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The purpose of present research was production of Zr-based alloy as the nuclear fuel cladding by
mechanical alloying (MA) and sintering process. Firstly, Zr and Cr powders were mechanically alloyed
to produce the refractory and hard Zr-10 wt% Cr alloy, and then, the powder mixtures were
consolidated by press and following sintering at temperature of 800˚C min. The phase evolution,
microstructural changes, microhardness, and density of the Zr-10 wt% Cr alloy were studied using Xray diffraction (XRD), scanning electron microscopy (SEM), microhardness measurement, and the
Archimedes method. The results showed that the MA increased the solid solubility of the immiscible
powders of Cr and Zr; therefore, the Cr atoms were completely dissolved in the Zr lattice after 24 h of
the milling time and the nanostructured Zr(Cr) solid solution was obtained with the high microhardness
value of about 491 Hv. Also, the results of the density measurement indicated that the resulted density
was close to 98% of the theoretical density.
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1. INTRODUCTION1
Zirconium alloys are considered as a high temperature
structural materials owing to proper corrosion
resistance, good thermal stability, desired mechanical
and physical properties, and low thermal neutron
absorption properties [1]. Cr is a useful alloying element
for Zr-based alloys owing to high melting point, and
also, Zr-Cr alloys can be used as a high temperature
material with good strength, proper erosion resistance,
and excellent corrosion resistance. So far, extensive
research has been done on Zr-Cr alloys. The
microstructural examination of the rapidly cooled Zr0.15% Cr alloy showed that a Zr-rich solid solution was
formed. This solid solution phase was precipitated in the
grain boundaries of Zr which increased the
microhardness and strength of the Zr-Cr alloy [2]. The
Zr-Cr multilayer coating on Zr surface by vacuum arc
vapor method was significantly increased the hot
corrosion resistance of the Zr-based alloy [3]. The Cr
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ion implantation was subjected on the Zr-1Nb alloy to
improve the corrosion behavior of Zr-based alloy, which
the result showed the laves phase was homogeneously
precipitated within the α-Zr matrix. Also, the oxidation
resistance of the Zr-based alloy was improved at high
temperature due to the Cr ion implantation on the
surface of Zr [4]. Huang et al. [5] have produced Cr
coated Zr-based alloy by electroplating which the result
indicated that the oxidation resistance of Zr-based alloy
cladding was significantly improved. Also, pulsed laser
treatment was subjected to the commercial Zr alloy to
perform the Cr alloying on the Zr surface. The results of
this research displayed that the microhardness of Zr was
noticeably increased due to the microstructure
improvement and grain refinement [6].
So far, many methods have been used to produce the
Zr-Cr alloys, but the mechanical alloying method has
always attracted the attention of the researchers due to
the low cost of the instrument and primary powders [7],
production of the stable and metastable phases [8, 9] no
need for high temperatures [10], alloying of the
elements with high difference in the melting points [11],
independency of the limitation of the phase diagram
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[12], ability to the uniform distribution of the
components, and production of the nanostructure
materials and quasi-stable microstructures [13-14]. The
mechanical alloying accelerated the kinetic of the
chemical reactions and changed the metallurgical
transformations which led to occur the reactions at room
temperature [15]. Researchers have proven that
chromium is a very suitable additive element to improve
the mechanical properties [16] and corrosion resistance
[17] of Zr which indicates that the Zr-Cr alloys have the
special importance among the Zr-based alloys. But in
the Zr-Cr alloy system, the solid solubility of Cr in Zr is
very low at the equilibrium state [18]. The solubility of
these elements can be increased by nonequilibrium
processes such as mechanical alloying. The purpose of
this research was to produce a solid solution of Zr-Cr
alloy with high hardness by mechanical alloying and
sintering process. Also, the phase evolution, structural
and morphological changes, mechanical properties, and
physical properties of the Zr-Cr alloys were
investigated.
2. MATERIALS AND METHODS
In the present research, planetary ball mill (84 D,
Sepahan) was used to produce Zr- 10% Cr alloy.
Therefore, the Cr and Zr powders (99.9% purity,
prepared by Alpha Aesar) were firstly mixed according
to the weight ratio of Zr-10 wt% Cr. Then, 10 g powder
mixtures of Cr and Zr along with the 200 g steel balls
were put into a steel vial. Milling was performed under
argon gas atmosphere with a rotational speed of 400
rpm. The milling process was stopped for 15 minutes
after every 30 minutes of the work to prevent the
temperature rise inside the vial. Some powders were
taken out the vial within 8, 16, 24, and 32 hours of
milling to analyze the phase transformation at various
milling times.
In order to consalidation of the milled powders, the
powders were pressed into a cylindrical steel mold with
a load of 300 MPa. It should be noted that the
dimensions of the produced billet were 30 mm in the
length and the diameter of 27 mm. Then, the pressed
samples were subjected to sintering process at a
temperature of 800
for 30 min under the argon gas
atmosphere.
In this study, X-ray diffraction analysis (XRD, D8
advance Bruker system, CuKα radiation) was performed
to identify the phases during the MA. Also, the
crystallite size and the lattice strain was measured by
Williamson-Hall
formula.
The
microstructure,
morphology, and the particle size change at various
stages of milling were studied by scanning electron
microscopy (SEM, Camscan mv2300 system). The
Archimedes method was used to measure the density of
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the samples according to ASTM, C-373 standard [19].
Also, the mixtures law was used to calculate the
theoretical density. The microhardness test was
performed based on Vickers hardness by Coopa mh1
microhardness tester according to the standard of
ASTM, E 384-99. The microhardness test was done at
the load of 200 g for the loading time of 15 s.
3. RESULTS AND DISCUSSION
The X-ray diffraction patterns of the as-milled Zr-Cr
powders and the milled powders are shown in Figure 1
to identify the phase evolution at milling times of 8, 16,
24, and 32 h. The Zr peaks were moved to the lower
angles after 8 h of milling. The peak height of the
elements is significantly reduced as compared with the
initial powders and some peaks related to Zr and Cr
were removed at 8 h. In addition, the width of the peaks
was increased at that time.
The transition of Zr diffraction peaks to the lower
angles indicated the dissolution of Cr in the Zr lattice.
Factually, the dissolution of the Cr atoms with an
atomic radius less than the atomic radius of the Zr atoms
caused to solute the Cr atoms in the Zr lattice through
two substitution and interstitial ways [20]. This matter
led to apply the severe strain into Zr lattice, and so, the
Zr lattice parameter was increased. Finally, the Zr peaks
moved to the lower angles as the Zr lattice parameter
was increased. It should be noted that the dissolution of
the Cr atoms within Zr lattice in two forms of
substitution and interstitial is owing to the high
difference in the atomic radius of Zr and Cr.
Also, the Zr lattice parameter was calculated using
Bragg's law [21]. Figure 2 is depicted the values of the
lattice parameter versus milling time. The Zr lattice
parameter was significantly increased up to 24 h of
milling, but after 32 h, there was no noticeably change
in the Zr lattice parameter which indicated the Cr atoms
were completely dissolved in the Zr lattice after 24 h.
The dissolution of Cr in the Zr lattice led to form the
Zr(Cr) supersaturated solid solution phase with hcp
crystalline lattice.

Figure 1. X-ray diffraction patterns of Zr-Cr powder mixtures
versus milling time
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Figure 2. The change of Zr lattice parameter at different
milling times

As mentioned, the atomic radius of Cr is lower than
Zr atomic radius which led to solute Cr in Zr lattice both
through an interstitial and a substitution way. This
matter led to apply the severe strain into the Zr-rich
phase and facilitated the amorphous phase formation
[22]. So, the height of Zr peaks gradually decreased at
the milling time of 8, and also, some peaks of Zr were
eliminated at 16 h. On the other hands, the MA process
was applied a severe plastic deformation to Zr lattice
which led to work hardening of the powder particles.
Therefore, a distortion in the Zr lattice was created
which led to prepare the amorphous phase. The
disappearance of Zr crystalline peaks is a sign of
amorphous structure at the milling time of 16 h.
After 24 h of milling, the Zr peak at the angle of
32.5 was appeared. This appearance of Zr peak at 24 h
was related to the local temperature rise in the milled
powder which caused the nonequilibrium phases such as
amorphous phase transformed to the more stable phases
such as crystalline phase after 24 h of milling. The
temperature of the milled powders could increase up to
300
at high milling times which led to occur the
recovery and recrystallization phenomena [23]. In
general, the recovery and recrystallization can
significantly decrease the lattice strain due to the
rearrangement of the dislocation, and the reduction of
defect densities [24]. In fact, MA technique is
considered to be a method for production of
nonequilibrium phases but at milling, the local
temperature enhancement due to the kinetic energy of
the balls led to transformation of amorphous phase to
more stable crystalline phase. In other words, the
generation of the heat during milling increased the
diffusivity of atoms and then, increased the tendency of
formation the more stable phases. Principally, the
change in the peak intensity depended on the plastic
deformation in the recovery and recrystallization
operation [25]. In other words, plastic deformation
caused to decrease the peak intensity while, the recovery
and recrystallization increased the peak intensity.
Finally, the Zr peak at the angle of 32.5 was removed
after 32 h of milling due to the severe deformation. The

reduction of the peak intensity continued up to 24 h and
the Cr peaks were totally eliminated and also, the Zr
peaks remains as the only crystalline phase. The peak
widening continued as the milling time was increased,
especially at 24 h of milling, which confirmed that
many crystalline defects were created in the powders
during the milling process. In other words, defects were
the main reason of the enhancement of the peak width.
The plot of the lattice strain and crystallite size versus
milling time are shown in Figure 3. The lattice strain
enhancement and crystallite size refinement were
occurred as the milling time was enhanced, which
confirmed that the responsible for the increase in the
peak width was the crystallite size refinement and lattice
strain enhancement. As observed in Figure 3, it is clear
that the decrement rate of the crystallite size was
decreased after 16 h of milling. Finally, after 32 h of
milling, the crystallite size was found to be 19 nm,
indicating that the MA process is a proper technique to
produce the nanostructured powders.
When the crystallite size is nanometer scale, it is
possible to dissolve the elements in each other and the
formation of a solid solution in the alloy systems with a
positive enthalpy [26]. In fact, the strain increased the
distances between the atomic planes in the crystal lattice
[24], which ultimately led to increase the diffusion of Cr
in the Zr lattice. Finally, Zr(Cr) supersaturated solid
solution was produced after 24 h.
However, this study indicated that the mechanical
alloying of powders can enhance the solid solubility,
and led to form the Zr(Cr) supersaturated solid solution
phase. The high density of dislocation can significantly
increase the solid solubility. In general, the effect of
cold welding and fracture phenomena on the MA
process led to apply the severe plastic deformation
(SPD) on the powders. SPD increased the defect
density, which led to facilitate the diffusion of the
atoms. Finally, the alloying treatment was improved.
The morphology of the powders were studied by
SEM images. Figure 4(a) shows the morphology of the
primary powders of Zr and Cr. The particle size of the
primary powders was approximately 5-50 µm, and the

Figure 3. The change of lattice strain and Crystallite size of Zr
element at various milling times
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particle size distribution was irregular. The powder
particles are very soft at the start of MA due to the low
dislocation density, and high energy collisions was
applied to the soft powders during the milling process.
This high energy led to occur the plastic deformation in
the powder particles, and the particles morphology
became coarse-grained particles at 8 h which is
indicated in Figure 4(b). In fact, the cold welding
mechanism caused to stock the powder particles
together. At 8 h, the particle size of the powder mixtures
was about 75-175 µm with
a heterogeneous
distribution. In Figure 4(c), the mechanical bonding and
cold welding among the Cr and Zr particles were
happened after 16 h owing to the impact of the balls. It
can be concluded that the particle size was increased as
compared with the previous stage. They were randomly
distributed with a size of about 1-80 µm. After 24 h, the
work hardening was occurred due to the enhancement of
the dislocation density which led to breakdown the
particles. Therefore, the particle size was reduced to less
than 30 µm which is shown in Figure 4(d).
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(d)

(e)
Figure 4. The SEM image of Zr(Cr) alloy at: (a) 0 h, (b) 8 h,
(c) 16 h, (d) 24 h, and (e) 32 h of milling

(a)

(b)

(c)

In fact, the fracture of powder particles was the
prodominant phenomenon. Finally, the particle size was
reduced with an irregular distribution of the particle
size. Of course, another factor that can contribute to the
fragmentation of the particles was the dissolution of the
elements, and work hardening owing to the formation of
Zr(Cr) supersaturated solid solution phase [27]. The
powder particles fracture continued after 32 h which is
shown in Figure 4(e). At this time, the particle
morphology was close to the spherical shape with a size
of less than 20 µm which more regularly distributed as
compared with the previous steps. In fact, the thickness
of the particles was reduced owing to the severe
deformation; thus, the diffusion distances were reduced.
As a result, the decrement of the diffusion distances and
the enhancement of the crystalline defects led to be
more diffusion of the atoms which enhanced the solid
solubility of the elements.
Figure 5 shows the results of the density measuring
based on the Archimedes method. In this figure, the
empirical values were compared with the theoretical
values. As can be seen, the density of Zr-Cr alloy
samples is close to the theoretical density (about 98% of
the theoretical density). This can be attributed to the
excessive deformation in the milling process. At the
start of milling process, the density of the produced
alloy was decreased which may be due to the
agglomeration of powder particles at the beginning of
the milling. Of course, the powder particle size can
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greatly effect on the pressing and consolidation of the
powder particles.
According to Figure 5, the density of Zr-Cr alloy
was increased from 6.344 g/cm3 at 8 h to 6.359 g/cm3
after 24 h of milling. This is owing to the crystallite size
refinement as well as the reduction in the powder
particle size at longer milling times. Also, the density of
the as-milled Zr-10 wt% Cr powders was increased
from 6.349 g/cm3 to 6.359 g/cm3 after 24 h of milling.
This is due to the reduction in the powder particle size,
reduction in the crystallite size, complete diffusion of Cr
into the Zr lattice, and the formation of Zr(Cr) phase
during the milling process. Finally, the density of Zr-10
wt% Cr alloy reached to 6.362 g/cm3 after 32 h of
milling which is equal to 98% of the theoretical density.
To investigation of the mechanical properties of
Zr(Cr) alloy, the microhardness test was performed and
their results are depicted in Figure 6. The microhardness
was enhanced as the milling time was enhanced. It
should be noted that the microhardness of the primary
powders was in the range of 118-129 Hv; which the
lowest value was corresponding to Zr and the largest
value was related to Cr. At 8 h, the microhardness was

severely increased. This is due to the sharp decline in
the crystallite size at the early stages of the milling. In
fact, the primary powders are very soft and the work
hardening of the powders due to the severe strain was
responsible for the enhancement of the microhardness
after 8 h.
After 16 h, the rate of the microhardness
enhancement was decreased as compared with the
previous stage. This trend continued up to 24 h. The
microhardness value reached to 475 Hv after 24 h,
indicating the microhardness was significantly
increased. In fact, several factors including the
crystallite size decrement, formation of the
supersaturated solid solution, and the severe strain had a
significant effect on the microhardness enhancement.
The formation of the supersaturated solid solution of
Zr(Cr) can improve the microhardness of Zr due to the
solution hardening. In other words, the solution of Cr in
Zr lattice through interstitial and substitution ways can
prevent the movement of the dislocation which led to
increase the microhardness of Zr-based alloy [24].
Eventually, after 32 h of milling, the microhardness
reached to about 491 Hv, indicating that the
microhardness didn’t significantly change after 24 h and
was almost stable. In fact, the Zr(Cr) supersaturated
solid solution was formed at 24 h and no significant
phase evolution was observed after the 32 h. However,
homogenization of nanostructures and grain size
reduction can effect on the microhardness.
4. CONCLUSION

Figure 5. Density of the Zr-Cr alloy versus milling times

Figure 6. Vickers microhardness value of the Zr(Cr) alloy
versus milling time

In the present research, the effect of MA process and
sintering on the behaviour of Zr and Cr powder
mixtures in the immiscible Zr-Cr alloy system was
investigated. As well-known, the solid solubility of Cr
in Zr lattice is about 1% at the equilibrium state. The
results revealed that MA led to enhance the solid
solubility of Cr in Zr lattice. Finally, a nanostructure
supersaturated solid solution of Zr(Cr) was formed.
Therefore, the crystallite size of Zr was decreased to
about 19 nm. The SEM images analysis indicated that at
the beginning of MA, the cold welding was the
dominant mechanism which led to agglomerate the
powder particles, so that, the largest powder particle
size reached to 80 µm after 16 h. the particle fracture
dominated cold welding at 24 h of milling. After 32 h of
milling, the particle size reached to 20 µm with a
spherical shape and homogeneous distribution. The
density of the Zr-10 wt% Cr alloy was close to 98% of
the theoretical density. Also, the microhardness
measurement revealed that MA could noticeably
enhance the microhardness value of the Zr-10 wt% Cr
alloy up to 491 Hv after 32 h.
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Persian Abstract
چکیده
هدف از پژوهش حاضر ،تولید آلیاژ پایه  Zrبه عنوان روکش سوخت هستهای با استفاده از فرآیند آلیاژسازی مکانیکی ) (MAو تفجوشی است .بدین منظور ،پودرهای  Zrو
 Crبرای تولید آلیاژ دیرگداز و سخت  Zr-10 wt% Crبه صورت مکانیکی آلیاژسازی شدند و سپس ،مخلوط پودر بوسیله پرس و سینتر در دمای ℃  800به مدت 30
دقیقه فشرده شد .تغییر فاز ،تغییرات ریزساختار ،ریزسختی و چگالی آلیاژهای حاصل با استفاده از پراش اشعه ایکس ) ،(XRDمیکروسکوپ الکترونی روبشی )،(SEM
اندازهگیری میکروسختی و روش ارشمیدوس مورد بررسی قرار گرفت .نتایج نشان داد که  MAباعث افزایش حاللیت پودرهای غیرقابل امتزاج  Crو  Zrدر حالت جامد می-
شود ،به طوری که اتمهای  Crپس از  24ساعت آسیاکاری به طور کامل در شبکه  Zrحل شدند و محلول جامد نانوساختار
همچنین ،نتایج اندازهگیری چگالی نشان داد که چگالی حاصل نزدیک به  ٪98چگالی نظری است.

)Zr(Cr
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