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The nanocrystallization of the surface of industrial Zr-4 alloy is realized by means of the mechanical lapping
technology. XRD diffractometer and transmission electron microscopy are applied to analyze the grain size,
the micro-hardness and the micro-structure of Zr-4 alloy at different annealing temperatures. Meanwhile, a X-
ray stress gauge is adopted to measure the stress properties of Zr-4 alloy. The results have indicated that
mechanical lapping technology can effectively realize the surface nanocrystallization of industrial zirconium,
and Zr-4 alloy can form a gradient nanometer crystal structure on its surface after mechanical lapping. After
SMAT processing, the diffraction characteristics of Zr-4 alloy have experienced significant changes. The grain
orientation has transformed in the process of SMAT treatment and the diffraction peak intensity of the sample
changes with the increase of SMAT treatment time. The size of the grain on the alloy surface tends to
decrease first and then increase. When the treatment time is 15mins, the grain size reaches a minimum value
of 19.6nm. The higher the annealing temperature is, the lower the micro-hardness of the alloy surface
(100um) is. When the annealing temperature is 250°C, the micro-hardness of the material is substantially no
difference from that without the annealing process. When the treatment time of SMAT augments, the strain
rate and the residual stress of Zr-4 alloy indicate an increasing trend, and the increase process is in rapid
growth in the early stage and in slow growth in the later stage. After 60mins of treatment, the residual stress of
Zr-4 alloy sample reaches 381.5MPa and the average micro-distortion is 0.42%.

1. Introduction

Surface nanocrystallization of alloy materials has been a new method of surface coating in recent years.
Special physical and chemical methods are adopted to refine the grains of the alloy surface to nanoscale while
retaining the relevant properties of the original material. Surface nanocrystallization of the material surface can
effectively improve the properties of the material surface structure and increase its fatigue strength and
corrosion resistance (Amarante et al., 2017; Li et al., 2016; Li et al., 2017; Lu et al., 2000; Lu and Lu, 2004;
Nayak, 2016; Wen, Li and Rong, 2008; Li et al, 2015; Wang et al., 2015).

At present, surface mechanical lapping method (Huang et al., 2006), supersonic particle bombardment (Hou
et al, 2008), cam roll-in method (Fan et al, 2005), shot peening method (Umemoto et al., 2005; Rafiee and
Sadeghiazad, 2016) and other methods can make the surface of the material have a significantly plastic
deformation in order to achieve surface nanocrystallization of the materials. Compared with other technologies,
surface mechanical attrition treatment (SMAT) is featured with universality, high toughness, good combination
with the interface, in favor of post-processing and other advantages. Currently, there have existed a number of
related research (Sun et al., 2008; Sabirgalieva et al., 2017; Sun et al, 2008; Nai et al, 2003; Roland et al,
2006; Lu and Lu, 2004; Meyers et al., 2006; Tao et al, 1999).

The nanocrystallization of industrial Zr-4 alloy surface is realized by means of the mechanical grinding
technology. XRD diffractometer and transmission electron microscopy are applied to analyze the grain size,
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the microhardness and the microstructure of Zr-4 alloy at different annealing temperatures. Meanwhile, a X-
ray stress gauge is adopted to measure the stress properties of Zr-4 alloy.

2. Test materials and test methods

The test sample is annealed Zr-4 alloy, and the other chemical components are Sn (1.1-1.7%), Fe (0.15-
0.25%), Cr (0.08-0.12%) and Ni (<0.007%). Zr-4 alloy plate is cut apart into several samples of
80mmx85mmx3mm. Pretreatment is conducted on the sample, including decontamination, oil removal,
grinding and drying. The relevant parameters of the surface mechanical attrition treatment (SMAT) are as
follows: the system vibration frequency is 60Hz; the pellet material is GCr15; the diameter is 2mm. SMAT
treatment time is set as 15mins, 30mins, 45mins and 60mins respectively.

XRD diffractometer is employed to measure the grain size of SMATed Zr-4 surface. The scanning angle is 20
to 80 degrees. The scanning speed is 3 degrees per minute. The tube current is 40mA. U-PMTVC light
microscopy is adopted to measure the cross-sectional structure of the samples. The microstructures are
analyzed at different depths by the JEM transmission electron microscopy. The etchants are
HF+8HNO3+9H20. XSTRESS stress gauge is applied to measure the residual stress of the sample along
depth.

3. Test results and analysis
3.1 Effect of annealing temperature on grain size

Figure 1 illustrates the XRD diffraction pattern of the original sample at different SMAT treatment time.
According to the figure, compared with the original sample, the diffraction characteristics of Zr-4 alloy after the
SMAT treatment have changed significantly. The grain orientation in the SMAT treatment process experiences
a transformation, and the diffraction peak intensity of the sample also accordingly changes. The diffraction
peak of the treated sample shows the phenomenon of crystal face broadening. Meantime, with the increase of
the annealing temperature, the diffraction peak of the sample becomes sharpened, that is, the microstrain
decreases within the grain size in the annealing process.

M\A SMATed 60min
A f\ A
A_Aﬁ SMATed 30min
A A
AM SMATed 15min

A A

20 30 40 50 60 70 80
20/°

Intensity/a.u.

Figure 1: Bragg diffraction peak of XRD patterns for the SMATed Zr-4 alloy
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Figure 2: Change of the average grain size of the Zr-4 with SMAT time
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Figure 2 indicates the relationship curve between the average size of the grains on Zr-4 alloy surface and
SMAT treatment time. As seen from the figure, the average size of the grain on the Zr-4 alloy surface is
22.8nm when the mechanical lapping time is 5mins. As the SMAT treatment time lengthens, the size of the
grain on the alloy surface tends to first drop and then increase. When the treatment time is 15mins, the grain
size reaches a minimum of 19.6nm. The related research has confirmed that, as the strain force rises, the
grain size is further reduced due to the increase of the dislocation density, but the increase of the deformation
amount has no effect on the grain size. This is due to that the dislocation propagation and the annihilation rate
maintain a dynamic equilibrium at a certain strain rate, and no new dislocation tangled structure emerges
within the grain. Besides, when the SMAT treatment time is relatively long, the grain size extends instead,
which is caused by the elevation of the temperature of the alloy surface.

3.2 Effect of annealing temperature on microhardness

Figure 3 indicates the relationship curve between the micro-hardness and the depth of alloy materials under
four kinds of annealing temperatures. Based on the figure, generally speaking, the higher the annealing
temperature is, the lower the microhardness of the alloy surface (100 um) is. When the annealing temperature
is 250°C, the microhardness of the material is almost no difference compared with that without annealing.
When the annealing temperature exceeds 400°C, the hardness of the annealed material is significantly lower
than that in the annealing process. When the annealing temperature is 250 °C, with the increase of the depth,
the microhardness of the material rapidly drops and changes into the property of slow reduction of vibration.
When the temperature exceeds 400°C, as the depth extends, the decreasing trend of the microhardness is
not obvious, which is caused by the increase in the grain within the sample. The higher the temperature is, the
greater the stress release amount within the grain is, which eases surface hardening.
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Figure 3: Microhardness variation along depth at different temperatures

3.3 An analysis on chemical stability of surface nanocrystallization of Zr-4 alloy

Figure 4 demonstrates the images of the microstructure of the nanostructured Zr-4 alloy surface after SMAT
treatment for 30 mins and 50 mins. As seen from the figure, the grain on the alloy surface is in a continuous
distribution. The twin crystal density within the alloy moves up with the increase of SMAT treatment time. In
the figure, the microstructure, the grain size and the orientation and other key information of Zr-4 alloy are
clearly observable. The space from the alloy surface to the inside of the matrix is divided into a completely
deformed area, a transition zone and a matrix area. Specifically, the grains in the completely deformed area
have all become fragmented. More twin crystals occur in the grain structure in the transition zone. The matrix
area is mainly composed of equiaxed grains. The number and the distribution of twin crystals within Zr-4 alloy
reflect the degree of plastic deformation of Zr during the surface mechanical treatment. Comparing Figure 4(a)
and Figure 4(b), when the SMAT treatment time enlarges, the number and the density of twin crystals are
gradually increasing. The Zr-4 alloy sample exhibits a structure of with a thickness of about 10pym, and its
component parts are not yet known. After SMAT treatment, the surface crystals of Zr-4 alloy have been
refined to nanoscale.
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Figure 4: Cross-sectional deflection polarizing microstructures of the SNC CP-Zr for different time

3.4 The stress characteristics of Zr-4 alloy surface nanocrystallization

The lattice distortion and the residual stress of Zr-4 alloy treated by SMAT are calculated. The calculation
results are illustrated in Figure 5. As seen from the figure, as the treatment time of SMAT extends, the strain
rate and the residual stress of Zr-4 alloy surface show an increasing trend. Besides, in the increase process,
rapid growth occurs in the early stage and slow growth happens in the latter stage. After 60mins of treatment,
the residual stress of Zr-4 alloy sample is 381.5MPa and the average micro-distortion is 0.42%. This is due to
that the mechanical lapping increasingly elevates the temperature of the alloy surface and the plastic
deformation on the surface accordingly augments, which further leads to dynamic recovery and
recrystallization.
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Figure 5: Strain and microcosmic residual stress of CP-Zr by SNC treatment

Figure 6 illustrates the residual stress property curve of Zr-4 alloy with the SMAT treatment time of 15 mins, 30
mins and 60 mins. In view of the figure, the residual compressive stress field appears in the strengthening
layer after SMAT treatment, and the fatigue life of the material is further improved. Table 1 demonstrates the
surface-related characteristic parameters of Zr-4 alloy under different processes. Specifically, oss is the
compressive stress on the surface of the material; omrsis the maximum residual compressive stress; Zm is the
position and depth of the maximum residual compressive stress; Zo is the field depth of the residual
compressive stress. Based on Figure 5 and Table 1, the oss of the material is featured with a rise first and
then a drop as the shot peening time prolongs, which is because the plastic deformation of the alloy surface
continues to extend and the alloy surface temperature of the deformation layer gradually moves up. As a
consequence, dynamic recovery and recrystallization occur to the material, and the residual compressive
stress is released. Besides, omrs tends to augment first and reduce then, and the maximum value of Omrsis -
627MPa. The reason is that cyclic elastic-plastic deformation appears on the surface of the material during
SMAT treatment, which further causes cyclic hardening. Zmand Zo are proportional to the shot peening time.



173

Table 1: Characteristic parameters of compressive residual stress of CP-Zr

SMATed time/min oss/MPa Omrs/MPa Zm/pym Zo/pm

15 -420.1 -505.4 114 277

30 -425.3 -619.3 183 381

45 -467.2 -626.8 190 385

60 -398.6 -622.5 206 434
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Figure 6: Macroscopic residual stress distribution of SNC CP-Zr with depth from surface

4. Conclusions

The nanocrystallization of the industrial Zr-4 alloy surface is realized by means of the mechanical lapping
technology. XRD diffractometer and transmission electron microscopy are applied to analyze the grain size,
the micro-hardness and the micro-structure of Zr-4 alloy at different annealing temperatures. Meanwhile, a X-
ray stress gauge is adopted to measure the stress properties of Zr-4 alloy. The conclusions are as follows:

(1) Mechanical lapping technology can effectively realize the surface nanocrystallization of industrial zirconium,
and Zr-4 alloy can form a gradient nanometer crystal structure on its surface after mechanical lapping.

(2) After SMAT processing, the diffraction characteristics of Zr-4 alloy have showed significant changes. The
grain orientation has been transformed in the process of SMAT treatment and the diffraction peak intensity of
the sample changes with the increase of SMAT treatment time. The size of the grain on the alloy surface
tends to drop first and then rise. When the treatment time is 15mins, the grain size reaches a minimum value
of 19.6nm.

(3) The higher the annealing temperature is, the lower the microhardness of the alloy surface (100 uym) is.
When the annealing temperature is 250°C, the microhardness of the material is substantially no difference
from that without the annealing process.

(4) When the treatment time of SMAT lengthens, the strain rate and the residual stress of Zr-4 alloy surface
demonstrate an upward trend. In the increase process, rapid growth occurs in the early stage and it slows
down in the latter stage. After 60mins of treatment, the residual stress of the Zr-4 alloy sample is 381.5MPa
and the average micro-distortion is 0.42%.
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