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a b s t r a c t

The nanostructured ferritic alloys (NFAs) have been developed to improve high temperature strength and
radiation resistance by refining grains and including nanoclusters. Among the key properties of NFAs
needed to be assessed for advanced reactor applications the cracking resistance at high temperatures
has not been well known. In this work, therefore, the high temperature fracture behavior has been inves-
tigated for the latest nanostructured ferritic alloy 14YWT (SM10). The fracture toughness of the alloy was
above 140 MPa

p
m at low temperatures, room temperature (RT) and 200 �C, but decreased to a low frac-

ture toughness range of 52–82 MPa
p

m at higher temperatures up to 700 �C. This behavior was explained
by the fractography results indicating that the unique nanostructure of 14YWT alloy produced shallow
plasticity layers at high temperatures and a low-ductility grain boundary debonding occurred at
700 �C. The discussion also proposes methods to improve resistance to cracking.

Published by Elsevier B.V.
1. Introduction

The nanostructured ferritic alloys (NFAs) are mechanically-al-
loyed composite materials of fine-grained ferritic steel matrix
and Y–Ti–O–Fe enriched nanoclusters [1–11]. One of the latest
NFAs under development is the 14%Cr steel-based 14YWT pro-
duced at Oak Ridge National Laboratory (ORNL) [1,2,10–13]. This
alloy is strengthened by grain refinement to a few hundred nano-
meters and by dispersion of high density nanoclusters. In the past
several years this alloy has been considered as the most promising
candidate for an advanced reactor core material because of its high
temperature strength and high resistance to radiation-induced
degradation [3–8,13–18]. Currently, the 14YWT alloy is still being
improved and newer heats are actively characterized by multiple
institutions [1,2,12,13]. While some basic properties such as ten-
sile strength and ductility and microstructural data are available
for multiple heats of the alloy, the knowledge base on other key
properties such as weldability, corrosion resistance, creep and frac-
ture behaviors is very limited. Since the alloy is developed for high
temperature reactor applications, the high temperature creep and
fracture resistance should be among the most essential properties.
This study aimed at characterizing the high temperature fracture
behavior of the latest heat of 14YWT alloy.

Fracture toughness tests at low temperatures (<200 �C) re-
vealed that the 14YWT (SM6) had far superior fracture properties
compared to its predecessor 12YWT alloy [11–13,19]: the 14YWT
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had a transition temperature T0 of around �150 �C and the upper
shelf fracture toughness of about 175 MPa

p
m. Considering that

its tensile yield strength is very high: above 1.5 GPa at RT and high-
er at lower temperatures, such a high fracture toughness at or
below RT is considered to be extraordinary. It has not been known,
however, if such a high cracking resistance is retained at higher
temperatures.

In this work, the static fracture toughness tests have been car-
ried out in the temperature range of 22–700 �C using 12.5 mm
diameter disk compact tension specimens. Fracture surfaces were
examined in a scanning electron microscope. The experimental
results were discussed focusing on the temperature dependences
of fracture toughness and corresponding fracture surfaces. This
study also intended to find the origin of poor high temperature
fracture behavior in the NFA 14YWT and to provide feedbacks for
process development.
2. Experimental

The 14YWT alloy examined in this work was the SM10 heat that
was produced by mechanical-alloying a mixture of pre-alloyed
powder with particle size ranging from 45 to 150 lm and 0.3%
Y2O3 powder having a particle size ranging from 17 to 31 nm.
The pre-alloyed steel powder was produced by Ar gas atomization
by Special Metals Powder Division. The powder mixture was ball-
milled in Zoz CMO1 attritor mil for 40 h in a static Ar environment.
The mechanically-alloyed powder was filled into a mild steel can
which was evacuated to a vacuum of �1 Pa at 400 �C, sealed and
hot-extruded at 850 �C [2]. This heat was annealed at 1000 �C for
1 h and hot-rolled at 850 �C to 40% reduction in thickness parallel
to the extrusion direction. Since this test material is strengthened
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Fig. 1. Comparison of fracture toughnesses as a function of test temperature.
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by both grain refinement and nanocluster dispersion, it has ultra
high yield strengths: for example, 1600, 1230, and 550 MPa at
RT, 500 �C, and 700 �C, respectively [20,21].

The specimen type used for the static fracture testing was a sub-
size disk compact tension (DCT) specimen with the nominal
dimensions of 12.5 mm in diameter and 3 mm in thickness and
with a 6.35 mm long wire-cut notch. All specimens had L–T orien-
tation, in which the loading direction is in the extrusion direction
and crack extension occurs perpendicularly. Precracking to pro-
duce sharp crack tip was carried out for each specimen under a
nominal cyclic load of 400 ± 350 N at 30 Hz until the machined
notch extended by 1.5–2 mm. Nominal crack length-to-specimen
width ratio (a/W) was about 0.48 before fracture testing.

Static fracture toughness or fracture resistance (J–R) tests have
been performed for the DCT specimens in a MTS servohydraulic
testing machine equipped with a high vacuum, high temperature
furnace. The J–R tests were conducted in stroke (displacement)
control mode at a cross head speed of 0.005 mm/s with an unload-
ing (by 20% of load)-reloading cycle at every 0.05 mm load-line dis-
placement. The test and analysis followed the procedure described
in the ASTM Standard E 1820-01 [22]. Each specimen was soaked
at target temperature for about 10 min before testing and test tem-
perature was controlled within ±1 �C. Also, nominal vacuum level
was �10�6 torr during testing at high temperatures. The load ver-
sus load-line displacement curves with unloading–reloading cycles
were recorded and used for analyses to obtain the interim fracture
toughness (JQ) data. Then, the fracture toughness data in the form
of stress intensity factor, KJQ, were obtained using the relationship:

K JQ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðJQ � EÞ=ð1� m2Þ

q
ð1Þ

where E is the Young’s modulus at given temperature and m the
Poisson ratio (=0.28).

Fractography was also carried out in a scanning electron micro-
scope (SEM) to compare fracture surface features. Images for the
fracture surfaces were obtained at lower than 10 kV at various
magnifications. This SEM examination aimed at elucidating the ori-
gin of low-ductility fracture behavior in conjunction with the frac-
ture toughness data.

3. Results and discussion

3.1. Temperature dependence of fracture toughness

Fig. 1 compares the fracture toughness data (KJQ) of 14YWT
(SM10) with those of a HT-9 steel. The data for HT-9 steel (a
12Cr steel) were produced for the comparison purpose only. The
fracture toughness values of 14YWT alloy at RT and 200 �C were
143 and 144 MPa

p
m (JQ = 90 and 95 kN/m), respectively. Above

200 �C the fracture toughness decreased to a significantly lower
level of 52–82 MPa

p
m (15–34 kN/m). Since the ductile-to-brittle

transition of this alloy is below room temperature [12,13], the frac-
ture toughness measured at 200 �C, 144 MPa

p
m, is believed to be

the peak or upper shelf fracture toughness. Although the upper
shelf toughness of the 14YWT alloy is much lower compared to
the HT-9 steel, for which KJQ > 210 MPa

p
m, the peak fracture

toughness of 14YWT is believed to be acceptable considering its
extraordinarily high strength in the temperature range
(P1.5 GPa). Since the target application temperature for 14YWT
alloy will be 500 �C or higher, however, the relatively low fracture
toughness above 200 �C (682 MPa

p
m) needs to be improved.

In addition to the low fracture toughness at elevated tempera-
tures, another notable behavior found in the 14YWT alloy is its
temperature dependence. The typical temperature dependence of
fracture toughness for ferritic steels is that it increases up to a peak
point within upper shelf region and then decreases gradually with
increasing test temperature as seen in the HT-9 curve, Fig. 1. In the
14YWT alloy, however, the fracture toughness decreased rather
abruptly to about a half of the peak toughness (in MPa

p
m unit)

between 200 and 300 �C and remained at the level in the range
of 300–700 �C. In the traditional ferritic steels, the gradual decrease
of fracture toughness with temperature after peaking can be ex-
plained by a combined effect of gradual change in plasticity and
constraint around the crack tip and decreasing strength. Thus such
a sudden drop of fracture toughness in the 14YWT alloy should be
explained by a different cause such as a change in fracture mech-
anism in the 200–300 �C region.
3.2. Temperature dependence of fracture surface

Fig. 2a–c compare the fracture surfaces in the same magnifica-
tion (�2000X) after stable crack growth at representative temper-
atures: RT, 500 �C and 700 �C, respectively. The fracture surface
from RT test comprises a mixture of numerous nanoscale dimples
and cleavage facets. Most of these cleavage facets cover near-circu-
lar, isolated areas with diameters of one to several micrometers
and are decorated with shear lips at their edges and often sur-
rounded by small dimples. It should be recognized that the profile
of the cleavages with shear lips and ductile dimples are quite shal-
low although those have surely involved significant local plasticity
in formation. With these mixed features, therefore, the fracture at
RT can be classified as a quasi-ductile fracture. Details in Fig. 2a can
reveal more unique features of a high strength nanostructured
alloy. Some small cleavage facets surrounded by shear lips are of-
ten not discernable from the nanoscale dimples. This may be be-
cause both the ductile dimple and the cleavage facet with shear
lips would look alike if they were formed by either intergranular
debonding or transgranular cleavage and were accompanied by
significant plasticity surrounding the detached area. The second
unique feature is the existence of the deep holes that are believed
to originate from the gas pores survived the hot forming/sintering
process. Along with the cleavage facets, these holes should act as
crack initiation sites. Another noticeable feature might be the cre-
vices or microcracks propagating to the surface normal direction.
This feature is often observed in the low ductility materials with
lamellar structures such as wrought molybdenum alloys [23,24].
This also indicates the existence of high internal stress at the
lamellar boundaries.



Fig. 2. Temperature dependence of fracture surface: the SEM images after fracture
tests at: (a) RT, (b) 500 �C, and (c) 700 �C.
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Fig. 2b formed at 500 �C displays well-developed dimple struc-
ture. However, the dimples are rather shallow, and again, their
sizes are mostly in submicrometer range. Also, many of the dim-
ples are preferably aligned along the crack propagation direction
due to the influence of hot working process. The sizes of bee-
hive-like dimples range from a few hundred nanometers to a few
micrometers, but there are long, relatively flat areas enclosed by
shear lips, in which very shallow dimples or shear lips are shown
as substructures. It is believed that these areas are the surfaces
produced by decohesion of multiple grains. The sizes of the sub-
structures within these areas are similar to or larger than those
of small dimples. The fracture surface formed at 500 �C appears
to be a typical ductile fracture surface consisted primarily of dim-
ples, but it actually is formed in a very fine scale by the decohesion
of nanograins or their conglomerates. Fig. 2c obtained at 700 �C
also displays very fine dimpled structure, in which the dimple sizes
are about 1 lm or smaller. This image shows additional unique
features such as the small holes or microcracks formed in the per-
pendicular direction to the plane and lifted-up surfaces including
many dimples on them. Overall, the surface structure formed at
700 �C is considered less ductile than that formed at 500 �C.

3.3. Fracture toughness and mechanism

As discussed above, the change from quasi-ductile to ductile
fracture surface with increasing temperature from RT to 500 �C
may be an expected behavior. With increasing test temperature
to 700 �C, however, the fracture surface changed to that of more
brittle failure. Comparing the temperature dependences of fracture
toughness and fracture surface, some questions arise about the
reason for the less ductile fracture surface produced at a higher
temperature of 700 �C and about the significant drop of fracture
toughness from 143 MPa

p
m at RT to 53 MPa

p
m at 500 �C despite

the fracture surface characteristics change from quasi-ductile to
fully ductile.

The first question can be answered when the high magnification
images in Fig. 3 are compared: the 500 �C image in Fig. 3a consists
of shallow but ductile dimples with a lot of shear lips, while the
700 �C image in Fig. 3b reveals a dimpled structure with numerous
particles comprising dimple walls and bottoms. In Fig. 3b the dim-
ple boundaries are not as distinctive as in Fig. 3a and shear lips are
less obvious. Considering their sizes ranging from tens of nanome-
ters to a few hundred nanometers, the small particles are believed
to be small grains, whose sizes are 136 ± 14 nm (95% confidence).
These particles appear to be not much deformed individually.
These features suggest that the 14YWT alloy in the form of aggre-
gated nanograins becomes viscoplastic at 700 �C as the grain
boundary slip becomes more eligible for plasticity under the high
stress at crack tip. This picture also shows that dimples are much
larger than grains and are formed by the boundary decohesion pro-
cess most likely along aggregate boundaries. Such a mechanism of
slip and decohesion at grain boundaries with little in-grain plastic-
ity should result in a low fracture toughness.

Here, it is worth noting that the small cleavages found at RT
specimen have not propagated through entire specimen but their
growth has been stopped by formation of surrounding dimpled
area, as seen in Fig. 2a. Fig. 3c shows a dimpled area formed at
RT, where various fracture surface features such as holes, crevices,
and shear lips are seen. Although these would not be always from
highly ductile fracture, the low-energy grain boundary decohesion
seen in Fig. 3b was not observed at RT.

The second question can be answered by a comparison of lower
magnification images, Fig. 4a–c. Although the fracture surfaces
seen in submicron scale are full of substructures such as dimples
and/or cleavage facets, the low magnification images show much
smoother surfaces except for some steps, longitudinal cracks, and
lifted-up tongues. These smooth-looking mesoscale surfaces are
different from the typical brittle cleavage facets and turned out



Fig. 3. Dimples observed at: (a) 500 �C, (b) 700 �C, and (c) RT.
Fig. 4. Low magnification fracture surfaces obtained from: (a) RT, (b) 500 �C and (c)
700 �C tests. Crack propagation occurred from right to left.
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to have very complex surfaces as seen in Figs. 2 and 3. Considering
that the fracture surface with more ductile fracture features, Fig. 4b
and c, resulted in lower fracture toughness, the fracture process
occurring in a nanoscale is believed to have limited influence on
fracture toughness. This may be because the fracture toughness
is controlled by rather mesoscopic or macroscopic deformation
and failure mechanisms and is dependent on the thickness of plas-
tically deformed layer formed on the initiation of crack propaga-
tion. This indicates that the complex mesoscopic features like
large steps and long longitudinal cracks in Fig. 4a have significantly
contributed to the relatively high fracture toughness at RT and
200 �C. A higher toughness with less ductile features in nanoscale
may be explained by a larger amount of absorbed energy during
crack propagation: more energy should be absolved by formation
of long cracks extended deeply into the specimen body and accom-
panying steps. With the smoother mesoscopic surface, Fig. 4b and
c, however, the fracture process occurs in a shallow surface layer
and thus the plasticity cannot penetrate deeply into material.
Although the local plastic strain is very high at fracture surface
with dimples, the high plasticity might penetrate into only a shal-
low layer with a thickness of probably a few times the dimple size.
Combined with the lowered bonding strength at high temperature,
such shallowness of plasticity zone should be the main reason for
the low fracture toughness at high temperatures.

In observing the fracture surfaces we should recognize that the
scale of microscopic fracture process in the 14YWT alloy is much
smaller than those found in other ductile steels, in which dimple
sizes are often a few to several micrometers [25,26]. Considering
that the fracture toughness is directly proportional to the thickness
and area of plastically deformed zone generated by the passage of
crack tip, it is believed that the low fracture toughness behavior
found with fully developed dimples can be improved by incorpo-
rating coarser obstacles that can deflect more cracks to form
rougher surface. A higher strain hardening rate will be also effec-
tive since it can help to propagate plasticity into thicker layer.
However, more fundamental remedy for increasing fracture tough-
ness will be to increase the bonding strength between grains so
that a higher local strain can be achieved and the surface plasticity
can propagate into deeper material before fracture stress is
reached at the surface.

Although it can be easily understood that the formation of cre-
vice cracks and steps increases the total energy absorbed in frac-
ture process, the underlining mechanism that eliminates the
steps and crevice cracks above 200 �C is still not well understood
and further study is needed. It is postulated here that the temper-
ature dependence of dislocation mobility can explain the change of
fracture surface and toughness between 200 �C and 300 �C. The
disappearance of cleavage surfaces in Fig. 2b and c, which were
formed at 500 �C and 700 �C, respectively, provides a basis for this
postulation. Up to 200 �C the dislocation mobility is so low but the
tensile fracture strength in the tensile loading direction is so high
that the failure on the major fracture surface does not occur before
the stress component in the transverse direction causes failure on
the lamellar boundaries, Fig. 4a. These boundaries are formed by
hot working in processing and are usually weaker than the bound-
aries with surface normal in the tensile direction (note that the
specimens have L–T orientation). Above 200 �C, however, the dislo-
cation mobility is high enough that the crack tip can advance by a
fully plastic process that forms dimples. As discussed above,
although the fracture process changes from mixed mode to fully
plastic mode just above 200 �C, this plastic process cannot result
in higher fracture toughness because of the shallow fracture pro-
cess layer. Again, the fracture toughness remained low at >500 �C
because of the enhanced slip and decohesion at grain boundaries.
4. Summary and conclusions

High temperature fracture behavior was investigated for the
nanocluster strengthened 14YWT (SM10 heat) alloy. The fracture
toughness of this alloy was above 140 MPa

p
m at RT and 200 �C,

however, it decreased to a low toughness range of 52–82 MPa
p

m
above 200 �C. It was believed that the low fracture toughness was
caused by the formation of shallow plastic zone during crack
propagation due to the unique nanostructure of the alloy, the exis-
tence of residual gas pores acting as crack initiation sites, and the
low strain grain boundary decohesion at 700 �C due to weak
bonding. It is suggested that the fracture toughness of the
14YWT alloy be improved by introducing a coarser microstructural
feature that can deflect cracks and absorb more energy, reducing
gas-trapped pores, and/or strengthening boundaries through
changes in the mechanical-alloying and thermo-mechanical treat-
ment conditions.
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