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Abstract – In this study, Zircaloy-4 rods are heat treated and cold rolled to different (15%, 30%, 45%, 60%, and 75%) reduction
ratios to determine the effect of heat treatment and cold rolling on micro and nano scale mechanical properties of Zircaloy-4.
Micro scale mechanical properties are investigated by micro Vickers hardness tester and nano scale mechanical properties are
studied by universal mechanical tester (UMT). Fracture surfaces of samples are illustrated by scanning electron microscope
(SEM). Microstructure of samples are evaluated by optical microscope. It is found that hardness increased with increasing cold
rolling reduction ratio both in micro and nano scale. Nano scale measurements showed that the elastic modulus is increased with
increasing reduction ratio. Increase in hardness and elastic modulus altered the fracture from ductile to brittle. Fracture mode for
samples are determined as mixed mode.
Keywords – Zircaloy-4, UMT, cold rolling, mechanical properties.
I. INTRODUCTION
Zirconium alloys are very important for nuclear industry
with their outstanding features [1]. Due to enhanced
mechanical and physical properties, Zircaloy-4 is the most
popular zirconium alloy. Cold rolling is used by many
researchers for enhancing the mechanical properties of
Zircaloy-4. Fuloria et al. [2] have studied the effect of cold
rolling on the hardness and tensile strength of Zircaloy-4. They
found that the cold rolling increases the hardness and strength
due to increasing of dislocation density and grain refinement.
They also found that dislocation density increased with
increasing stacking fault probability. Lim et al. [3] have
studied the effect of cold rolling and heat treatment on the
mechanical properties of Zircaloy-4. It is claimed that texture
was developed with higher rolling reduction and it was
influenced by final heat treatment. It is also reported that the
direction of the test affected the creep strain. Busser et al. [4]
have investigated mechanical properties and oxide layer
damage evolution in Zircaloy-4 by ring compression test
technique. They found that the ring compression test technique
has an important potential for both analyzing the mechanical
properties of irradiated and non-irradiated nuclear fuel rod
cladding materials. Although zirconium alloys are produced
by many techniques, cold rolling has been chosen for this study
owing to its ease of use and cheapness.

B. Sample Preparation
The production processes and the names of Zircaloy-4
samples are shown in Table 2.
Table 2. Chemical composition of Zircaloy-4 rod

Sample name
AR
AN
CR15
CR30
CR45
CR60
CR75

A. Materials
Zircaloy-4 rod with 10 mm diameter is provided from
Nanografi Nanotechnology Ltd. Chemical composition of
Zircaloy-4 rod is shown in Table 1.
Table 1. Chemical composition of Zircaloy-4 rod

†

O
0.16

CR
0.13

Sn
1.7

Fe
0.24

Cold rolling (%)
15
30
45
60
75

AR is as-received material. AN is only annealed and other
samples are cold rolled to different reduction ratios. The
annealing process is performed by an atmosphere controlled
heat treatment furnace. The air in the furnace is removed by a
vacuum pump with 60 mbar vacuum before filling the
atmosphere of the furnace with argon. AN, CR15, CR30,
CR45, CR60, and CR75 are annealed by applying 4 hours
recrystallization heat treatment at 700ºC in argon atmosphere.
Samples are cooled to room temperature in the furnace. CR15,
CR30, CR45, CR60, and CR75 are heated to 300ºC in air
atmosphere before each pass of cold rolling. These samples are
cold rolled by two rolling mills with 240 mm diameter at 1.25
rpm rolling speed. 15% reduction ratio is practiced in each
pass. Thereby, 1 pass for CR15, 2 passes for CR30, 3 passes
for CR45, 4 passes for CR60, and 5 passes for CR75 are
performed. All samples are sectioned both from rolling
direction (RD) and transverse direction (TD) to illustrate the
anisotropy in the mechanical properties. Sectioned samples
mounted into bakelite by a hot mounting press. After hot
mounting, mounted samples are grinded with 320, 600, 800,
1000, 1200, 2000, and 2500 grit SiC coated abrasive grinding
papers. After this, samples are polished with 6 μm, 3 μm, and
1 μm diamond suspension on flocked polishing cloth.

II. MATERIALS AND METHOD

Element
Weight

Annealing (ºC)
700
700
700
700
700
700

Zr
Balance
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Polished samples are etched with proper etchant for thirty
seconds to reveal the microstructure clearly. Chemical
composition of etchant is shown in Table 3.

Microstructure photographs of etched samples are taken by
NIKON Eclipse MA100 inverted optical microscope in 1000X
magnification to illustrate the grain structure, orientation, and
size.
Fracture surface pictures of samples are taken by FEI Quanta
Feg 450 SEM. Scanning is performed in 1000X and 5000X
magnification with high vacuum mode. Scanned areas of
fracture surfaces are chosen randomly.

Table 3. Chemical composition of etchant

Component
Hydrofluoric acid (HF)
Nitric acid (HNO3)
Distilled water

Weight(%)
10
45
45

III. RESULTS
Transverse (left) and rolling (right) directions of samples are
hot mounted to same bakelite as shown in Fig. 1.

A. Micro and Nano Scale Mechanical Test Results
Microhardness test is performed both just after cold rolling
process and after polishing and etching. The measurements
after cold rolling illustrated the effect of cold rolling process
on microhardness. On the other hand, micro Vickers hardness
test after etching showed the effect of polishing and etching on
microhardness. Microhardness values of samples after cold
rolling are shown in Fig. 4.

Fig. 1 Prepared samples

C. Micro and Nano Scale Mechanical Tests
Micro scale mechanical properties are examined with
SHIMADZU HMV-G micro Vickers hardness tester shown in
Fig. 2. Microhardness test is practiced both just after cold
rolling process and after polishing and etching. Microhardness
measurements are practiced under 9.807 N load and 6 seconds
holding time by diamond pyramid indenter.

Fig. 4 Microhardness values of samples after cold rolling

AR, AN, CR15, CR30, CR45, CR60, and CR75 after rolling
are 2.905, 2.347, 2.567, 2.663, 2.812, 2.961, 3.230 GPa, and
2.494, 2.296, 2.322, 2.334, 2.389, 2.463, 2.530 GPa,
respectively. Microhardness value of samples increased with
increasing cold rolling reduction ratio in both rolling and
transverse directions. Microhardness values of samples after
etching are shown in Fig. 5.

Fig. 2 SHIMADZU HMV-G micro Vickers hardness tester

Nano scale mechanical properties are studied by BRUKER
UMT via nanoindentation test mode. UMT is shown in Fig. 3.
Rolling and transverse directions of samples are investigated
after polishing and etching. Nanoindentation tests are carried
out by berkovich diamond triangular pyramid indenter with
100 nm tip radius. Multiple-stage loading profile (from 50 mN
to 400 mN with 50 mN increase in each step) is applied to each
sample.

Fig. 5 Microhardness values of samples after etching

Microhardness values of rolling and transverse direction of
AR, AN, CR15, CR30, CR45, CR60, and CR75 after etching
are 2.838, 2.359, 2.455, 2.577, 2.738, 2.859, 3.112 GPa, and
2.483, 2.255, 2.275, 2.351, 2.43, 2.490, 2.506 GPa,
respectively.

Fig. 3 BRUKER UMT

D. Microscopic Examination
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Nanoindentation results are represented by illustrating the
graphs about the effect of multiple-stage loading on depth of
indentation mark. Load-depth graphs of rolling directions of
samples are shown in Fig. 6.

Fig. 8. Average nanohardness values of samples after etching

As seen in Fig. 8, nanohardness increased with increasing
of cold rolling reduction ratio as expected. Nanohardness
values of rolling direction and transverse direction of AR, AN,
CR15, CR30, CR45, CR60, and CR75 after etching are 2.482,
1.568, 2.013, 2.196, 2.494, 2.610, 3.071 GPa, and 2.250,
1.460, 1.810, 1.921, 1.989, 2.345, 2.356 GPa, respectively.
Nanohardness values of AR in both directions are similar to
those of CR60. The average elastic modulus values of samples
are shown in Fig. 9.

Fig. 6 Load-depth graphs of rolling directions of samples

Steeper slope of the curve means higher elastic modulus and
lower depth means higher hardness due to small projected area
[7]. CR75 has the highest hardness with minimum depth, and
highest elastic modulus with steepest slope of curve.
Conversely, AN has the lowest hardness and elastic modulus.
Other samples took place according to their reduction ratios.
Load-depth graphs of transverse directions of samples are
shown in Fig. 7.

Fig. 9. Average elastic modulus values of samples

As can be seen in Fig. 9, elastic modulus, nanohardness, and
microhardness values are interrelated. Elastic modulus values
of rolling direction and transverse direction of AR, AN, CR15,
CR30, CR45, CR60, and CR75 are 80.1, 38.1, 52.4, 56, 66,
69.5, 103.7 GPa, and 62.8, 32.3, 41.6, 45.2, 52, 55, 77 GPa,
respectively.

Fig. 7. Load-depth graphs of transverse directions of samples

The gradation of curves in transverse direction is similar to
that in rolling direction. CR75 is the hardest sample with
having the highest elastic modulus, and vice versa is valid for
AN. The shifting of the curves to the left side continued up to
curves of CR75 both in rolling and transverse directions.
Average nanohardness values of samples after etching are
shown in Fig. 8.

Elastic modulus values increased with increasing cold
rolling reduction ratio. Moreover, elastic modulus values of
AR are between CR60 and CR75.
B. Microscopic Examination Results
All samples are etched, and microstructure photographs are
taken by inverted optical microscope in 1000X magnification
to illustrate the grain structure, orientation, and size.
Microstructures of rolling and transverse directions of AR are
shown in Fig. 10. The red lines on the photographs represent
20 μm scale bar.
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Fig. 10. Microstructures of rolling and transverse directions of AR

Fig. 14. Microstructures of rolling and transverse directions of CR45

As seen in Fig. 10, there are elongated and broken grains in
rolling direction. Grain sizes are in the range of 5-15 μm.
Rolling direction of sample has bigger grains due to elongation
derived from cold rolling. Furthermore, there are some
overlong grains in rolling direction. Microstructures of rolling
and transverse directions of AN are shown in Fig. 11.

As illustrated in Fig. 14, grain boundary orientation and
alignment of voids started to create a band structure in rolling
direction. Grains in rolling and transverse directions are
smaller than that of CR30. The grain size range is nearly 1015 μm. The grain sizes in transverse direction are slightly
lower than those of rolling direction. Fig. 15 shows
microstructures of rolling and transverse directions of CR60.

Fig. 11. Microstructures of rolling and transverse directions of AN

As illustrated in Fig. 11, there are equiaxed big grains in
both rolling and transverse direction. Grain sizes are in the
range of 10-25 μm. Black points on the surface are defects and
voids. The orientation could not be seen due to absence of cold
rolling process. Fig. 12 shows microstructures of rolling and
transverse directions of CR15.

Fig. 15. Microstructures of rolling and transverse directions of CR60

Grain sizes of rolling and transverse directions continue to
decreasing. Grain sizes of CR60 are in the range of 5-13 μm.
Fig. 16 shows microstructures of rolling and transverse
directions of CR75.

Fig. 16. Microstructures of rolling and transverse directions of CR75

Fig. 12. Microstructures of rolling and transverse directions of CR15

As illustrated in Fig. 16, an orientation formed along the
rolling direction. Grain sizes in rolling and transverse
directions reached to their minimum values in the range of 310 μm. Transverse direction of CR75 has lower grain sizes
than rolling direction like other samples. Fig. 17 shows
average grain sizes of samples.

The difference between AN and CR15 is very little. The
most notably difference is the alignment of some voids in the
rolling direction. In addition, grain size is slightly lower than
AN in both directions. Fig. 13 shows microstructures of rolling
and transverse directions of CR30.

Fig. 13. Microstructures of rolling and transverse directions of CR30

Grains started to elongate in rolling direction, while getting
smaller in transverse direction. Grain boundary orientation
started to form along the rolling direction. Grain sizes are in
the range of 12-20 μm.Fig. 14 shows microstructures of rolling
and transverse directions of CR45.
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Fig. 17. Average grain sizes of samples

consider like a dimple. Fig. 21 shows fractography images of
CR30 in 1000X and 5000X magnification.

Average grain sizes of rolling direction of AR, AN, CR15,
CR30, CR45, CR60, and CR75 are 12.19, 18.68, 17.63, 16.26,
12.93, 11.08, 7.55 μm. Average grain sizes of transverse
direction of samples are 10.11, 18.47, 17.12, 15.07, 11.41,
8.43, 4.02 μm, respectively.
Average grain sizes of transverse directions are lower than
average grain sizes of rolling directions. In addition, average
grain size decreased with increasing of cold rolling reduction
ratio. Average grain size values of AR are between CR45 and
CR60.
Fracture surface pictures of samples are taken randomly in
1000X and 5000X magnification with high vacuum mode to
illustrate fracture behavior of samples. Fig. 18 shows
fractography images of AR.

Fig. 21. Fractography images of CR30 in 1000X (left) & 5000X (right)

The amount of dimples continued to decrease and quasicleavage surfaces became more dominant when compared
with CR15. The elastic modulus and hardness increased with
increasing of cold rolling reduction ratio as mentioned before.
Therefore, mixed fracture mode became closer to brittle
fracture mode. Fig. 22 shows fractography images of CR45 in
1000X and 5000X magnification.

Fig. 18. Fractography images of AR in 1000X (left) & 5000X (right)

Flat areas shown with arrows represent the quasi-cleavage
surfaces; on the other hand, small voids shown with circles
stand for dimples. As seen in Fig. 18, the amount of quasicleavage surfaces is higher than amount of dimples.
Consequently, the fracture behavior is mixed fracture mode
but it is closer to brittle fracture mode more than ductile
fracture mode. Fig. 19 shows fractography images of AN in
1000X and 5000X magnification.

Fig. 22. Fractography images of CR45 in 1000X (left) & 5000X (right)

As seen in Fig. 22, there is an obvious superiority of quasicleavage surfaces on dimples. This situation is related with
high elastic modulus and hardness. Fig. 23 shows fractography
images of CR60 in 1000X and 5000X magnification.

Fig. 23. Fractography images of CR60 in 1000X (left) & 5000X (right)
Fig. 19. Fractography images of AN in 1000X (left) & 5000X (right)

The amount of dimples continued to decrease; conversely,
the amount of quasi-cleavage surfaces continued to increase.
Moreover, the surface is smoother than that of CR45. Fig. 24
shows fractography images of CR75 in 1000X and 5000X
magnification.

There are a lot of big dimples and little quasi-cleavage
surfaces, so the fracture behavior is mixed fracture mode but
closer to ductile fracture mode. Fig. 20 shows fractography
images of CR15 in 1000X and 5000X magnification.

Fig. 24. Fractography images of CR75 in 1000X (left) & 5000X (right)

Fig. 20. Fractography images of CR15 in 1000X (left) & 5000X (right)

As illustrated in Fig. 24, the amount of quasi-cleavage
surfaces reached to maximum in comparison with other
samples. On the other hand, the amount of dimples is very
little. As a result, AN is the most ductile, and CR75 is the most
brittle sample.

As seen in Fig. 20, the amount of dimples decreased and
quasi-cleavage surfaces increased slightly in comparison with
AN. There are big cavities in the fractography image taken in
1000X magnification. These cavities assumed to be voids that
formed in fabrication process, because they are too big to

IV. DISCUSSION
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Grain refinement and work hardening are main mechanisms
for microhardness increment [2]. It can be understood from
Fig. 4 that microhardness values of rolling direction of samples
are higher than that of transverse direction of samples after
cold rolling process. The reason for this is the grain orientation
difference between two directions. The anisotropy of
mechanical properties in materials with longitudinal grains is
a well-known fact [5]. It also can be seen in Figure 3.21 that
the distance between microhardness value of rolling direction
and microhardness value of transverse direction increased with
increasing cold rolling reduction ratio. The evolution in grain
refinement and work hardening mechanisms is the reason for
increment in the distance between microhardness value of
rolling direction and that of transverse direction. Work
hardening mechanism in rolling direction is more effective
than that in transverse direction, and its effect increases with
increasing reduction ratio. On the other hand, grain refinement
mechanisms in both directions are similar. The directiondependent change of work hardening mechanism is the main
factor for this situation [2].
If Fig. 4 and Fig. 5 are analysed together, it can be seen that
polishing and etching have very little reducing effect on
microhardness values of samples in both rolling and transverse
directions. This situation reveals the relationship between
surface roughness and hardness. As it is known, hardness
increases with decreasing of surface roughness [6]. Etching
slightly increased the surface roughness and thus reduced the
hardness.
As can be seen in Fig. 6 and Fig. 7, the slopes of load-depth
curves of rolling directions are steeper than those of transverse
directions. Furthermore, maximum depth values of transverse
directions are higher than those of rolling directions.
Consequently, elastic modulus and hardness values of rolling
directions of samples are higher than those of transverse
directions of samples. This result is in a good agreement with
the information mentioned before in microhardness values.
The homogeneity of samples can be explained with shape
of the curves. If the curves of different loads (from 50 mN to
400 mN) form a regular line, it means that the sample is
homogeneous. Load-depth figures of samples illustrate that the
homogeneity of all samples are in a good level [8].
The nose of the curve is sharper in samples with high elastic
modulus, and more cambered in samples with low elastic
modulus. Internal stresses play an important role in this
situation by influencing the recovery behaviour [9].
Average nanohardness values of samples are in a good
agreement with microhardness values and load-depth curves.
Also, these values are in corroboration with the literature [10,
11].
Mechanical properties of AR and CR60 are very similar.
The well known production route for rod shaped materials
includes hot extrusion, multiple cold rolling, and annealing
[12]. It is predicted that AR cold rolled to approximately 60%
reduction ratio during fabrication.
The overlong grains are not typical for cold rolled materials,
and can be seen in hot rolled samples. The overlong grains
should be derived from the hot rolling part of production route
of AR.
The hardness increased with decreasing of grain size in
rolling direction. For example, CR75-RD is harder than CR60RD by having smaller grains. On the other hand, CR75-RD is
harder than CR75-TD but grains of CR75-TD are smaller. the
mechanisms for increasing of hardness are grain refinement

and work hardening. The work hardening mechanism is more
effective in rolling direction. In addition, the anisotropy due to
grain orientation affects the hardness. The effects of work
hardening and grain orientation are more dominant than grain
refinement effect. Consequently, higher hardness of CR75-RD
from CR75-TD becomes reasonable, although grains of CR75RD are bigger.
Cleavage surfaces are characteristic for brittle materials,
and dimples are characteristic for ductile materials.
Furthermore, cleavage surfaces and dimples can be located
together in most of the metals, and this situation is named
mixed fracture mode [13, 14]. It can be concluded that the
fracture behavior of samples changed with cold rolling. AN is
the most ductile sample with maximum amount of dimples and
CR75 is the most brittle sample with maximum amount of
quasi-cleavage surfaces.
V. CONCLUSION
Microhardness values of samples increased with increasing
cold rolling reduction ratio in both rolling and transverse
directions by grain refinement and work hardening
mechanisms in microscale. In addition, work hardening
mechanism in rolling direction is more effective than that in
transverse direction, and its effect increases with increasing
reduction ratio. On the other hand, grain refinement
mechanisms in both directions are similar. Furthermore,
polishing and etching have very little reducing effect on
microhardness values of samples in both rolling and transverse
directions.
Nanohardness and elastic modulus increased with
increasing of cold rolling reduction ratio. Moreover, elastic
modulus and hardness values of rolling direction of samples
are higher than that of transverse direction of samples. Loaddepth figures of samples illustrate that the homogeneity of all
samples are in a good level.
The hardness increased with decreasing of grain size in
rolling direction. In addition, average grain sizes of transverse
directions are lower than average grain sizes of rolling
directions. Samples have mixed fracture mode with quasicleavage surfaces and dimples. The fracture behaviour of
samples altered from ductile to brittle with increasing of cold
rolling reduction ratio.
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