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a b s t r a c t

Bulk alloys were fabricated by uniaxial hot pressing from ball milled Nb-Si–Ti–Fe powder mixtures with
the fixed Si content (16 at.%) and various compositions of Ti and Fe, and the effects of Ti and/or Fe on the ball
milling, microstructure and room temperature mechanical properties of the materials were investigated.
It was revealed that the Ti addition inhibited the ball milling process with the same milling parameters.
For the hot-pressed alloys, Nb4FeSi phase was detected in the alloys containing Fe, and Fe mainly dissolved
into niobium silicides from the result of elemental mapping. The solubility of Si in Nbss was enhanced
by the addition of Ti, and Nb3Si expected was not observed in the Ti-bearing alloys that may be due to
the lower Ti content in the reaction zone between the particles. The Ti-added alloys hot pressed from a
shorter time showed the coarser microstructure with Nbss in the shape of narrow strip distributed in river
Microstructure
Fracture toughness

pattern, while near-equiaxed macrostructure was obtained in the Nb–Si–Fe alloys. The improvement in
both room temperature fracture toughness and flexural strength was achieved in Ti-added alloys. The
toughening and strengthening mechanisms were discussed from the ductile-phase toughening of crack
bridging and solid solution strengthening, respectively.
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. Introduction

Because of their high melting point, low density and excel-
ent specific mechanical properties at high temperatures [1–3],
iobium–silicide based alloys have been studied as potential can-
idate for the development of high temperature structural material
4–6], whose operating temperature exceeds that of conventional
ickel-based superalloy. However, the intrinsic brittleness of nio-
ium silicides with the limited fracture toughness as low as
MPa1/2 at ambient temperature [7] inhibits the practical appli-
ations of niobium–silicide based alloys. However, it has been
emonstrated that the room temperature fracture resistance is

mproved by incorporating ductile particle reinforcement of Nbss
o brittle niobium silicides [8–11]. Moreover, it is well known that
he volume fraction, geometry and distribution of ductile phases
ave significant impact upon the toughness of ductile-phase-
oughened materials [12,13]. The toughness improvement through
icrostructure control has been investigated for the as-cast Nb–Si
lloys [14,15], and it has been found that the development of
duplex microstructure, where coarse Nb particles coexist with
b/Nb5Si3 lamellae, provides some compressive ductility at room
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temperature [15]. At the same time, the crack bridging tough-
ening by a larger sized ductile phase operate effectively in the
materials with columnar ductile phase [16–18], and provide the
samples with a higher toughness increment via the crack bridg-
ing mechanism [19]. Recent studies have involved into the effect
of alloying elements such as Ti, Cr, Al, Mo, Fe and B, etc. on the
microstructure, mechanical properties and oxidation resistance
of multi-component arc-melted Nb–Si alloys [4,20–24]. And few
reports have also exhibited the microstructure and/or mechanical
characterization of Nb–Si alloys from Nb–Si–Ti ternary system fab-
ricated by unidirectional solidification and reactive hot-pressing
sintering [9,25,26]. The Ti addition to the Nb–Si alloys especially
improves both room temperature toughness and oxidation resis-
tance, and a recent study [27] has demonstrated that hot extrusion
of multiphase Nb–Si–Fe in situ composite also improves the room
temperature fracture toughness. As for the processing techniques,
casting methods including electron beam melting, vacuum arc
melting and directional solidification [4,6,9] are the main ones to
prepare Nb–silicide-based composites. To date, the reports on the
microstructure and mechanical properties of mechanically alloyed

and hot-pressed Nb–Si alloys with the addition of Ti and/or Fe are
still poor.

In the present study, bulk Nb–Si alloys with several composi-
tions of Ti and Fe were fabricated by mechanical alloying followed
by hot pressing. The aim of this work was to investigate the

http://www.sciencedirect.com/science/journal/09258388
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nfluence of ball milling on the microstructure, and the effect of
icrostructural control on the room temperature fracture tough-

ess and flexural strength of the hot-pressed Nb–Si materials
ontaining Ti and/or Fe.

. Experimental procedures

The composition of the investigated alloys is Nb–16 at.%Si–x at.%Ti–y at.%Fe
x = 0, 10, and 18; y = 0, 1, and 3). Element powders of Nb (99.5%, 150 �m), Si (99.9%,
0 �m), Ti (99%, 25 �m) and Fe (99.9%, 5 �m) were used as starting materials. Ball
illing was carried out at room temperature in a planetary ball mill with stain-

ess steel vials and bearing steel balls under argon atmosphere. The ball-to-powder
eight ratio was maintained at 12:1, and the rotation speed employed was 250 rpm.

he compound powders milled for 18 and 30 h (the total milling time) were respec-
ively placed into the BN-coated graphite die and hot pressed uniaxially at 1500 ◦C
or 60 min under 30 MPa in argon atmosphere followed by furnace cooling.

The particle morphologies and fracture surfaces of bulk samples were examined
y scanning electron microscopy (SEM), while the microstructures and crack prop-
gation of hot-pressed alloys were detected by using backscattered electron (BSE)
mages. X-ray diffraction (XRD) was performed on the bulk samples to identify the
onstituent phases, and the experiments were conducted at room temperature with
D/max-rB X-ray diffractometer using Cu K� radiation (� = 0.15418 nm). The chem-

cal compositions of the phases were analyzed by using the energy dispersive X-ray
pectroscopy (EDX). Flexural strength test was conducted by three-point bending
TPB) specimens with 30 mm span length (total length = 36 mm), 4 mm width and
mm thickness in Instron-1186. Facture toughness was evaluated by single edge
otch bending (SENB) specimens with 16 mm span length (total length = 20 mm),
mm width and 2 mm thickness, but without the introduction of an initial fatigue
rack. A straight notch of about 2 mm depth was inserted into each specimen at
id-length using electro-discharge machining (EDM) with 0.1 mm diameter wire.

. Results and discussion

.1. Morphologies of milled powder mixtures

The shape and size of Nb–16Si–3Fe and Nb–16Si–18Ti–3Fe pow-

er mixtures after 18 and 30 h milling were observed by SEM, and
he micrographs are presented in Fig. 1. There existed quite dis-
inct features of morphology changes for the two milled powder

ixtures. In the case of Nb–16Si–3Fe powders, the size of powder
articles was reduced significantly after 18 h milling, and the parti-

Fig. 1. SEM micrographs of the powder mixtures after 18 and 30 h millin
Fig. 2. XRD patterns of Nb–16Si–3Fe alloys made form 18 h (A) and 30 h (B) milled
powders.

cles showed more uniform distribution and smaller size after 30 h
milling. With respect to Nb–16Si–18Ti–3Fe milled powders, plate-
like coarse particles with a broad range of size were observed after
18 h milling, and the particle size of 30 h milled powders decreased
greatly. However, the powders were still coarser than 18 h milled
Nb–16Si–3Fe ones, indicating that the addition of ductile titanium
powders retarded the ball milling process. In the case of the same
weight, the volume of Nb–16Si–3Fe powder mixtures with Ti is
higher since the density of Ti is lower than Nb. Therefore, with
the same milling parameters, the ball milling of Nb–16Si–18Ti–3Fe
particles developed slower compared to Nb–16Si–3Fe powders.

3.2. Phase composition and microstructures of hot-pressed alloys
The XRD patterns of bulk alloys made from Nb–16Si–3Fe pow-
der mixtures are shown in Fig. 2. Typical peaks of Nbss, Nb3Si,
�-Nb5Si3 and Nb4FeSi were detected in hot-pressed Nb–16Si–3Fe
alloys. Si was not identified in the resolution of the X-ray diffrac-
tometer, indicating that a complete reaction occurred. Fig. 3 shows

g: (a) and (b) for Nb–16Si–3Fe; (c) and (d) for Nb–16Si–18Ti–3Fe.
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ig. 3. Backscattered electron images of bulk Nb–Si–Fe alloys consolidated form 18
b–16Si–3Fe. Insets are higher magnification images.

he backscattered electron images of Nb–16Si–Fe and Nb–16Si–3Fe
lloys. Nbss phase with the shape of rough banding was observed
n alloys consolidated from 18 h milled powders, and intermetallic
ompounds distributed along the coarse bright phase suggesting
hat reaction in situ took place at the junction of Nb particles. Com-
aratively, the microstructures of materials made from 30 h milled
owders were much finer, and the constituent phases displayed
ear-equiaxed shape. Furthermore, the volume fraction of inter-
etallic compounds was higher than that of alloys made from

8 h milled powders, and it indicates that the enhanced atomic
iffusion among different elements was obtained after the longer
ime milling and accordingly contributed to the formation of inter-

etallics.
The XRD patterns of hot-pressed alloys consolidated from

b–16Si–18Ti and Nb–16Si–18Ti–3Fe powder mixtures are shown
n Fig. 4, respectively. Nbss, Tiss and �-Nb5Si3 phases were detected
n both alloys. Besides the above three phases, the peak of ternary
hase Nb4FeSi was also found in the pattern of Nb–16Si–18Ti–3Fe
lloy due to the addition of Fe. Figs. 5 and 6 show the backscat-
ered electron images of hot-pressed Nb–16Si alloys with various
ontents of Ti and Fe from powder mixtures milled for 18 and

0 h, respectively. The white, gray and dark phases corresponded to
bss, Nb5Si3 and Tiss, respectively. Unfortunately, from the figures
f this study, it was hard to distinguish the ternary phase Nb4FeSi
nly according to a difference in contrast under backscatter imag-
ng conditions. EDX analysis was conducted on the investigated
nd c) and 30 h (b and d) milled powders: (a) and (b) for Nb–16Si–Fe; (c) and (d) for

alloys to determine the atomic composition of constituent phases,
and element mapping was carried out on Nb–16Si–18Ti–3Fe alloy
made from 30 h milled powders to understand the distribution of
elements, especially for iron. The results are respectively shown
in Table 1 and Fig. 7. Fe was found to mainly distribute in the
zone of niobium silicides, and it could be accordingly deduced that
the ternary phase with Fe coexisted with the silicides. In addi-
tion, for hot-pressed Ti-added alloys, the Ti concentration in Nbss
increased with its initial nominal composition increasing and Nbss
contains a little higher Si compared to materials without Ti. Fur-
thermore, it was noticeable that Nb3Si phase was not detected
in hot-pressed Nb–Si alloys with Ti and it was not in agreement
with the results of as-cast alloys available in the associated litera-
tures [23,24,28]. In those reports, it was demonstrated that high
mounts of Ti enhanced the stabilization of Nb3Si. Nevertheless,
a previous investigation by Bewlay et al. [25] on the direction-
ally solidified Nb–Si–Ti ternary alloys with low Ti concentration,
i.e. Nb–3Ti–16Si and Nb–9Ti–16Si alloys, demonstrated that they
characterized by two-phase microstructure of Nbss and Nb5Si3 con-
taining Ti. As seen from the microstructures of Ti-bearing alloys
(shown in Figs. 5 and 6), silicides lay along Nbss and/or Tiss, and it

was similar with that of hot-pressed Nb–Si–Fe alloys. In view of the
above-mentioned data, it was speculated that the solubility of Ti at
the adjacent areas of Nb and/or Ti was much lower than the nominal
composition used in starting materials. During milling, the atoms
of one constituent element were forced to dissolve into the lattice
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ig. 4. XRD patterns of bulk alloys of (a) Nb–16Si–18Ti and (b) Nb–16Si–18Ti–3Fe
onsolidated form 18 h (A and C) and 30 h (B and D) milled powders.

f another component, and the dissolving capacity was related to
he concrete milling parameters. As a result, it was possible that the
ow level of Ti concentration was obtained at the in situ reaction
one of the investigated material in this study, so that the phase
omposition without Nb3Si was obtained in the hot-pressed Nb–Si
lloys with high amounts of Ti.

In Ti-containing alloys from powder mixtures milled for 18 h,
bss in the shape of narrow strip distributed in river pattern,
nd especially, some Nbss phases with severe bending shape were

bserved. It implies that Nbss retained the morphology of pow-
er particles (Fig. 1 (c)) that the alloys were hot pressed from.

n the similar way, some dark Tiss in finer banding also existed
n the materials indicating that not all Ti dissolved during milling

able 1
ompositions of the phases of Nb–16Si alloys with various Ti and Fe content determined

Sample Phase Composition (at.%) (18 h/30 h

Nb

Nb–16Si–3Fe Nbss 99.08/98.79
Nb5Si3 65.16/60.50
Nb3Si 73.4/74.12

Nb–16Si–10Ti Nbss 95.05/94.55
Nb5Si3 64.34/63.47
Tiss 7.42/12.92

Nb–16Si–10Ti–3Fe Nbss 94.92/95.15
Nb5Si3 63.59/60.00
Tiss 10.94/15.52

Nb–16Si–18Ti Nbss 93.40/92.83
Nb5Si3 61.85/64.32
Tiss 5.64/9.73

Nb–16Si–18Ti–3Fe Nbss 92.51/93.26
Nb5Si3 56.56/59.44
Tiss 11.68/20.23
ompounds 502 (2010) 310–318 313

and participated in the synthesis reaction in hot-pressing process.
Furthermore, silicides tended to distribute along the Nbss bound-
aries and separated Nbss and Tiss. It might be attributed to that
the cracked Si embedded in the surface of plastic Nb and Ti parti-
cles during milling, and silicides accordingly formed by way of in
situ synthesis at the places near to Nb and/or Ti. As for the alloys
consolidated from 30 h milled powders, the microstructure was sig-
nificantly refined and discontinuous Nbss phases were developed.
Though some strips of Nbss still existed, both the length and thick-
ness were greatly decreased. After 30 h milling, Nb particles were
cracked due to work-hardening (Fig. 1(d)) and Si embedded in the
finer Nb particles, so that Nbss phases were cut off by silicides syn-
thesized in the hot-pressing process. Furthermore, some rough Tiss
shared the similar dimension with Nbss of alloys made from pow-
ders of the longer milling time, suggesting that particle size of Ti
reduced slower in comparison with that of Nb at the later period of
ball milling under the given condition in this study.

In addition, as shown in Figs. 5 and 6, the banding Nbss in
the alloys with 10 at.% Ti was much narrower than that in the
corresponding alloys of Nb–16Si–18Ti system under the same
preparation condition. It implies that more Ti additions kept down
the milling process and it was consistent with the results shown
in Fig. 1. Moreover, it was noted that, for the alloys with the equal
amount of Ti, the microstructure became finer and the volume frac-
tion of intermetallic compounds increased when the content of Fe
increased to 3 at.%. It was especially evident for Nb–16Si–10Ti sys-
tem suggesting that the addition of Fe might promote the evolution
of ball milling.

3.3. Mechanical properties of the hot-pressed alloys

The results of flexural strength and fracture toughness for the
investigated alloys at room temperature are summarized in Table 2.
Hot-pressed Nb–Si alloys with only Fe addition exhibited the lower
flexural strength in comparison with Ti-added alloys. In addition,
in alloys with a fixed content of Ti, flexural strength showed the
descending trend with increasing Fe to 3 at.%, and there existed no
marked difference in values of flexural strength between the alloys
from 18 and 30 h milled powders. Interestingly, it is obvious that
the volume fraction of silicides did not definitively affect the flexu-
results obtained by Sha et al. [29], that an increase in the volume
fraction of Nb5Si3 phase improved the high temperature strength
of the Nb–Nb5Si3 in situ composites, as niobium silicides mainly
supply the strength. Li and Peng [26] also reported the opposite

by EDX analysis.

)

Si Ti Fe

0.92/1.21 – –
31.06/35.41 – 3.78/4.09
24.5/23.05 – 2.1/2.83

1.43/1.81 3.52/3.04 –
30.33/32.22 5.34/4.32 –
1.92/3.76 90.66/83.32 –

1.32/1.59 3.76/3.26 –
30.48/31.23 6.07/4.88 3.77/3.90
3.80/5.00 85.26/79.48 –

1.84/2.96 4.76/4.21 –
29.69/30.50 9.47/5.18 –
2.18/3.66 92.18/86.62 –

1.64/1.88 5.85/4.85 –
29.81/30.27 9.74/6.26 3.89/4.03
2.87/4.23 85.45/75.53 –
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ig. 5. Backscattered electron images of bulk alloys hot pressed from powder mixt
b–16Si–18Ti, (e) Nb–16Si–18Ti–Fe and (f) Nb–16Si–18Ti–3Fe. Insets are higher m

endency that the flexural strength reduced with the content of
iobium silicides enhancing, and they attributed it to residual pores
ocated at the boundaries in the samples with a higher content of
iobium silicides. However, the residual pores in the alloys of this
tudy were not as critical as those observed in the literature and
t implies that strengthening mechanism other than the enhance-

ent effect of reinforced phase (niobium silicide) contributed to
illed for 18 h: (a) Nb–16Si–10Ti, (b) Nb–16Si–10Ti–Fe, (c) Nb–16Si–10Ti–3Fe, (d)
cation images.

the present result. In addition, Ti-bearing alloys exhibited the
higher flexural strength, and the content of Ti dissolving into Nb

increased with its composition in the original alloys increasing.
This indicates that solid solution strengthening of Nbss played a
significant role in reinforcing the materials. Therefore, the flexural
strength of hot-pressed Ti-added alloys enhanced with the volume
fraction of Nbss increasing, and was affected less by the reduced
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ig. 6. Backscattered electron images of bulk alloys hot pressed from powder mixt
b–16Si–18Ti, (e) Nb–16Si–18Ti–Fe and (f) Nb–16Si–18Ti–3Fe. Insets are higher m

ontent of niobium silicide. Nevertheless, it can not be concluded
hat niobium silicide was out of contributing to the strength in this
ork. From the values in Table 2, it is easily detected that, compared
o alloys from 18 h milled powders, samples from 30 h milled pow-
ers displayed a little higher flexural strength though they owned

ess niobium solid solution. It indicates that niobium silicide also
ffered the strength of alloys from the longer milling time. Fur-
hermore, the addition of Ti was noted to significantly enhance the
illed for 30 h: (a) Nb–16Si–10Ti, (b) Nb–16Si–10Ti–Fe, (c) Nb–16Si–10Ti–3Fe, (d)
cation images.

fracture toughness of the investigated alloys and the hot-pressed
Nb–16Si–18Ti alloy from 18 h milled powders exhibited the highest
value of fracture toughness over 16 MPa1/2. By theoretical calcu-

lation, Chan has demonstrated that appropriate Ti could impart
fracture toughness resistance in Nb solid solution and Nb-based
silicides by altering the crystal structure to promote slip by par-
tial dislocations, reducing the Peierls–Nabarro energy and lowering
the anti-phase or complex stacking fault energy [30,31]. How-
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Fig. 7. EDX element mapping showing distribution of Nb (b), Si (c), Ti (d) and Fe (e) elem

Table 2
Room temperature mechanical properties of the bulk alloys in this study.

Alloys Flexural strength (MPa) Fracture toughness (MPa1/2)

Hot pressed from powders milled for 18 h
Nb–16Si–Fe 394.05 8.9
Nb–16Si–3Fe 407.4 8.16
Nb–16Si–10Ti 570.75 14.64
Nb–16Si–10Ti–Fe 520.15 13.7 1
Nb–16Si–10Ti–3Fe 418.3 12.05
Nb–16Si–18Ti 660.4 16.3
Nb–16Si–18Ti–Fe 581.2 14.09
Nb–16Si–18Ti–3Fe 460.1 13.03

Hot pressed from powders milled for 30 h
Nb–16Si–Fe 402.9 8.08
Nb–16Si–3Fe 414.97 7.31
Nb–16Si–10Ti 573.65 11.76
Nb–16Si–10Ti–Fe 519.9 11.08
Nb–16Si–10Ti–3Fe 422.35 9.61
Nb–16Si–18Ti 694.8 14
Nb–16Si–18Ti–Fe 586.7 12.34
Nb–16Si–18Ti–3Fe 508.95 10.08
ents in the Nb–16Si–18Ti–3Fe alloy hot pressed from 30 h milled powders (a).

ever, it was also observed that fracture toughness increased with
the concentration of Fe decreasing, and hot-pressed alloys from
powders mixtures milled for 18 h exhibited the distinctly higher
fracture toughness than those consolidated from 30 h milled pow-
ders. In short, the fracture toughness ascended with the proportion
of niobium solid solution increasing. Consequently, ductile-phase
toughening was believed to be the crucial toughening mechanism
in present work. Fig. 8 shows the crack propagation paths of hot-
pressed Nb–16Si–18Ti–3Fe alloys after the three-point bending
testes on the notched specimens. It can be seen that, besides the
content of ductile Nb phase, its size also vitally influenced the
fracture behavior of materials. It is obvious from Fig. 8 that crack
bridging frequently occurred in the Nb–16Si–18Ti–3Fe alloy with
larger size of ductile niobium phase, while crack deflection was
often detected in that with smaller size of Nbss. A larger sized duc-
tile particle can bear severe plastic deformation to trap the crack
energy and provide the material with a higher toughness incre-
ment via a crack bridging mechanism. The toughening effect of an
aligned eutectic microstructure was once evaluated according to

the equation given by Ashby et al. [19]:

�Kc = E

√
CVf

�0

E
a0
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Fig. 8. Crack propagation behavior from fracture toughness tests on the notched

here �Kc is the toughness increment, E, Vf, �0, and a0 are the
oung’s modulus, volume fraction, yield strength and radius of the
uctile-phase particle, respectively. C is a material constant that
epresents the degree of constraint imposed upon a ductile par-
icle from the matrix. Though it is difficult to do a quantitative
nalysis on the toughening effect of Nbss in this study, it can be
oncluded from the above equation that an increase in the size

f Nbss contributed to the higher toughness. As a result, the frac-
ure toughness of Nb–16Si–18Ti–3Fe alloy was enhanced by 29.3%
rom 10.08 to 13.03 MPa1/2 when milling time decreased from
0 to 18 h.

ig. 9. Fractographs of three-point bending specimens: (a) and (b) for Nb–16Si–3Fe, (c) an
nd (d) are those from powder mixtures milled for 30 h.
6Si–18Ti–3Fe specimens consolidated from (a) 18 and (b) 30 h milled powders.

Fig. 9 shows the fracture surfaces of Nb–16Si–3Fe and
Nb–16Si–18Ti–3Fe alloys after three-point bending testes. River
patterns were observed in the fractograph of Nb–16Si–3Fe alloy
from 18 h milled powders, while the cleavage fracture surface
of that from powders of 30 h milling was smooth. It suggests
that the mobility of dislocation in lager sized Nbss was enhanced
and fracture toughness was accordingly improved. However,

Nb–16Si–18Ti–3Fe alloys displayed the widely different frac-
tographs from those without titanium. The fracture surfaces of
hot-pressed alloys with Ti were characterized by tear ridges that
were clearer in the sample from powders of shorter milling time. It

d (d) Nb–16Si–18Ti–3Fe; (a) and (c) are alloys from 18 h milled powders, while (b)
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ndicates that, in the Ti-added alloys, Nb phase underwent signifi-
ant plastic deformation and finally failed in a ductile manner.

. Conclusions

Nb–Si alloys were fabricated by uniaxial hot pressing from ball
illed Nb–Si–Ti–Fe powder mixtures with the fixed Si content

16 at.%) and various compositions of Ti and Fe, and the effects of Ti
nd/or Fe on the ball milling process, microstructure and room tem-
erature mechanical properties of the materials were investigated.
he conclusions of this works are as follows:

. The addition of Ti in starting powder mixtures inhibits the
ball milling process with the same milling parameters, and the
refinement of Nb–16Si–18Ti–3Fe particles is much slower com-
pared to Nb–16Si–3Fe powders. It is due to that, for the same
weight, the powder mixtures containing Ti possess the higher
volume since the lower density of Ti.

. Nbss, Nb3Si and Nb5Si3 are found in the hot-pressed alloys
without Ti. Nbss, Tiss and Nb5Si3 phases are observed in the
Ti-bearing alloys, while the expected Nb3Si is not detected. It
might be due to the lower composition of Ti in the reaction
zone between the particles. In addition, Nb4FeSi is detected in
the alloys with Fe, and the result of EDX elemental mapping
shows iron mainly distributes in the niobium silicides. The Ti-
added alloys hot pressed from a shorter time show the much
coarser microstructure with Nbss in the shape of narrow strip
distributed in river pattern, while near-equiaxed microstruc-
ture is obtained in the Nb–Si–Fe alloys. In the Ti-added alloys,
both size and volume fraction of Nbss decrease with increasing
milling time and Fe content. In addition, Fe mainly dissolves into
niobium silicides and the solubility of Si in Nbss is improved
with the addition of Ti. Besides, the concentration of Ti in Nbss
increases with its content in the alloys increasing.

. An enhancement in both room temperature fracture toughness
and flexural strength is achieved in the alloys containing Ti.
The fracture toughness decreases with increasing milling time
for Ti-added alloys and Fe content for the alloys with fixed Ti

content, because of the reduction in volume fraction of duc-
tile Nbss phase. Besides, the large sized and banding Nbss in
the alloys from a shorter milling time contribute to the crack
bridging toughening and improve the toughness. However, the
similar flexural strengths are detected in the alloys from 18 and

[
[

[
[

ompounds 502 (2010) 310–318

30 h milled powders. The flexural strength of the alloys from the
shorter milling time is attributed to the solid solution strength-
ening, while the enhancement effect of reinforced phase con-
tribute to the strength for the alloys from the longer milling time.
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