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and sintering
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Mechanical milling proceeded by sintering was used to synthesize nanostructured temperature-resistant TZM
alloy. Milling under Ar for different times (1, 2, 3, 5, 10, 15, 20, 25, and 30 h) and sintering at 1500, 1600 and
1700 °C for 30, 45, 60 and 90 min resulted in increasing of low-energy grain boundaries (LEGBs) and
dispersion of TiC and ZrC with a size of ~65 nm in the matrix near LEGBs. Morphology and grain size of the
products were determined from scanning electron microscope (SEM) images and X-ray diffraction (XRD)
patterns, almost precisely. Optimum density of nanostructured TZM alloy ~9.95±0.01 g/cm3was achieved by
sintering at 1700 °C for 90 min.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

TZM alloy shows unique properties like creep strength, resistance
to recrystallization and softening as compared to the elemental
molybdenum, high corrosion/erosion resistance, low thermal expan-
sion, good heat-conduction, exceptional high-temperature stiffness
and strength, thermal compatibility with other materials such as
copper and Ti–6Al–4V alloy and stable physical and mechanical
properties over a wide range of temperatures [1–10]. Nominal
composition of TZM is Mo–0.5Ti–0.08Zr–0.02C (wt.%) [1,2]. It is
applicable in nuclear and aerospace industries for making high-
temperature dies, fusion-reactor diverter components and missile
combustion chambers [1–6,8].

TZM alloy can be fabricated either by powder metallurgy (PM) or
by vacuum arc melting (VAR) and electron beam melting (EBM)
methods [1,4,5,8,11–13]. Information on production and character-
ization of nanostructured TZM alloy is very limited. Dispersion of
nano-sized carbides and its effects on mechanical and physical
behavior of TZM alloy are non-existent. Abe et al. have tried to
disperse the nano-sized particles in 9Cr–3 W–3Co–VNb and 9Cr–
2 W–VNbTi heat resisting steels [14,15]. Optimum creep strength
combined with adequate solid solution strengthening has been
acquired by this dispersion process. It has been shown that the
grain growth and the structural failure can be inhibited by formation
of !ne titanium and zirconium carbides at the grain boundaries of the
TZM alloys [16–18]. Low-angle boundaries (LABs) have been shown

to display improved physical, mechanical and chemical properties
relative to the high-angle boundaries (HABs) existing generally in the
samples [19–21].

Mechanical alloying proceeded by sintering of elemental powders
was employed in this research to extend low-angle grain boundaries,
to increase the dispersion of carbides within the LABs and production
of nanostructured TZM alloy. Effect of the milling time as well as the
sintering time and temperature on crystallite size was rigorously
investigated. X-ray diffraction (XRD) and scanning electron micros-
copy (SEM) were used for characterization of the produced samples.

2. Experimental procedure

Molybdenum, titanium and zirconium powders with a minimum
purity of 99.99% and particle sizes of less than 2 !m were mixed with
highly pure activated carbon powder having a particle size of 44 !m
and then dry-milled in a planetary ball mill (PM400, Germany) under
an Ar atmosphere for 1, 2, 3, 5, 10, 15, 20, 25 and 30 h. High purity of
99.999% argon gas was used in the ball-milling steps. The milling cup
was made of stainless steel. It contained the mixture of stainless steel
balls and powder with a ball to powder weight ratio (BPR) of about
10:1. To prevent iron contamination due to the stainless steel balls
and milling jar during the milling step, a pre-milling for about 100 h
was accomplished. Tablets sizing ø13!5 mm were made of nanos-
tructured and microstructured powders by compaction at 300 MPa
pressure. The tablets were heated upwith a heating rate of 5 °C/min to
1500, 1600 and 1700 °C and isothermally sintered under puri!ed Ar
for 30, 45, 60 and 90 minutes. The etching solution was 1 g CrO3

(BDH) +1 ml H2SO4+500 ml water and the etching time was about
30 s. The Archimedean method was used to measure the density of
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