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Abstract

A commercially available wrought oxide dispersion strengthened (ODS) molybdenum alloy was irradiated in the
high flux isotope reactor (HFIR) at 294–936 �C to neutron fluences between 2.28 and 24.7 · 1025 n/m2

(E > 0.1 MeV) or (1.2–13.1 dpa-Mo). Irradiation of ODS molybdenum at 300 �C and 600 �C results in large increases
in strength (57–173%). The DBTT for 300 �C-irradiated ODS Mo was 800 �C, which is the same as observed for low
carbon arc cast (LCAC) and TZMmolybdenum irradiated to the same dose. The DBTT for 600 �C-irradiated ODS Mo
was room-temperature, which is a significant improvement over the DBTT values determined for LCAC (300 �C) and
TZM (700 �C) and from literature data. The micro-structural feature of small, elongated grains likely enhances the
resistance of ODS to irradiation embrittlement. Irradiation of ODS Mo at 870–1000 �C resulted in small increases
in yield strength (10–34%) with a post-irradiated DBTT comparable to non-irradiated material (�100 �C).
� 2005 Elsevier B.V. All rights reserved.
1. Introduction

Molybdenum is a refractory metal that undergoes no
phase change from ambient to the relatively high melt-
ing temperature of 2610 �C. The high strength and
creep-resistance at high temperatures, high thermal
conductivity, and measurable tensile ductility of molyb-
denum are desired properties for many advanced appli-
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cations [1–7]. Improvements in the high-temperature
strength and creep resistance of molybdenum, such as
commercially available unalloyed low carbon arc cast
(LCAC) molybdenum, have been achieved by alloying
to produce solid-solution and precipitation strengthen-
ing [8–12]. Commercially successful examples of these
approaches are molybdenum–rhenium alloys, which
involve solid-solution strengthening, and TZM molyb-
denum, which involves both carbide precipitate and
solid-solution strengthening. An oxide dispersion
strengthened (ODS) molybdenum alloy has been devel-
oped that possesses improved creep resistance when
the material is highly worked to produce a fine disper-
sion of La-oxide particles, a fine grain size (�1.2 lm),
and a high recrystallization temperature (1700 �C) [13–
18]. The addition of oxide particles also limits grain
ed.
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growth and stabilizes a fine grain size. High amounts of
tensile ductility are typically observed for molybdenum-
base alloys at low temperatures when the grain size is
fine, the oxygen content is low, and the ratio of carbon
to oxygen is high [8,9,19–23]. The high tensile ductility,
high fracture toughness, and low ductile to brittle tran-
sition temperature (DBTT) of ODS molybdenum is
thought to result from its very fine grain size [17,18].
Since wrought processing results in alignment of the
grains and oxide particles in the working direction, the
mechanical properties of ODS molybdenum are aniso-
tropic, but are generally an improvement over many
molybdenum-base alloys.

Irradiation of most commercially available molybde-
num alloys at temperatures as high as 600 �C typically
results in the formation of a high number density
(>1019 m�3) of dislocation loops and/or voids that in-
crease the flow stress of the material to levels that are
higher than the inherent fracture stress and results in
brittle failure [1–6]. This irradiation embrittlement is
characterized by an increase in the DBTT. The Stage
V recovery temperature for prominent vacancy diffusion
in molybdenum is 600 �C, which explains why suscepti-
bility to embrittlement starts to diminish for tem-
peratures above 600 �C. However, the kinetics for
micro-structural evolution of the defects that restrict dis-
location motion can be slow at this temperature, which
can result in embrittlement being observed at irradiation
temperatures as high as 800 �C in some cases. Given that
the nucleation and growth of voids, loops and other de-
fect clusters that impede dislocation flow depend on
point defect transport, it is expected that barrier forma-
tion can be influenced by careful control of pre-existing
micro-structural sinks [1–7,24]. The fine grain size and
fine oxide particle dispersion of ODS molybdenum are
micro-structural features that may result in improved
resistance to irradiation embrittlement, but the influence
of these features on irradiation effects has received little
Table 1
Chemical analysis of the ODS sheet (in weight ppm) from the materi
Shiva Technology

Material/Lot# C O N Ti Zr Fe Ni

ODS Sheet 40 NA NA <10 NA 27 <1
ODS Mo Ingot 32438
Heat# LA 23795
0.76 mm sheet

GDMS data

ODS Sheet �0.5 �3100 �3.8 <5 0.1 48 7.4
ODS Mo Ingot 32438
Heat# LA 23795

Note: 1. All material was obtained from H.C. Starck, which was fo
content is given in wt%, all other compositions are reported in ppm. 3.
not listed was <1 ppm.
attention [29]. The purpose of this work is to determine
the change in the tensile properties of wrought ODS Mo
sheet following irradiation in the high flux isotope reac-
tor (HFIR) at 300 �C, 600 �C, and 870–1000 �C to
neutron fluences between 2.28 and 24.7 · 1025 n/m2

(E > 0.1 MeV).
2. Materials and experimental procedure

Wrought ODS molybdenum sheet (0.76 mm thick)
was obtained from H.C. Starck, Inc. with the composi-
tion provided in Table 1. Glow Discharge Mass Spec-
trometry (GDMS) results from Shiva Technology were
generally within a factor of two of the chemical certifi-
cation with the exception of oxygen, which likely re-
sulted from the oxide particles nominally (2 vol.%)
present in the material. The processing of ODS molyb-
denum has been described [13–18], and basically
consists of wet doping Mo-oxide powder with a La-
nitrate solution, pyrolyze to form a fine dispersion of
La-oxide in molybdenum powder, consolidation of the
powder, and wrought processing to form a sheet fol-
lowed by a stress-relief anneal in vacuum at 1200 �C/
1 h. A sub-sized SS-1 flat tensile geometry [7] was used
in this work with a nominal size of 44.45 mm
long · 4.95mm wide with a 20.32 · 1.52 mm gauge
length and nominal thickness of 0.76 mm. The tensile
specimens were machined in the longitudinal stress-
relieved (LSR) or transverse stress-relieved (TSR)
condition, and then laser scribed for identification, elec-
tropolished, and again given a stress-relief anneal in
vacuum at 1200 �C for 1 h.

Capsule designs used to irradiate the ODS Mo tensile
specimens were comparable to those from previous work
[7,23]. One capsule consisted of eight tensile specimens
that were loaded into a holder, which was a rectangular
axial opening machined into a cylinder (5.08 cm diame-
al certification reports and determined from GDMS analysis at

Si La[2] Al Ca Cr Cu Other

0 <10 1.08 wt% <10 <10 <10 <10 <10 Mg
<10 Pb
<10 Sn

1.6 9800 4.2 5.2 19 3.1 3 Mg
7.5 K
150 W

rmally known as CSM Industries, Inc., Cleveland, OH. 2. La
NA = Not available. 4. Trace GDMS composition for elements
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ter · 5.6 cm long). Aluminum holders were used for the
300 �C irradiation and vanadium was used for the
600 �C and 1000 �C irradiations. The capsules were
welded to seal an inert helium atmosphere in each cap-
sule. The tensile holders were centered within the capsule
using a thimble. A thermal model was used to determine
the irradiation temperatures, which was set by the size of
the gas-gap between the holder/capsule. Thermal calcu-
lations show that the maximum temperature gradients
through the tensile specimens were 10 �C and 15 �C for
the radial and axial direction, respectively, at a target
irradiation temperature of 300 �C and on the order of
25 �C in either direction for the 600–1000 �C target irra-
diation temperatures. The irradiation temperatures were
verified by using passive silicon carbide (SiC) tempera-
ture monitors [7,25]. Analysis of the temperature moni-
tors indicates that the irradiation temperature was
within 50 �C or less of the target irradiation tempera-
tures reported in Table 2 for target irradiation tempera-
tures of 300 �C and 600 �C (actual irradiation
temperature of 294 �C and 560–609 �C, respectively),
and within ±100 �C or better for irradiations at the tar-
get temperature of 968–1000 �C (actual irradiation tem-
peratures of 870 �C and 936 �C) [7]. The one exception is
for the f3 capsule, where the nominal irradiation temper-
ature was found to be 784 �C. It is not clear at this time
why this deviation in temperature occurred, and at what
point in the irradiation test the temperature deviation
occurred [42].
Table 2
Estimated irradiation temperature, neutron fluence, and calculated DP

Target irradiation
temperature [�C]

Actual irradiation
temperature[2] [�C]

Capsule
number

Irr
cyc

300[1] 294 F1 and f2 38
600[1] 609 N1 38
600[1] 560 F4 38
600[1] 784 F3 38
968[1] 870 K1 38
968[1] 870 K2 38
1000[1] 936 F5 and F6 38

Notes: 1. The target irradiation temperature was the aim calculated te
test. The irradiation temperatures were generally within ± 50 �C for i
performed at 1000 �C. 2. Analysis of passive temperature monitors h
from neutron fluence to molybdenum DPA for the HFIR spectrum w
were performed. These irradiations were performed over a period of 2
used to produce a neutron fluence of 72.6 · 1024 n/m2. The MW days
(2094 MW days and 591.2 h), cycle 389 (2124 MW days and 599.7 h), c
and 590.0 h), cycle 392 (2077 MW days and 586.5 h), cycle 393 (2143
cycle 395 (2198 MW days and 620.6 h), cycle 396 (2203 MW days and
irradiations were performed. These irradiations were performed over
380 was used to produce the neutron fluence of 22.8 · 1024 n/m2. The
cycle 380 (2230 MW days and 629.6 h), cycle 381 (2123 MW days and
(1755 MW days and 495.5 h). 6. N/A indicates that irradiations were
Irradiations were performed in the peripheral target
tube position (PTP) of the high flux isotope reactor
(HFIR) in one to ten cycles at 85 MW of power (Table
2). The capsules or specimens were not shielded from
the spectrum produced by HFIR, which results in an esti-
mated nominal peak fast neutron flux of 10 · 1018 n/m2 s
(E > 0.1 MeV), and a peak thermal neutron flux of
2.2 · 1019 n/m2 s (E < 0.1 MeV). The displacement
damage produced by irradiation was determined to be
primarily the result of the fast flux. Reactions that result
from thermal neutron absorption are not thought to
be a significant contribution to irradiation damage
[7,23]. The maximum fluence values reported in Table 2
(3.8–12.4 dpa) are calculated to produce a very low con-
centration (<0.2 and 0.6 wt%) of transmutation products
that are primarily Tc and Ru with 3–4 ppm amounts of
Zr and Nb [7,23,26]. This concentration of transmuta-
tion products was independently confirmed using a point
depletion program. The changes in tensile properties are
expected to result from the defects produced by irradia-
tion. Transmutation products are not believed to have
a measurable effect on the tensile results.

All tensile tests were performed at temperatures rang-
ing from �150 �C to 1000 �C at an actuator displace-
ment rate of 0.017 mm/s (strain rate = 0.00083 min�1)
in accordance with ASTM E8 [27]. Specimen load and
crosshead displacement were recorded and used to deter-
mine the tensile properties in terms of engineering stress/
strain. No correction was made for the compliance of
A values for ODS molybdenum following irradiation in HFIR

adiation
les

Neutron fluence [E > 0.1 MeV], · 1025

n/m2/(estimated molybdenum dpa)[3]

2.28 6.44–7.26 23.2–24.7

8–397[4] N/A N/A 23.2/(12.3)
8–390[4] N/A 7.26/(3.9) N/A
8–397[4] N/A N/A 24.6/(13.1)
8–397[4] N/A N/A 24.6/(13.1)
0[5] 2.28/(1.2) N/A N/A
0–382, 372C[5] N/A 6.44/(3.4) N/A
8–397[4] N/A N/A 24.7/(13.1)

nsile specimen temperature that was designed for the irradiation
rradiations at 300 �C and 600 �C, and ± 100 �C for irradiations
as confirmed these irradiation temperatures. 3. The conversion
as determined using SPECTER [28]. 4. Two sets of irradiations
6 July 2002–17 November 2003. Cycles 388, 389, and 390 were
and hours of operation for each cycle are as follows: cycle 388
ycle 390 (2111 MW days and 596.1 h), cycle 391 (2090 MW days
MW days and 605.0 h), cycle 394 (2130 MW days and 601.3 h),
621.9 h), cycle 397 (2216 MW days and 625.8 h). 5. Two sets of
a period between 15 June 2000 and 1 October 2000. Only cycle
MW days and hours of operation for each cycle are as follows:
599.4 h), cycle 372C (302 MW days and 85.3 h), and cycle 382
not performed at these conditions.
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the load train for the stress–strain curves, and all stress
and strain data are calculated from the raw load–dis-
placement results [7]. Room-temperature tests were con-
ducted at atmospheric pressure, while tests at elevated
temperatures were performed in a vacuum furnace (<
6 · 10�5 MPa) that was equipped with refractory-metal
heat shields and elements. Heating to the test tempera-
ture was achieved in 30–45 min with a hold time of
30 min prior to testing. Testing at sub-ambient tempera-
tures was accomplished in a controlled chamber using
nitrogen gas to cool to �50 �C to �150 �C [7]. Determi-
nation of the tensile DBTT was primarily based on frac-
tographic examinations that were performed using a
scanning electron microscope (SEM).
Table 3
Summary of unirradiated tensile data for ODS molybdenum sheet

Test temperature
[�C]

Tensile strength [MPa] Tensile

Ultimate tensile
stress

0.2% Yield stress Total e

Longitudinal stress-relieved

�194 1612.7 1612.7 0
�150 1451.3 ± 162.3 1489.7 ± 137.9[2,3] 0.4 ±
�100 1229.3 ± 84.0 1240.7 ± 104.8[2,3] 6.1 ±
�50 1000.7 ± 53.6 965.1 ± 55.8 14.2 ±
22 794.1 ± 24.5 735.1 ± 32.6 20.6 ±
150 698.5 ± 68.3 614.3 ± 32.2 18.6 ±
201 669.5 574.4 17
300 570.7 ± 28.1 511.6 ± 19.7 9.7 ±
400 561.3 479.9 10
600 485.1 ± 16.2 445.6 ± 19.8 4.3 ±
700 404.0 ± 88.7 373.4 ± 85.3 4.4 ±
800 422.7 ± 35.1 419.9 ± 1.0 4.7 ±
982 360.1 ± 32.9 346.7 ± 35.5 5.6 ±
1000 364.7 ± 8.8 339.2 ± 3.9 7.2 ±
1200 197.2 182.7 12
1400 128.2 113.8 15
1600 61.4 61.4 19
1700 53.8 40.6 11

Transverse stress-relieved

�194 1137.0 1137.0 0
�150 1228.0 1228.0 < 1
�100 1315.4 ± 43.7 1318.5 ± 45.4[2,3] 0.9 ±
�50 1099.5 ± 13.8 1106.2 ± 28.0[2,3] 6.0 ±
22 827.7 ± 26.5 823.5 ± 34.3 9.6 ±
150 693.6 610.2 10
200 624.2 ± 11.6 548.8 ± 21.2 6.3 ±
300 574.8 ± 5.8 517.6 ± 7.6 4.2 ±
400 524.2 ± 3.5 478.5 ± 12.5 3.2 ±
982 265.5 245.5 4
1200 165.5 151.7 9
1400 73.8 53.8 25
1600 48.3 41.4 18

Note: 1. �–� means that a value was not measured for this condition. 2.
observed, resulting in a higher yield strength than the ultimate streng
strength. 4. For cases where more than one data point were determ
deviation is reported.
3. Results and discussion

3.1. Unirradiated tensile properties

Tensile properties for unirradiated ODSmolybdenum
(Mo) are summarized in Table 3. The grain structure of
ODS Mo is shown in Fig. 1 to consist of elongated,
sheet-like pancaked grains that are aligned in the work-
ing direction with La-oxide ribbon and fine particles that
are also aligned in the working direction and are fre-
quently at grain boundaries and within grains [14–
17,29]. Measurements of the grain size show in Table 4
that the grain dimensions were thinner and longer in
the longitudinal orientation. Lower tensile strength and
ductility [%] Strain hardening
exponent, nlongation Uniform

elongation
Reduction
in area

0 0 –
0.3 0.2 ± 0.2 1 ± 1 –
2.4 0.9 ± 0.6 32 ± 14 �0.064
2.6 4.0 ± 3.1 45 ± 8 0.036
3.7 9.4 ± 3.2 53 ± 9 0.067
2.5 9.7 ± 0 54 ± 1 0.098

11 63 –
3.9 4.9 ± 2.9 64 ± 1 –

8 64 –
0.4 0.9 ± 0.3 70 ± 4 0.086
0.6 1.5 ± 0.6 70 ± 1 0.078
0.5 1.6 ± 0.6 77 ± 0 0.064
0.9 0.9 ± 0.2 70 ± 11 –
0.3 1.2 ± 0.2 78 �0.006

1 85 –
1 66 –
3 32 –
3 20 –

0 0 –
0 0 –

0.7 0.4 ± 0.1 10 ± 9 –
1.1 0.5 ± 0 6 ± 6 –
2.0 3.8 ± 1.8 9 ± 3 –

5.2 – –
2.4 3.6 ± 1.2 14 –
0.3 2.9 ± 1.0 22 ± 1 –
0.7 2.5 ± 1.3 27 ± 4 –

1 63 –
2 74 –
6 26 –
9 13 –

An upper/lower yield point is observed. 3. A slight yield point is
th, or the yield strength being equivalent to the ultimate tensile
ined at a given test temperature, the average ± the standard



Fig. 1. Polished and etched optical micro-graphs of the micro-structure of stress-relieved ODS molybdenum sheet: (a) longitudinal
orientation, (b) transverse orientation, (c) surface of sheet, and (d) longitudinal orientation near fracture surface of specimen tested at
room-temperature. A Murakami etch was used, with the arrow identifying the longitudinal direction.

Table 4
Summary of grain size measurements for ODS sheet

Alloy Grain diameter [lm] Grain length [lm]

Average Standard
deviation

Average Standard
deviation

ODS sheet – LSR 1.2 0.8 45.7 25.0
ODS sheet – TSR 2.5 1.0 33.3 12.1
[1]LCAC Sheet – LSR[1] 3.9 2.5 172 79
LCAC Sheet – TSR[1] 5.0 2.7 78.1 38.2
TZM Plate – LSR[1] 3.9 2.5 273 105
TZM Plate – TSR[1] 6.1 3.8 132 69

1. Results for LCAC and TZM are reported in [42].
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higher elongation values were observed in the longitudi-
nal orientation, which is consistent with literature data
for ODSMo [13–17]. The presence of more grain bound-
ary and oxide interface area in the TSR orientation re-
sults in a higher fraction of boundaries and results in
increased strength in the transverse orientation, but frac-
ture initiation typically occurs at grain boundaries, which
results in a lower tensile elongation for TSR ODS Mo
relative to LSR. The oxide particles limit grain growth,
result in a high recrystallization temperature of 1700 �C
for 1 h heat treatments, and result in a much finer grain
size.

The stress–strain curves for ODS Mo show in Fig. 2
that a low work hardening rate, or strain hardening
exponent of n = 0.098 to �0.064 (Table 3), is observed
that is consistent with the literature data for commercial
molybdenum alloys [7,13–17,30–39]. These stress–strain
curves were not corrected for the compliance of the load
train. The fracture surfaces for LSR ODS Mo tested at
�100 �C are shown in Fig. 3(a) to consist of a ductile
laminate failure mode, where fracture initiation occurs
at grain boundaries and oxide interfaces in the region
of triaxial stresses to produce separation of the micro-
structure into laminate type grains that are then pulled
to fracture with a high degree of necking (Fig. 1(d)); this
is also known as thin sheet toughening [17,18,40–42].
Transgranular cleavage (Fig. 3(b)) and nil amounts of
ductility were observed for LSR ODS Mo tested at
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Fig. 2. Load–displacement curves for non-irradiated ODS molybdenum in the LSR condition. The strain hardening exponent data
provided below are summarized in Table 3. The stress–strain data were determined from the raw load–displacement results, and no
correction was made for the compliance of the load frame.
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�150 �C. The large amount of ductility (total elongation
and Reduction in Area (RA)), plasticity observed in the
stress–strain curves, and ductile failure mode observed
for LSR ODS Mo at �100 �C with brittle failure ob-
served at �150 �C indicate that the DBTT was higher
than �150 �C and lower than �100 �C, but is conserva-
tively defined as �100 �C, see Table 5. Large amounts of
tensile ductility, plasticity in the load–displacement
curves and evidence for a ductile failure mode were con-
sistently observed for TSR ODS Mo at room-tempera-
ture, while low ductility and brittle failure modes were
observed at �50 �C. Table 5 shows that the DBTT for
TSR ODS Mo was conservatively defined as room-
temperature.

3.2. Post-irradiation tensile properties for irradiation

at 294 �C and 560–609 �C

3.2.1. Results for longitudinal stress-relieved

(LSR) ODS

All post-irradiated tensile data for LSR ODS Mo are
summarized in Table 6. Large increases in tensile
strength and large amounts of irradiation hardening,
which are reflected by the increase in yield strength,
are observed for irradiation at 294 �C and 560–609 �C
in Fig. 4(a) with increases ranging from 57% to 173%.
These large increases in tensile strength are within the
range of literature data, but are generally at the upper
bound of post-irradiated tensile strength for molybde-
num alloys [1–7,30–39,42–44]. All tensile strength values
determined at temperatures less than the DBTT are
actually a fracture stress. In the brittle regime the mate-
rial fractures before yielding. Scatter in the size and
distribution of pre-existing flaws has been observed to
result in large variation of the fracture strength values
determined for LCAC and TZM molybdenum irradi-
ated under the same conditions [42]. However, little
scatter in the LSR ODS Mo tensile strength values
was observed for the 294 �C and 560 �C irradiations,
and the values are generally similar.

The notable exception to the similarity in irradiation
hardening results for the 294 �C and 560–609 �C irradi-
ations is that exceptionally low tensile strength and high
ductility were observed for one capsule (f3) that was in-
tended for a 600 �C irradiation [42]. All specimens irra-
diated in capsule f3 exhibited tensile properties and
change in electrical resistivity results that were compara-
ble to values for 1000 �C irradiations. Analysis of
temperature monitors also confirmed that the last nom-
inal irradiation temperature for capsule f3 was 784 �C,
and was possibly close to 1000 �C for some period
of time, see Table 2. If irradiation of capsule f3 actually
occurred for some time at 600 �C and then the irradia-
tion temperature was increased to 784 �C for some
time, these results indicate that irradiation at high
temperatures results in the recovery of the defect struc-
ture that results in irradiation hardening. The data for
specimens irradiated in capsule F3 are listed in Table
6. Further discussion of results from the f3 capsule is
not pursued.



Fig. 3. SEM fractography of non-irradiated LSR ODS molyb-
denum following tensile testing at: (a) temperature of �100 �C
showing a ductile-laminate failure, and (b) temperature of
�150 �C showing a transgranular cleavage failure mode.
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The tensile strength and irradiation hardening values
determined for 294 �C and 560–609 �C irradiated LSR
ODS Mo when tested at room-temperature to 300 �C
were slightly higher than results determined at a compa-
rable test temperature for TZM and LCAC [3,42].
Tensile strength results determined for 294 �C and
560–609 �C irradiated ODS Mo exhibit a stronger
dependence on test temperature than results obtained
for commercial molybdenum alloys such as TZM and
LCAC [42], and the tensile strength results for 294 �C
and 560–609 �C irradiated LSR ODS Mo at test temper-
atures ranging from 600 �C to 800 �C are generally lower
than for TZM and LCAC. Strong changes in tensile
results with test temperature and similarity in tensile re-
sults for specimens irradiated at 294 �C and 560–609 �C
can be explained by the differences in fracture mecha-
nisms, as discussed in the following section. The tensile
strength and irradiation hardening results for the 560–
609 �C irradiations at a dose of 24.6 · 1025 n/m2

(13.1 dpa-Mo) and 7.26 · 1025 n/m2 (3.9 dpa-Mo) are
shown in Fig. 4(a) to be comparable. This indicates that
saturation of irradiation hardening for the 560–609 �C
irradiations of LSR ODS Mo occurs at a fluence at or
below 7.26 · 1025 n/m2 (3.9 dpa-Mo), which is the same
as observed for TZM [42].

For LSR ODS Mo irradiated at 294 �C, low amounts
of tensile ductility (Fig. 4(b)) and linear–elastic relation-
ship in the load–displacement curves to failure are
shown in Fig. 5(a) at test temperatures between room-
temperature and 700 �C. A brittle failure mode of trans-
granular cleavage was observed at room-temperature
(Fig. 6(a)), which was similar to non-irradiated LSR
ODS Mo tested at �150 �C (Fig. 3(b)). Although no
ductility was observed for the 294 �C irradiated LSR
ODS Mo tensile specimens tested at 600 �C and
700 �C, mixed-mode failures that consist of primarily
transgranular cleavage with local regions of ductile lam-
inate failure are shown in Fig. 6(b). The mixed-mode
failures with ductile laminate features observed at
600 �C and 700 �C, where no tensile ductility was mea-
sured, suggest that higher amounts of energy may be ab-
sorbed during fracture compared to room-temperature
testing, which could only be resolved by measurements
of fracture energy such as obtained using a fracture
toughness or Charpy test. Measurable amounts of ten-
sile ductility, plasticity in the load–displacement curve,
and a ductile failure mode (Fig. 6(c)) were observed
for 294 �C irradiated LSR ODS Mo at a test tempera-
ture of 800 �C. This indicates that the tensile DBTT
was higher than 700 �C and no more than 800 �C, but
was conservatively defined as 800 �C (Table 5). The duc-
tile failure mode observed for 294 �C irradiated LSR
ODS Mo at 800 �C is characterized by a plastic instabil-
ity with prompt yielding, a significant decrease in the
strain-hardening exponent, and decrease in uniform
elongation, which is a typical result observed for the
irradiation of metals at low temperatures [45–47], and
is similar to that observed at 800 �C for LCAC and
TZM Mo irradiated at 300 �C [7,42]. Tensile DBTT val-
ues of 800 �C were also observed for LCAC and TZM
irradiated at 294 �C to the same dose [42]. However,
the fracture surface for 294 �C irradiated LSR ODS
Mo was observed to have a higher density of ductile
laminate features with a finer laminate spacing, which
likely results from a finer grain size and could indicate
that more fracture energy is being absorbed.

For the irradiations of LSR ODS Mo at 609 �C to a
fluence of 7.26 · 1025 n/m2 or 3.9 dpa-Mo (Fig. 4), low
tensile ductility, linear elastic behavior with no plastic-
ity, and a brittle failure mode consisting of transgranular



Table 5
Summary of pre- and post-irradiation DBTT values determined from tensile testing for ODS molybdenum following irradiation in
HFIR to a maximum fluence of 23.2–24.7 · 1025 n/m2, E > 0.1 MeV

Alloy/condition Pre-irradiation
DBTT (�C)

Post-irradiated DBTT for irradiation at various irradiation temperatures

294 �C 560–609 �C 870–936 �C

ODS – LSR �100 800 �C 25 �C �100 �C
ODS – TSR 25 N/A >25 �C <300 �C
LCAC – LSR[3] �100 800 �C 300 �C �50 �C
LCAC – TSR[3] �100 N/A N/A <25 �C
TZM – LSR[3] �50 800 �C 700 �C �50 �C
TZM – TSR[3] �50 N/A 700 �C <0 �C

Note: 1. For pre-irradiation DBTT values, the result is based on a ductile failure observed at �100 �C with a brittle failure observed at
�150 �C. 2. Post-irradiated DBTT values for 294 �C irradiations (800 �C) are based on a ductile failure observed at 800 �C with a
brittle failure observed at 700 �C. For 609–560 �C irradiations, the 25 �C DBTT for LCAC is based on a ductile failure observed at
room-temperature and brittle failure observed at �50 �C. For 936 �C irradiations, the �100 �C DBTT is based on a ductile failure
observed at �100 �C with a brittle failure mode observed at �150 �C. 3. The results for LCAC and TZM (irradiated to the same dose
as ODS) are reported in [42].
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cleavage (Fig. 7(a)) was observed for specimens tensile
tested at �50 �C. Measurable tensile ductility, plasticity
in the load–displacement curves (Fig. 5(b)) and a ductile
laminate failure mode similar to non-irradiated material
(Fig. 7(b)) were observed at test temperatures equal to or
greater than room-temperature. This indicates that the
DBTT of LSR ODS Mo irradiated at 609 �C to a dose
of 7.26 · 1025 n/m2 (3.9 dpa-Mo) is higher than �50 �C
and less than or equal to room-temperature, but is con-
servatively defined as room-temperature. The tensile re-
sults and ductile laminate failure mode observed for
LSR ODS Mo irradiated at 560 �C to a higher dose of
24.6 · 1025 n/m2 (13.1 dpa-Mo) and tested at room-tem-
perature (Fig. 7(c)) and 150 �C are essentially compara-
ble to results determined at the lower dose, with the
exception of slightly lower ductility and increased
strain-hardening rate at the higher dose. These minor
differences may represent data scatter for these limited
data sets rather than true differences in tensile properties
between the higher and lower dose 600 �C irradiations
for ODS Mo. These results show that saturation of the
change in tensile properties and increase in tensile DBTT
from �100 �C to room-temperature is observed for
560–609 �C irradiated LSR ODS Mo at a dose of
7.26 · 1025 n/m2 (3.9 dpa-Mo) or lower with no further
change after a higher dose of 24.6 · 1025 n/m2

(13.1 dpa-Mo).
The DBTT values reported in literature for molybde-

num irradiated near temperatures of 300 �C [30,39,48]
were less than the 800 �C DBTT that was determined
for 294 �C irradiated LSR ODS molybdenum (Fig. 8);
this is explained by the significantly lower dose for the
literature data [42]. Although the DBTT for 294 �C irra-
diated LSR ODS Mo is comparable to that determined
for LCAC and TZM Mo irradiated at 294 �C to the
same dose of 23.2 · 1025 n/m2 (Table 5), irradiation of
LSR ODS Mo at 560–609 �C results in a DBTT
(room-temperature) that is much lower than the DBTTs
for LCAC and TZM and is below the range of
DBTT values reported in literature for 600 �C irradia-
tions (100–700 �C), see Fig. 8. This result shows that
LSR ODS Mo irradiated at 560–609 �C has some resis-
tance to irradiation embrittlement as shown by the
room-temperature DBTT.

The fine-grained and elongated, sheet-like grain
structure of ODS Mo is one possible reason for this
resistance to irradiation embrittlement. Unalloyed
molybdenum with a remarkably low interstitial content
(30 ppm carbon + 5 ppm oxygen) and an elongated,
sheet-like grain structure with small grains (about
2 lm) was also reported in literature [24] to have resis-
tance to irradiation embrittlement with a room-temper-
ature DBTT following irradiations at 373 �C, 519 �C,
and 600 �C to neutron fluences between 1.97 and
9.46 · 1026 n/m2 (6.8–34 dpa-Mo). Companion speci-
mens from this high-purity molybdenum results re-
ported in literature [24] were also recrystallized prior
to irradiation to form a large grain size (about 20 lm),
and brittle fractures were observed for these samples at
room-temperature, which indicates that the DBTT for
large-grained recrystallized material was above room-
temperature. One inconsistency in the reported data
for this fine-grained, high-purity molybdenum [24] is
that a DBTT above 400 �C was observed in one case
for irradiation at 406 �C. The ODSMo used in this work
has a fine grained, elongated sheet-like grain structure
with oxide particles, while the high-purity molybdenum
also had a fine-grained, elongated sheet-like grains with
a low carbon and oxygen content; the common feature
was the fine grained, elongated, sheet-like grain
structure. Thus, the elongated grain structure of these
wrought alloys is likely responsible for resistance to



Table 6
Summary of irradiated tensile data for ODS molybdenum plate

Irradiation
temperature
[�C]/capsule

Neutron fluence
[n/m2], [E > 0.1 MeV]

Test temperature
[�C]

Tensile strength
[MPa]

Tensile ductility [%] Strain
hardening
exponent, nUltimate

tensile
stress

0.2% Yield
stress

Total
elongation

Uniform
elongation

Reduction
in area

Longitudinal stress-relieved

294/F2 23.2 · 1025 22 1689.3 1689.3[1,4] 0.19 0.19 0 –
294/F1 600 1130.1 1130.1[1] 0.01 0.01 0 –
294/F1 700 982.5 982.5[1] 0.19 0.19 2 –
294/F2 800 657.8 659.9[2] 2.2 0.3 52 �2.44

609/N1 7.26 · 1025 �50 1669.3 1669.3[1] 0.13 0.11 0 –
609/N1 22 1672.0 1661.7 0.64 0.31 18 0.023
609/N1 22 1625.8 1601.7 0.61 0.61 4 –
609/N1 150 1575.5 1549.3 1.61 1.08 17 0.064
609/N1 300 1434.2 1394.2 1.45 0.09 21 0.11
609/N1 600 1214.2 1110.1 1.14 0.94 10 –

560/F4 24.6 · 1025 22 1608.6 1587.2 0.64 0.56 8 0.13
560/F4 150 1530.0 1508.6 0.8 0.6 10 0.18
784/F3[5] �50 1301.8 1301.8[6] 2.5 0.04 52 �0.33
784/F3[5] 600 747.4 712.9 2.5 0.7 60 0.30

870/K1 2.28 · 1025 �100 1300.4 1365.9[9] 1.2 0.4 33.1 �0.26
870/K1 �50 1003.9 1157.0[9] 11.6 1.3 35.6 0.014
870/K1 22 770.2 829.5[9] 16.3 7.1 53.5 0.048
870/K1 22 750.9 843.3[9] 23.7 11.6 – –
870/K1 982 320.6 314.4 6.7 2.2 70.6 0.006
870/K1 982 335.8 321.3 8.5 2.6 – –

870/K2 6.44 · 1025 �100 1367.3 1486.6[9] 1.4 0.4 38.0 �0.40
870/K2 �50 1183.2 1279.0[9] 2.9 0.5 40.0 �0.21
870/K2 22 887.4 915.0[9] 17.5 11.8 46.7 0.082
870/K2 22 922.6 1011.5[9] 16.0 11.4 – –
870/K2 982 462.7 466.8[9] 9.0 2.6 61.6 0.022
870/K2 982 475.8 466.8 5.3 2.6 – –

936/F6 24.7 · 1025 �150 1803.7 1803.7[1] 0.05 0.05 0 –
936/F5 �100 1506.6 1506.6[2,7] 2.0 0.02 42 �0.61
936/F5 22 903.2 981.2[2,8] 5.2 1.9 59 0.025
936/F6 1000 539.2 521.3 3.3 1.0 34 0.15

Transverse stress-relieved

609/N1 7.26 · 1025 22 1306.6 1306.6[1] 0.0 0.0 0 –

870/K1 2.28 · 1025 300 513.0 513.0 6.6 2.8 30.9 –
870/K1 300 508.9 508.2 10.3 5.0 – –

870/K2 6.44 · 1025 300 650.2 669.5 1.4 0.6 25.2 –
870/K2 300 710.2 713.6 3.2 2.3 – –

Notes: 1. Since the uniform elongation was <0.2%, the yield strength cannot be determined, and is listed as being equal to the ultimate
strength. 2. A slight yield point is observed, resulting in a higher yield strength than the ultimate strength, or the yield strength being
equivalent to the ultimate tensile strength. 3. �–� means that a value was not measured for this condition. 4. Initial fracture at pinhole
followed by a second test shoulder loading. 5. The irradiation temperature for these specimens exceeded 600 �C by a large margin at
some point during the irradiation, and was determined to be 784 �C. 6. An upper/lower yield point was observed for this test with
values of 1301.1/1155.6 MPa. 7. An upper/lower yield point was observed for this test with values of 1506.6/1339.0 MPa. 8. An upper/
lower yield point was observed for this test with values of 981.2/894.3 MPa. 9. A yield point is observed, followed by a lower loads than
the initial yield point, resulting in a lower ultimate tensile strength.
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Fig. 4. Comparison of non-irradiated and post-irradiated tensile results for LSR ODS molybdenum following irradiation at 294 �C
and 560 �C: (a) yield strength values, and (b) reduction in area values. The tensile strength values determined at temperatures below the
DBTT are actually a fracture stress in some cases as true plastic deformation has not been achieved. The fluences of 72.6 · 1025 n/m2,
23.2 · 1025 n/m2, and 24.6 · 1025 n/m2 correspond to a Mo-dpa of 3.9, 12.3, and 13.1, respectively.
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irradiation embrittlement. However, the oxide particles
present in ODS Mo and the low interstitial content of
the high-purity molybdenum may also play an impor-
tant role in mitigation of irradiation embrittlement.
LCAC molybdenum, which also has an elongated,
sheet-like grain structure that is slightly coarser than
ODS, has a DBTT of 300 �C, which is an improvement
over the 700 �C DBTT observed for TZM [42]. The
slightly coarser grain size and higher carbon content of
LCAC (90 ppm) may explain why the DBTT is not as
low as observed for ODS Mo, and could also indicate
that the oxide particles present in ODS Mo are further
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Fig. 5. Plot of load–displacement curves for LSR ODS molybdenum tested a temperatures between �50 �C and 800 �C after
irradiation at: (a) 294 �C, and (b) 560–609 �C. For the case of the 560 �C irradiations to a fluence of 24.6 · 1025 n/m2, the capsule is
noted as either f4 (560 �C irradiation temperature) and f3 (nominal irradiation temperature of 784 �C), while capsule n1 609 �C
irradiations had a dose of 7.26 · 1025 n/m2. The stress–strain data were determined from the raw load–displacement results, and no
correction has been made for the compliance of the load frame. The curves are intentionally off-set to show all results. Strain hardening
values are given below, which are summarized in Table 6.
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providing an additional improvement in resistance to
irradiation embrittlement. TZM has an elongated,
sheet-like grain structure with coarser grains, coarse
carbide particles, and titanium + zirconium in solid
solution. The coarse carbide particles with the higher
carbon content may be limitations that result in poor
resistance to irradiation embrittlement for TZM Mo
with a 700 �C DBTT [42].

The brittle failure modes observed for LSR ODS
Mo irradiated at 294 �C and 560–609 �C and then
tested at temperatures below the DBTT were transgran-
ular cleavage, which indicates that grain boundaries or



Fig. 6. Post-irradiated SEM fractography of ODS molybdenum following 294 �C irradiations to 23.2 · 1025 n/m2 for tensile testing at:
(a) room-temperature showing transgranular cleavage, (b) temperature of 600 �C showing mixed-mode fracture mode, and (c)
temperature of 800 �C showing a ductile-laminate failure mode.
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oxide interfaces were not the preferred fracture path
and is similar to results observed for LCAC and
TZM [7,42]. Small, linear defects that could be micro-
cracks or grain boundaries were observed to be the
fracture initiation sites at test temperatures below the
DBTT for ODS Mo. The ductile laminate structure ob-
served for both ODS and high-purity [24] molybdenum,
where fracture initiation occurs at grain boundaries and
oxide boundaries to leave fine ligaments that are pulled
to failure under plane stress conditions to allow large
amounts of fracture energy to be absorbed, likely plays
a role in the enhanced resistance to irradiation embrit-
tlement. The fine spacing of grains also provides closer
spacing of grain boundaries that are neutral sinks for
the point defects produced by irradiation, which could
lower the number density and size of voids and loops,
and reduce the effectiveness of these hardening barriers.
The second benefit of the finer grain size is that the
size of the ligaments (i.e. grains) formed during the
fracture process is also reduced, which provides a more
dominant plane stress-state that increases ligament
plasticity.

Irradiation of molybdenum at 294 �C would be
expected to result in the formation of a high number
density of fine loops and voids [1,3,4,6,39,43] that limit
dislocation motion and result in elevation of the effective
yield stress above the inherent fracture stress of the
material so that a brittle fracture stress is measured at
temperatures below the 800 �C DBTT. However, the
tensile strength values measured for 294 �C irradiated
ODS molybdenum test at room-temperature to 600 �C,
which are fracture stress values, are comparable to the
yield strength values determined for the 560–609 �C irra-
diated LSR ODS Mo at temperatures above the DBTT
where plastic deformation is observed. This coincidence
of equivalent tensile strength values for the 294 �C and
560–609 �C irradiations could be explained by the fact
that the cracking along grain boundaries that initiates
the ductile laminate failure occurs at the same macro-
scopic stress level. Testing of non-irradiated molybde-



Fig. 7. Post-irradiated SEM fractography of LSR ODS molybdenum after irradiations at 560–609 �C for tensile testing at: (a)
temperature of �50 �C after dose of 7.26 · 1025 n/m2 showing brittle, transgranular fracture, (b) room-temperature after a dose of
7.26 · 1025 n/m2 showing a ductile laminate failure mode, and (c) room-temperature after a dose of 24.6 · 1025 n/m2 showing a ductile
laminate failure mode.
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num alloys has shown that the initiation of the ductile
laminate failure mode by grain boundary micro-crack-
ing occurs in the region of triaxial stresses [17,18]. The
coarser voids that would be expected for the 560–
609 �C irradiations of molybdenum [1,3,4,6,39,43] may
not limit plasticity in the fine laminates under the plane
stress conditions that precede this micro-cracking so that
the ductile laminate failure mechanism occurs at much
lower temperatures and macroscopic plasticity is ob-
served with only a slight elevation of the DBTT. The
high number density of fine dislocation loops and voids
expected for the 294 �C irradiation may prevent the lam-
inates from plastically deforming once cracks form on
grain boundaries, and brittle fracture occurs by trans-
granular cleavage across grains. However, localized
plastic events or necking which would result in the triax-
ial stress-state and lead to the grain boundary micro-
cracking that produces the ductile-laminate fracture
was not observed for irradiated ODS Mo. This may
indicate that a triaxial stress-state may not be needed
when ODS Mo is irradiation hardened. The finer grain
size and oxide particle size of ODS Mo likely results in
the formation of fine laminates and preliminary TEM
examinations suggest that the size and number density
of voids are reduced in this material, which allows the
laminates to plastically deform more easily and results
in resistance to irradiation embrittlement for 560–
609 �C irradiated LSR ODS Mo. However, the strong
temperature dependence for the tensile strength results
for both 294 �C and 560–609 �C irradiated ODS Mo is
difficult to explain, but could result from a strong tem-
perature dependence for the stresses needed to initiate
the ductile laminate failure mechanism. Depletion of
point defects at grain boundaries and oxide interfaces
would vary in effectiveness for the 294 �C and 560–
609 �C irradiation temperature due to differences in
point defect diffusion rates. More examinations of
micro-structure are needed to determine how improved
resistance to irradiation embrittlement is achieved for
ODS Mo irradiated at 560–609 �C, but no improvement
over results for LCAC and TZM is observed for the
294 �C irradiations.
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Table 7
Summary of calculated and measured irradiation hardening results with calculated fraction of void cutting (Eq. (4)) for ODS tensile
data from 870 �C irradiations

Test temperature
[�C]

Measured values Calculated values

Irradiation
temperature
[�C]

Fluence [n/m2],
E > 0.1 MeV

Measured
DrYS [MPa]

Orowan
hardening,
Eq. (1), [MPa]

Void cutting,
Eq. (3), [MPa]

Fraction of voids
cut, Eq. (4) fV-cut

Longitudinal stress-relieved data

�100 870 2.28 · 1025 125 176 26.8 0.34
�50 192 N/A
22 94 0.55
22 108 0.46
982 �32 N/A
982 �25 N/A
�100 6.44 · 1025 246 486 64.0 0.57
�50 314 0.41
22 180 0.73
22 276 0.50
982 120 0.87
982 120 0.87

Transverse stress-relieved data

300 870 2.28 · 1025 �4 176 26.8 N/A
300 �9 N/A
300 6.44 · 1025 152 486 64.0 0.79
300 196 0.69

Notes: 1. The void size and number density data used for the calculations were taken from TEM characterization of the same material
reported in literature [29]. 2. For 870 �C irradiations at a dose of 2.28 · 1025 n/m2, the average void size was 50 nm with a nominal
number density of 1.4 · 1020 #/m3. For the 870 �C irradiations at a dose of 6.44 · 1025 n/m2, the average void size was 20 nm with a
nominal number density of 1.7 · 1020 #/m3. 3. Measured irradiation hardening (DrYS) was determined by subtracting the post-
irradiated and non-irradiated yield strength values.
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3.2.2. Results for transverse stress-relieved (TSR)

ODS

One tensile test was performed at room-temperature
on TSR ODS Mo that was irradiated at 609 �C to a low-
er dose of 7.26 · 1025 n/m2, and nil ductility, linear–elas-
tic behavior in the load–displacement curve, and a brittle
failure mode of transgranular cleavage was observed.
This indicates that the tensile DBTT for 609 �C irradi-
ated TSR ODS Mo is above room-temperature. Since
the starting tensile DBTT for non-irradiated TSR
ODS Mo is room-temperature, an increase in DBTT
above room-temperature following the 600 �C irradia-
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936 �C to fluences of 2.28, 6.44, and 24.7 · 1025 n/m2 (corresponds t
strength values, and (b) reduction in area values. The yield strength va
fracture stress in some cases as true plastic deformation has not been
tions is not surprising, and shows the anisotropy in ten-
sile properties of ODS molybdenum.

3.3. Post-irradiation tensile properties for irradiation

at 870 �C and 936 �C

3.3.1. Results for longitudinal stress-relieved (LSR)

ODS

Heat treatment of LSR ODS Mo in high vacuum
(<6 · 10�5 MPa) at 1000 �C for 1812 h, which is compa-
rable to the exposure time for the 6.44 · 1025 n/m2

(3.4 dpa-Mo) dose irradiations, resulted in no change
ature [˚C]
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in tensile properties, which is consistent with the high
recrystallization temperature of 1700 �C for a 1-h heat
treatment for ODS Mo. Recrystallization of ODS Mo
was not observed during the irradiations, and a low
number density of coarse voids with no dislocation
loops have been reported for the 870 �C irradiations of
the same material [29] (see Table 7). The formation of
a low number density of coarse voids results in relatively
small increases in tensile strength (10–34% increase in
yield strength) at test temperatures of �150 �C to
room-temperature with low amounts of irradiation
hardening (see Fig. 9). The tensile strength of LSR
ODS Mo irradiated at 870 �C to a lower dose of
2.28 · 1025 n/m2 (1.2 dpa) was only slightly higher than
the non-irradiated values, while slightly higher tensile
results were observed at the higher dose of 6.44 ·
1025 n/m2 (3.4 dpa). The tensile strength values for
ODS Mo irradiated at 936 �C to the highest dose of
24.7 · 1025 n/m2 (13.1 dpa) were comparable to tensile
strength values for the 870 �C irradiations to the dose
of 6.44 · 1025 n/m2. Only small differences in the size
and number density of voids would be expected for the
870 �C and 936 �C irradiation of ODS molybdenum that
would be expected to result in insignificant differences in
tensile strength [1,4,39,43,49]. The similarity in tensile
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Fig. 10. Plot of load–displacement curves for LSR ODS molybdenu
following irradiation at 870–936 �C to a fluence of either 24.7 · 1025 n
The stress–strain data were determined from the raw load–displacemen
load frame. Strain hardening values are given below, and are summa
strength results for the 870 �C/6.44 · 1025 n/m2 and
936 �C/24.7 · 1025 n/m2 irradiations indicates that the
void sizes and number densities are fairly similar, and
saturation of the increase in tensile strength for irradia-
tions of ODS Mo at temperatures ranging from 870 �C
to 936 �C occurs at a dose of 6.44 · 1025 n/m2 or lower.
This is similar to the 7.33 · 1025 n/m2 dose needed for
saturation of the increase in yield strength observed for
936 �C irradiated TZM with increases in yield strength
(13–36%) close to that observed for LSR ODS Mo [42].

The hardening from the voids for the 870 �C irradia-
tions of ODS molybdenum can be calculated using a
form of classical Orowan (rOR) hardening [43,49,50]:

rOR ¼ ð2GbÞ=lV; ð1Þ

where G is the shear modulus, b is the Burgers vector,
and lV is the spacing of the voids, which is determined
from the following for an ordered distribution,

lV ¼ 1=ðdvN vÞ1=2; ð2Þ

where dv is the void diameter and Nv is the number den-
sity of voids. The Orowan stress represents the largest
possible resistance to dislocation motion for an ordered
array of voids, while a random array of voids can result
in Orowan hardening values that are 20% less. If the
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t results, and no correction was made for the compliance of the
rized in Table 6.



Fig. 11. Post-irradiated SEM fractography of LSR ODS molybdenum following irradiations at 870 �C and 936 �C to for tensile testing
of: (a) ODS irradiated at 870 �C to dose of 6.44 · 1025 n/m2 and then tested at �100 �C, (b) ODS irradiated at 936 �C to dose of
24.7 · 1025 n/m2 and then tested at �150 �C, and (c) ODS irradiated at 936 �C to dose of 24.7 · 1025 n/m2 and then tested at �100 �C.
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dislocations are able to cut through the voids, then the
irradiation hardening (rSV) is expressed as [50]:

rSV ¼ ðGb=lVÞðlnðRv=rdÞ=2pÞ; ð3Þ

where Rv is the radius of the void and rd is the radius of
the dislocation core, which is assumed to be twice the
burgers vector (5.46 Å). The calculated void hardening
values for the voids acting as hard barriers (Eq. (1))
are shown in Table 7 to be much larger than the
measured irradiation hardening, while the irradiation
hardening for dislocations cutting the voids (Eq. (3))
was much lower than the measured value. Assuming
that some fraction of the voids are cut by the disloca-
tions (fV-cut), the calculated values (rCAL) can be fit to
the measured radiation hardening values by varying
the fraction of voids that are cut by dislocations (Table
7):

rCAL ¼ ðrORð1� fV-cutÞÞ þ ðrSVfV-cutÞ. ð4Þ

An exact match between measured and calculated irradi-
ation hardening would be observed if the fraction of void
cutting varies from 0.34 to 0.87, and this fraction can
vary with test temperature. However, the cutting of voids
by dislocations was not previously resolved [29] so there
is some question if this mechanism is observed. However,
these results do indicate that the low irradiation harden-
ing observed for 870–936 �C irradiated LSRODSMo re-
sults from the low number density of coarse voids that
are formed at this irradiation temperature.

The stress–strain curves for 870–936 �C irradiated
LSR ODS Mo are shown in Fig. 10 to be generally sim-
ilar to non-irradiated material (Fig. 2) with the notable
exception of a higher upper/lower yield point (Lüder�s
plateau), the Lüder�s plateau occurring over a smaller
displacement range, and slightly lower strain-hardening
exponents for tensile testing of irradiated material at
room-temperature to �100 �C. The higher upper/lower
yield point indicates that the formation of coarse voids
during the 870–936 �C irradiations results in a slight
increase in the stresses needed to initiate dislocation
motion. The slightly lower strain hardening exponents
for 870–936 �C irradiated ODS Mo compared to
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non-irradiated material indicates that the low number
density of coarse voids have only a small effect on the
plastic flow properties. Tensile testing of 870–936 �C
irradiated ODS Mo at 1000 �C shows that the strain
hardening and tensile strength values are larger than
non-irradiated material tested at 1000 �C by a greater
percentage than observed for testing at lower tempera-
tures, which suggests that the void structure formed by
the 870–936 �C irradiations is stable up to temperatures
of 1000 �C.

Large amounts of tensile ductility, plasticity in the
load–displacement curves (Fig. 10), and ductile failure
modes were observed for 870 �C irradiated LSR ODS
Mo following tensile testing at temperatures ranging
from �100 �C to 1000 �C. The ductile laminate failure
mode observed at �100 �C for LSR ODS Mo irradiated
at 870 �C to doses of 2.28 and 6.44 · 1025 n/m2 is shown
in Fig. 11(a) to be similar to that observed at �100 �C
for non-irradiated material (Fig. 3(a)). Similarly, high
tensile ductility, plasticity in the load–displacement
curves and a ductile laminate failure (Fig. 11(c)) similar
to non-irradiated material were observed for 936 �C/
24.7 · 1025 n/m2 dose irradiated LSR ODS Mo when
tested at �100 �C. Very low tensile ductility, linear–elas-
tic behavior in the load–displacement curve, and a brittle
fracture mode consisting of transgranular cleavage
(Fig. 11(b)) comparable to non-irradiated material
(Fig. 3(b)) was observed at �150 �C. These results indi-
cate that the DBTT of 870–936 �C irradiated LSR ODS
Mo was higher than �150 �C and less than �100 �C, but
is conservatively defined as �100 �C (Table 5). This
represents no change in the DBTT of LSR ODS Mo
following irradiation at 870–936 �C to doses as high as
24.7 · 1025 n/m2.

Similar levels of irradiation hardening with no
change in DBTT were observed for both 870–936 �C
irradiated LSR ODS Mo and 936 �C irradiated TZM
Mo [42] at a dose of 24.7 · 1025 n/m2 with effective sat-
uration of properties for both alloys at a dose between
6.44 and 7.33 · 1025 n/m2. Both ODS and TZM Mo
are resistant to grain growth and recrystallization during
long-term exposures at 1000 �C, which results in small
amounts of hardening from the formation of coarse
voids but no change in DBTT. Recrystallization of
LSR LCAC during the 936 �C irradiations results in a
small decrease in tensile strength at lower doses followed
by hardening with the net result of no change in tensile
strength relative to non-irradiated LSR LCAC Mo [42].
However, the increase in grain size during the 936 �C
irradiations of LSR LCAC Mo results in an increase
in DBTT from �100 �C to �50 �C. Use of molybdenum
alloys that are micro-structurally stable at high temper-
atures, such as ODS, TZM, and recrystallized LCAC, is
most desired for irradiations at 870–1000 �C. The DBTT
for 870–936 �C irradiated LSR ODS Mo is shown in
Fig. 8 to be much lower than reported in literature or
for TZM and LCAC, see Table 5. The fine grain size
of ODS and micro-structural stability afforded by the
presence of the oxide particles results in the lowest
DBTT for a molybdenum alloy irradiated at 870–
936 �C.

3.3.2. Results for transverse stress-relieved

(TSR) ODS

Limited tensile testing of 870 �C irradiated TSR ODS
at 300 �C to doses of 2.28 · 1025 n/m2 and 6.44 · 1025 n/
m2 produced results showing increases in yield strength
(�2% to 38%) comparable to LSR ODS (Table 6) with
the tensile ductility and ductile failure modes compara-
ble to non-irradiated material. Although this testing
cannot be used to determine if a change in DBTT had
been reached for TSR ODS Mo, the similarity in irradi-
ation hardening and high amounts of tensile ductility
indicates that the change in tensile properties for 870–
936 �C irradiated TSR and LSR ODS Mo are similar,
which is the same result previously reported for
1100 �C irradiated LCAC [7].
4. Summary

Irradiation of ODS Mo at 294 �C and 560–609 �C to
high fluences of 12.3–13.1 dpa results in large increases in
tensile strength (57–173%), but the strong temperature
dependence in post-irradiated tensile results was notably
different than observed for other molybdenum alloys
such as TZM and LCAC. The DBTT for 294 �C irradi-
ated LSR ODS Mo was determined to be 800 �C, which
is the same as that observed for LCAC and TZM Mo
irradiated at 294 �C to the same dose. However, the
DBTT for 560–609 �C irradiated LSR ODS Mo was
determined to be room-temperature, which is a signifi-
cant improvement over the DBTT values determined
for LCAC (300 �C) and TZM (700 �C), and literature
data for 600 �C irradiations (DBTT = 100–700 �C).
ODS Mo had a fine grained micro-structure with elon-
gated, pancaked grains produced by wrought processing,
which indicates that this micro-structural feature, with
the presence of fine oxide particles, may provide en-
hanced resistance to irradiation embrittlement.

ODS Mo exhibited a ductile-laminate failure mode
where the fracture starts by the formation of micro-
cracks on boundaries that leave ligaments of sheet-like
grains that are then stretched to failure under plane
stress conditions with a high degree of plasticity. The
fine grained, elongated pancaked grain structure of
ODS Mo likely provides two major benefits: (1) reduces
the size of ductile laminate features formed at the frac-
ture surface so that a plane stress-state more conducive
to a large extent of plastic deformation can be produced
when the material is irradiation hardened, and (2)
reduces the spacing of boundaries that are neutral sinks
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for point defects and potentially reduces the number
density of loops and voids that are barriers for the dislo-
cation motion needed for plastic deformation of the
laminates. However, the tensile strength values deter-
mined for the 294 �C irradiations at room-temperature
to 600 �C, which are a fracture stress because brittle fail-
ure is observed, are comparable to yield strength results
for the 560–609 �C irradiations where plasticity is ob-
served, which could indicate that the stress required to
initiate the intergranular cracking that leads to the duc-
tile laminate failure mode is the same for both irradiated
conditions. Irradiation at 294 �C is expected to produce
a higher number density of smaller loops and voids that
may prevent plastic deformation of the laminates and
result in a brittle failure mode at much higher test
temperatures. Irradiation of ODS Mo at 560–609 �C is
expected to produce a lower number density of coarser
voids and a very low loop density so that plastic defor-
mation of the fine laminates can occur at lower temper-
atures to result in a lower DBTT. However, more
detailed examinations of micro-structure are needed to
determine how resistance to irradiation embirttlement
is observed for 560–609 �C irradiated ODS Mo, while
no improvement in irradiation embrittlement is ob-
served for 294 �C irradiations.

Irradiation of LSR ODS Mo at 870–936 �C results in
small increases in yield strength (10–34%) that are satu-
rated at or before a dose of 6.44 · 1025 n/m2 with no
change in yield strength out to a dose of 24.7 · 1025

n/m2. No change in DBTT was observed for 870–
936 �C irradiated LSR ODS Mo relative to non-irradi-
ated material with a post-irradiation DBTT of
�100 �C observed at fluences between 2.28 and
24.7 · 1025 n/m2. Irradiation of molybdenum alloys at
temperatures > 800 �C results in the formation of a
low number density of coarse voids that are shown to
have little effect on the tensile properties. The fine grain
size of LSR ODS Mo and the micro-structural stability
afforded by the presence of the oxide particles results in
the lowest DBTT reported for a molybdenum alloy irra-
diated at 870–936 �C.
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