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Abstract

Fully consolidated nanostructured ferritic alloys (NFAs) were prepared by attritor milling pre-alloyed Fe–14Cr–3W–
0.4Ti and 0.3 wt% Y2O3 powders, followed by hot isostatic pressing (HIPing) at 1000 �C or 1150 �C at 200 MPa for
4 h. Transmission electron microscopy (TEM) revealed similar bimodal distributions of fine and coarse ferrite grains in
both cases. However, as expected, the alloy microhardness decreased with increasing in HIPing temperature. Three point
bend tests on single edge notched specimens, with a nominal root radius q = 0.15 mm, were used to measure the notch
fracture toughness, Kq, as a function of test temperature. The Kq curves were found to be similar for both processing con-
ditions. It appears that the coarser ferrite grains control cleavage fracture, in a way that is independent of alloy strength
and HIPing temperature.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

Nanostructured ferritic alloys (NFAs) containing
12–14%Cr and a very high density of nm-scale Y–
Ti–O phase precipitates have outstanding low tem-
perature tensile (>1 GPa) and high temperature
creep strengths [1–3] and offer a potential for miti-
gating radiation damage, including the effects of
high helium levels [4,5] in fusion reactor structures.
However, a significant challenge to the development
of NFAs is maintaining adequate fracture tough-
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ness, in combination with high strength. Various
approaches to optimizing the fracture toughness of
NFAs, including alternative processing paths [5–7]
and alloy designs [5,8], have been, or are being,
studied.

Previous investigations [1] of the fracture tough-
ness of an extruded MA957 NFA revealed a strong
dependence on microstructural anisotropy. This
anisotropy is manifested as elongated grains in the
extrusion direction, with a length to diameter aspect
ratio of �10–20 [7], along with preferred longitudi-
nal h110i-fiber texture [9]. This MA957 heat alloy
also contained Al2O3 impurity inclusion stringers
that were elongated in the extrusion direction. As
a result, orientations with the crack plane normal
.
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perpendicular to the extrusion direction (C-R and
C-L) have lower toughness. The lowest toughness
is when the cracks grow in the extrusion direction
(C-L). In contrast, the toughness is higher and
transition temperature is lower when the crack
plane normal is parallel to the extrusion direction
(L-R). Thus, the purpose of this study was to eval-
uate the toughness in nominally clean (inclusion
free), isotropic and equiaxed alloys produced by
HIPing.

2. Experimental

The NFAs were prepared by mechanically alloy-
ing Fe–14Cr–3W–0.4Ti powder with 0.3 wt% Y2O3

powder for 40 h in an attritor mill under an argon
atmosphere. The milled powders were then vacuum
canned and consolidated by HIPing at 200 MPa
for 4 h at 1000 �C (14YWT1000) or 1150 �C
(14YWT1150). The alloy densities were measured
using a MicroMeritics AccuPyc 1330 pycnometer.
Their porosity was examined by optical microscopy,
and the microstructure was characterized using a
JEOL2010HR TEM. The TEM specimens were
prepared by grinding 3 mm diameter discs to a
thickness of �0.15 mm, followed by thinning to
electron transparency in a TENUPOL twin-jet elec-
tro-polisher with H2SO4 + 80%CH3OH at room
temperature.

The flow strength of the NFAs was evaluated by
diamond pyramid Vicker’s microhardness (DPH)
measurements using a 1 kg load at room (�23 �C)
and liquid-nitrogen (�196 �C) temperatures. Notch
fracture toughness was measured in three-point-
bending on an MTS servohydraulic load frame at
a displacement rate of 0.08 mm/min over the tem-
perature range from �100 �C to 205 �C. The frac-
ture specimens (B = 1.65, W = 3.3 and L = 18 mm)
were notched by EDM with a 0� flank angle to an
a/W � 0.5 with a nominal root radius q = 0.15
mm that was then razor-press sharpened prior to
testing. However, since they were not fatigue pre-
cracked, the sharp notch fracture toughness is desig-
nated as Kq. Fractographic characterization was
carried out using a FEI XL-40 SEM.

3. Results

The densities of 14YWT1000 and 14YWT1150
were 7.91 ± 0.02 and 7.92 ± 0.06 g/cm3, respec-
tively, indicating full consolidation. For compari-
son, the density of a wrought alloy with a similar
composition (�81 wt%Fe, 13%Cr, 3%W) is 7.86
g/cm3 [10]. This conclusion was further supported
by the lack of porosity observed by optical
microscopy.

TEM showed similar mixture of roughly 50–50%
fine and coarse ferrite grains (see Figs. 1(a) and (c))
in both 14YWT1000 and 14YWT1150. The fine fer-
rite grains are �200 nm in diameter. The coarser
grains have a wide size distribution, ranging from
about one to several tens of lm. The larger ferrite
grains are presumably the result of recovery and
growth in regions with a lower density of fine scale
precipitate phases, including both nm scale Y–Ti–O
clusters and slightly larger Ti2Y2O7 pyroclore oxides
[11]. Similar bimodal distributions have also been
observed in ODS EUROFER [12]. Dislocation den-
sities in the fine ferrite grains are higher than in the
coarse grains (Figs. 1(b) and (d)).

As shown in Fig. 2, hardness at room tempera-
ture and �196 �C decreases with increasing HIPing
temperature. These results are reasonably consistent
with previous data on similar alloys reported by
Alinger et al. [5,13], who found that the nano-scale
particle sizes increase and their number densities
decrease with higher HIPing temperature. The sim-
ilarity in the grain structures in 14YWT1000 and
14YWT1150 suggests that the recovery and grain
growth is resisted in regions with high nano-scale
particle densities for both HIPing temperatures.

The variation of the Kq of 14YWT1000 and
14YWT1150 with test temperature is shown in
Fig. 3. Although the alloy strengths of these are dif-
ferent for the two processing conditions, their tran-
sition temperature of �10 �C and Kq(T) curves are
nearly identical.

These results suggest that the bimodal grain
structure may be more important than strength in
controlling fracture in these NFAs. Fractographic
observations support this hypothesis. Figs. 4 and 5
show fracture on the lower shelf at �100 �C by pure
cleavage (Fig. 4), and by a ductile microvoid nucle-
ation, growth and coalescence on the upper-shelf at
200 �C (Fig. 5). However, even at the higher temper-
atures, isolated cleavage facets are observed. Higher
magnification examination of suspected initiation
sites (framed and arrowed in Fig. 4) at �100 �C
suggest that the cleavage is triggered by the fracture
of large particles or, perhaps extra hard grains,
surrounded by facet sizes that are larger than
�5–10 lm, consistent with the corresponding sizes
of the coarser ferrite grains. The conclusion is even
clearer in the fractographs shown in Fig. 5 showing



Fig. 1. Microstructure of (a) and (b) 14YWT1000 and (c) and (d) 14YWT1150 at low (a and c) and medium (b and d) magnification.

Fig. 2. The effect of the HIPing temperature on microhardness.

Fig. 3. The variation of Kq with temperature for 14YWT1000
and 14YWT1150.
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disproportionate importance of the larger grains in
cleavage fracture at 200 �C.
4. Discussion

The breakdown in the usual higher strength/
lower toughness relation in the NFA alloys is not
fully understood. One possibility is that dislocation
pile-ups in the larger and softer coarse grains trigger
cleavage, perhaps by fracturing smaller harder
grains or brittle particles. In this case, differences
in the average strength of the alloy may be less
significant than similarities in the grain structures.
Indeed, if the larger grains are softer, the effect on
the size of the pile up may offset the corresponding
effect of higher strength.



Fig. 4. Low (a and c) and intermediate (b and d) magnification fractographic images of 14YWT1000 (a and b) and 14YWT1150 (c and d)
specimens fractured at �100 �C.

Fig. 5. Low (a and c) and intermediate (b and d) magnification fractographic images of 14YWT1000 (a and b) and 14YWT1150 (c and d)
specimens fractured at 200 �C.
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Nano-indentation studies will be used to explore
strength variations between larger and smaller
grains. Additional studies to characterize the NFAs
nano-microstructures, constitutive properties and
sharp fatigue pre-crack fracture toughness are ongo-
ing. This study will be extended to HIPing at
850 �C, which was part of the original test matrix;
however, due to a failure in the HIP in this case,
the resulting 14YWT850 alloy, with a DPH of
588 ± 25 kg/mm2, was not fully consolidated.
Hence, the 14YWT850 was not fracture tested.

These preliminary results suggest that producing
alloys with a more uniform and finer distribution of
grain sizes would lead to higher toughness and
lower transition temperature. Of course, developing
processing routes that lead to more homogeneous
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nano-microstructures is a more generally desirable
objective.
5. Concluding remarks

High density, pore-free 14YWT NFAs were pro-
cessed by HIPing mechanically alloyed powders at
1000 �C and 1150 �C. Both materials contained
similar distributions of fine (�200 nm) and coarse
(one to several tens of lm) ferrite grains. The
14YWT1000 is substantially stronger than
14YWT1150, as expected. However, both alloy pro-
cessing conditions have similar notch fracture
toughness with a transition temperature of
�10 �C. We hypothesize that the toughness is pri-
marily mediated by the coarser ferrite grains in a
way that is relatively insensitive to the alloy
strength. Processing paths that produce finer and
more homogeneous microstructures offer the prom-
ise of higher toughness, along with an optimized
balance of properties.
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