlC and SiC. The primary isotopes in Alloy 617 are Co60,
e55, and Ni63. These primary radioisotope species are products of

ultiple step activation of the nominal constituents in the materi-

ls. That is, the common impurity species, such as N and O, do not
ignificantly contribute to the activity.
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ig. 1. Radioactive decay based on an activation period of 10 years in a fast reactor
or  Ti3SiC2, Ti3AlC2, Ti2AlC, SiC, and Alloy 617.
Fe 55 2.1E−07 Mo 99 6.5E−04 Fe 55 2.0E−07
Nb 93m 4.5E−08 Al 28 2.5E−04 Nb 93m 1.0E−07
Mo 93 4.3E−08 Fe 59 2.3E−04 Mo 93 8.3E−08

4. Model validation

Small samples of 5 MAX  phases, viz. Ti3SiC2, Ti3AlC2, Ti2AlC,
Ti2AlN, and Ti2SC, were exposed in the pneumatic facility des-
ignated 2PH1 of the MIT  Reactor to assess their activation
in preparation for an irradiation campaign to investigate their
temperature (up to 600 ◦C) irradiation. The 2PH1 facility used
for the activation irradiation has a nominal thermal flux of
5.0 × 1013 n/cm2-s and a nominal fast flux of 1 × 1012 n/cm2-s
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Fig. 2. Radioactive decay based on an activation period of 30 years in a fast reactor
for  Ti3SiC2, Ti3AlC2, Ti2AlC, SiC, and Alloy 617.
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Table  4
Specific activity of primary activation products after decay times of t = 0 years and t = 10 years following exposure in a thermal spectrum reactor. Specific Activity is noted in
Curies  per gram of source material.

10 Year activation 30 Years activation 60 Years activation

t = 0 years t = 10 years t = 0 years t = 10 years t = 0 years t = 10 years

Iso. Spec. activity
(Ci/g)

Iso. Spec. activity
(Ci/g)

Iso. Spec. activity
(Ci/g)

Iso. Spec. activity
(Ci/g)

Iso. Spec. activity
(Ci/g)

Iso. Spec. activity
(Ci/g)

Ti3SiC2

Al 28 3.6E−02 Fe 55 1.4E−05 Al 28 3.6E−02 C 14 2.4E−05 Al 28 3.6E−02 H 3 6.0E−05
Sc  47 2.2E−02 C 14 8.3E−06 Sc 47 2.2E−02 Fe 55 1.5E−05 Sc 47 2.2E−02 C 14 4.8E−05
Sc  46 1.7E−02 H 3 1.2E−06 Sc 46 1.7E−02 H 3 1.4E−05 Sc 46 1.7E−02 Fe 55 1.4E−05
Sc  48 3.3E−03 Cl 36 4.7E−07 Sc 48 3.0E−03 Co 60 1.3E−06 Sc 48 2.5E−03 Co 60 3.3E−06
Ca  45 1.2E−03 Co 60 2.8E−07 Ca 45 1.1E−03 Cl 36 9.9E−07 Ca 45 9.3E−04 Cl 36 1.2E−06

Ti3AlC2

Al 28 4.5E−01 C 14 7.7E−05 Al 28 4.5E−01 C 14 2.3E−04 Al 28 4.5E−01 C 14 4.4E−04
Sc  47 2.3E−02 Fe 55 2.6E−05 Sc 47 2.2E−02 Fe 55 2.7E−05 Sc 47 2.2E−02 H 3 6.0E−05
Sc  46 1.7E−02 H 3 1.2E−06 Sc 46 1.7E−02 H 3 1.4E−05 Sc 46 1.7E−02 Fe 55 2.6E−05
Na  24 4.8E−03 Co 60 5.1E−07 Na 24 4.8E−03 Co 60 2.4E−06 Na 24 4.7E−03 Co 60 6.0E−06
Sc  48 3.3E−03 Cl 36 4.7E−07 Sc 48 3.0E−03 Cl 36 9.9E−07 Sc 48 2.5E−03 Cl 36 1.2E−06

Ti2AlC
Al 28 6.6E−01 C 14 1.1E−04 Al 28 6.5E−01 C 14 3.2E−04 Al 28 6.5E−01 C 14 6.1E−04
Sc  47 2.2E−02 Fe 55 3.0E−05 Sc 47 2.1E−02 Fe 55 3.2E−05 Sc 47 2.1E−02 H 3 4.4E−05
Sc  46 1.6E−02 H 3 8.8E−07 Sc 46 1.6E−02 H 3 1.0E−05 Sc 46 1.6E−02 Fe 55 3.0E−05
Na  24 6.6E−03 Co 60 6.0E−07 Na 24 6.6E−03 Co 60 2.8E−06 Na 24 6.5E−03 Co 60 7.0E−06
Sc  48 3.2E−03 Cl 36 4.6E−07 Sc 48 2.9E−03 Cl 36 9.5E−07 Sc 48 2.4E−03 Cl 36 1.1E−06

SiC
Al  28 1.8E−01 H 3 2.9E−06 Al 28 1.8E−01 H 3 3.4E−05 Al 28 1.8E−01 H 3 1.5E−04
P  32 1.5E−04 C 14 2.8E−07 P 32 4.5E−04 C 14 8.5E−07 P 32 8.9E−04 C 14 1.7E−06
H  3 5.1E−06 Be 10 2.3E−09 H 3 5.9E−05 Be 10 7.0E−09 H 3 2.6E−04 Be 10 1.4E−08
C  14 2.8E−07 P 32 1.9E−10 C 14 8.5E−07 P 32 5.8E−10 C 14 1.7E−06 P 32 1.2E−09
Be  10 2.3E−09 Si 32 1.9E−10 p 33 9.3E−09 Si 32 5.8E−10 p 33 4.4E−08 Si 32 1.2E−09

Alloy  617
Co 60 2.6E+01 Co 60 6.8E+00 Co 60 1.8E+01 Co 60 4.7E+00 Co 60 5.8E+00 Co 60 1.5E+00
Cr  51 9.7E−01 Ni 63 9.1E−02 Cr 51 7.7E−01 Ni 63 2.0E−01 Cr 51 5.4E−01 Ni 63 2.5E−01
Mo  99 2.3E−01 Fe 55 4.0E−03 Mo  99 2.3E−01 Fe 55 4.0E−03 Ni 63 2.7E−01 Fe 55 3.7E−03
Tc  99m 2.0E−01 Ni 59 6.2E−04 Ni 63 2.1E−01 Ni 59 9.2E−04 Mo  99 2.3E−01 Ni 59 8.8E−04

M
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Co  58 1.9E−01 Mo  93 4.2E−05 Tc 99m 2.0E−01 

E > 1 MeV) at full power of 4.8 MW.  The irradiation for neutron
ctivation was carried out for 6 h, at a position 1 m away from the
ther samples that were being irradiated to the dose of 2 dpa at an
verage reactor power of 4.4 MW.

The radioactivity of the exposed samples was  then determined

y gamma spectrometry. As a validation of the model used to esti-
ate the neutron-induced activation of the materials evaluated

n the current work, a simulation of the exposure of the sam-
les with compositions listed in Table 1 was performed. These
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ig. 3. Radioactive decay based on an activation period of 60 years in a fast reactor
or  Ti3SiC2, Ti3AlC2, Ti2AlC, SiC, and Alloy 617.
o 93 1.1E−04 Tc 99m 2.1E−01 Mo 93 2.0E−04

simulations utilized the collapsed three-group cross sections
described previously. For the thermal reactor case, the simula-
tions used an estimated fast group flux of 1 × 1012 n/cm2-s, an
epithermal group flux of 7 × 1012 n/cm2-s, and a thermal group of
5 × 1013 n/cm2-s.

Table 6 lists the specific activity of several isotopes generated
by the exposure of the five MAX  compositions. The table contains
both measured values and values estimated by simulated expo-
sure for direct comparison. These data show very good agreement
for the specific activity of Sc46 that is an activation product of Ti.
The disagreement between the results for Cr and Co indicates that
trace elements in the exposed samples were not considered in the
simulations. The Fe results compare favorably, but the variability
in measured results indicates that the differences here may have
been introduced by measurement uncertainty. Based upon these
observations, it is concluded that the models used in the current
work provide reasonable accuracy in predicting the activation of
the MAX  and other materials.

A separate series of samples with similar composition were irra-
diated in the MITR core for 42 days at 200 MWd  exposure with a
neutron flux of 2 × 1013 n/cm2-s thermal (0–3 keV), 6 × 1013 n/cm2-
s epithermal (3 keV–1 MeV), and 9 × 1013 n/cm2-s fast (1–20 MeV)
in the irradiation of test specimens for material properties. Activa-
tion analysis and dose rate measurements were performed on these
specimens, approximately 35 days after removal from the reactor.

Tantalum 182 was identified following the core irradiation due to
the longer time of irradiation, and the relatively large epithermal
neutron flux in the core position for its activation. The Ta activity is
attributed to Ta impurities in the initial materials with activation



22 E.N. Hoffman et al. / Nuclear Engineering and Design 244 (2012) 17– 24

Table 5
Specific decay heat from the primary activation products after decay times of t = 0 years and t = 10 years following exposure in a thermal spectrum reactor. Specific heat is
noted  in watts per gram of source material.

10 Year activation 30 Years activation 60 Years activation

t = 0 years t = 10 years t = 0 years t = 10 years t = 0 years t = 10 years

Iso. Spec. decay
heat (W/g)

Iso. Spec. decay
heat (W/g)

Iso. Spec. decay
heat (W/g)

Iso. Spec. decay
heat (W/g)

Iso. Spec. decay
heat (W/g)

Iso. Spec. decay
heat (W/g)

Ti3SiC2

Al 28 6.5E−04 Co 60 4.3E−09 Al 28 6.5E−04 Co 60 2.0E−08 Al 28 6.5E−04 Co 60 5.0E−08
Sc  46 2.1E−04 C 14 2.4E−09 Sc 46 2.1E−04 C 14 7.2E−09 Sc 46 2.1E−04 C 14 1.4E−08
Sc  48 7.0E−05 Cl 36 6.9E−10 Sc 48 6.3E−05 Cl 36 1.4E−09 Sc 48 5.4E−05 H 3 2.0E−09
Sc  47 3.6E−05 Fe 55 4.7E−10 Sc 47 3.5E−05 Fe 55 5.0E−10 Sc 47 3.5E−05 Cl 36 1.7E−09
Na  24 1.8E−05 H 3 4.0E−11 Na 24 1.8E−05 H 3 4.7E−10 Na 24 1.8E−05 Fe 55 4.7E−10

Ti3AlC2

Al 28 8.1E−03 C 14 2.3E−08 Al 28 8.1E−03 C 14 6.6E−08 Al 28 8.0E−03 C 14 1.3E−07
Sc  46 2.1E−04 Co 60 7.9E−09 Sc 46 2.1E−04 Co 60 3.7E−08 Sc 46 2.1E−04 Co 60 9.2E−08
Na  24 1.3E−04 Fe 55 8.8E−10 Na 24 1.3E−04 Cl 36 1.5E−09 Na 24 1.3E−04 H 3 2.0E−09
Sc  48 7.1E−05 Cl 36 6.9E−10 Sc 48 6.3E−05 Fe 55 9.1E−10 Sc 48 5.4E−05 Cl 36 1.7E−09
Sc  47 3.6E−05 Mn 54 4.1E−11 Sc 47 3.6E−05 H 3 4.7E−10 Sc 47 3.5E−05 Fe 55 8.7E−10

Ti2AlC
Al 28 1.2E−02 C 14 3.1E−08 Al 28 1.2E−02 C 14 9.2E−08 Al 28 1.2E−02 C 14 1.8E−07
Sc  46 2.0E−04 Co 60 9.3E−09 Sc 46 2.0E−04 Co 60 4.3E−08 Sc 46 2.0E−04 Co 60 1.1E−07
Na  24 1.8E−04 Fe 55 1.0E−09 Na 24 1.8E−04 Cl 36 1.4E−09 Na 24 1.8E−04 Cl 36 1.7E−09
Sc  48 6.8E−05 Cl 36 6.7E−10 Sc 48 6.1E−05 Fe 55 1.1E−09 Sc 48 5.2E−05 H 3 1.5E−09
Sc  47 3.5E−05 Mn 54 4.9E−11 Sc 47 3.4E−05 H 3 3.4E−10 Sc 47 3.3E−05 Fe 55 1.0E−09

SiC
Al  28 3.2E−03 H 3 9.8E−11 Al 28 3.1E−03 H 3 1.1E−09 Al 28 3.1E−03 H 3 4.9E−09
P  32 6.1E−07 C 14 8.3E−11 P 32 1.8E−06 C 14 2.5E−10 P 32 3.7E−06 C 14 5.0E−10
H  3 1.7E−10 Be 10 2.8E−12 H 3 2.0E−09 Be 10 8.4E−12 H 3 8.6E−09 Be 10 1.7E−11
C  14 8.3E−11 P 32 7.9E−13 C 14 2.5E−10 P 32 2.4E−12 C 14 5.0E−10 P 32 4.9E−12
Na  24 5.3E−11 Si 32 7.8E−14 Na 24 1.8E−10 Si 32 2.4E−13 Na 24 4.3E−10 Si 32 4.9E−13

Alloy  617
Co 60 3.9E−01 Co 60 1.1E−01 Co 60 2.7E−01 Co 60 7.3E−02 Co 60 8.9E−02 Co 60 2.4E−02
Co  58 1.1E−03 Ni 63 9.3E−06 Co 58 1.1E−03 Ni 63 2.0E−05 Co 58 9.5E−04 Ni 63 2.6E−05
Mo  99 9.0E−04 Fe 55 1.4E−07 Mo  99 9.1E−04 Fe 55 1.4E−07 Mo  99 9.3E−04 Fe 55 1.3E−07
Al  28 7.1E−04 Ni 59 2.7E−08 Al 28 7.1E−04 Ni 59 4.0E−08 Al 28 7.1E−04 Ni 59 3.9E−08
Cr  51 2.1E−04 Mo  93 4.0E−09 Tc 99m 1.9E−04 Mo 93 1.1E−08 Tc 99m 1.9E−04 Nb 93m 2.2E−08

Table 6
Measured and calculated specific activity of irradiated MAX  samples in the pneumatic 2PH1 position.

Material Activity per sample (Ci/g of source material)

Sc 46 Cr 51 Fe 59 Co 60

Measured Calculated Measured Calculated Measured Calculated Measured Calculated

Ti3SiC2 7.71E−07 8.60E−07 2.94E−07 2.20E−11 1.97E−08 2.40E−08 0.00E+00 1.05E−17
Ti2AlC 1.75E−06 8.30E−07 9.23E−07 4.80E−11 2.14E−07 5.20E−08 4.70E−08 2.30E−17
Ti2AlN 6.86E−07 8.20E−07 5.30E−07 2.14E−11 1.86E−08 2.32E−08 8.51E−09 1.01E−17
Ti3AlC2 9.19E−07 8.60E−07 2.26E−07 4.10E−11 0.00E+00 4.40E−08 9.40E−08 1.90E−17
Ti2SC 1.16E−06 8.00E−07 9.37E−06 2.10E−11 0.00E+00 2.20E−08 1.80E−06 9.80E−18
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Fig. 4. Radioactive decay based on an activation period of 10 years in a thermal reactor for Ti3SiC2, Ti3AlC2, Ti2AlC, SiC, and Alloy 617.
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Fig. 5. Radioactive decay based on an activation period of 30 years in a thermal reactor for Ti3SiC2, Ti3AlC2, Ti2AlC, SiC, and Alloy 617.
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Fig. 6. Radioactive decay based on an activation period of 60 yea

hrough the reaction Ta181(n,�)Ta182. In the Ti2SC material, the Ta
evels are high enough to also see Hf181, which is produced by a fast
eutron (n,p) reaction on Ta.

. Summary and conclusions

The mechanical properties and fabricability of the MAX  phases
ender them good candidates for advanced nuclear reactor, high-
emperature applications. Neutron damage studies are needed, and
re in progress, to provide empirical data to assess their effect on
roperties for in-core applications.

Activation calculations using the nominal, and common impu-
ity elements show that the MAX  phases are similar to SiC in total
ctivity after an exposure of up to 60 years and a decay period
f several years. Specifically, the materials were exposed to both
dealized fast and thermal reactor neutron spectra for 10, 30, and

0 years of exposure. The specific activities of Ti3SiC2, Ti3AlC2, and
i2AlC were compared to those of SiC and Alloy 617, two lead-
ng candidate materials for next generation reactor components.
he specific activities of these MAX  phases were similar to SiC and
a thermal reactor for Ti3SiC2, Ti3AlC2, Ti2AlC, SiC, and Alloy 617.

three orders of magnitude less than Alloy 617 after 10–60 years
decay for all three activation times in both the fast and thermal
spectra. As with SiC, the main radioisotopes after a decay period of
10 years for all three activation times in the MAX  phases are tritium
and C14. Neutron irradiation results of Ti3SiC2, Ti3AlC2, and Ti2AlC
experimentally confirmed the neutron transmutation analysis.
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