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Abstract: Effects of plastic deformation on the indentation behaviors of commercial pure titanium alloy have
been investigated. Titanium experienced various deformation by hot rolling processes and the indentation
behaviors were measured using microindentation. The results showed the most deformed sample experienced
the largest indentation resistance and had the highest dislocation density and the indentation size influenced
the indentation behavior of the CP-Ti. The effect of strain on Vickers hardness demonstrated the dominant role
of the dislocation motion in the indentation deformation of CP-Ti alloy. The dependence of the indentation
hardness on both the maximum indentation load and the indentation residual depth suggested there exists size
effect in the indentation. The effect of the plastic strain on the energy ratio suggested the energy ratio is related
to the microstructure in materials. Also, the linear relationship between the energy ratio on the indentation
depth ratio was obtained for hcp materials Titanium alloys.
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1. Introduction

The plastic deformation method is a commonly applied method to improve the material’s
mechanical property by grain refining in metallic alloys. By changing the materials scale to fine grain
sizes, a multitude of studies have been shown significantly to analyze plasticity properties [1-7]. The
severely deformed alloys have unique behaviors including high strength with superplasticity and
ductility because of their high internal strain [8]. Among the existing various plastic deformation
processes, rolling has been found as a controllable and easy technique to make alloys have ultrafine
structures in a large quantity.

Titanium alloy is widely applied in automotive, aerospace, sports, chemical industry and other
fields for the advantage of excellent strength, high-temperature resistance, low density, corrosion
resistance and other excellent properties [9-13]. However, the pure titanium alloys have limited
applications because of its low strength. To enhance its comprehensive mechanical performance, hot
rolling method combined with heat treatment is applied to refine grain sizes of commercial pure
titanium (CP-Ti) [14-16].

As a new testing method, indentation technology is widely applied to evaluate the local
mechanical feature of samples, including metals, coatings, polymers, composites etc., with micro and
nano scale. Recently, it has gained great attention as a fast way without disrupting the materials
structures and other properties [17,18]. The load-displacement curve measured by micro indentation
experiment can not only obtain the relevant performance parameters of the elastic-plastic properties
for the material quantitatively, but also reveal the microscopic deformation mechanism inside the
material [19-21]. Yapici et al [22] analyzed the anisotropic characters of material after ECAP and
cold rolling processing and found that treatment caused stronger crystallographic texture. Li et al
[23] studied the mechanical property of the forged Ti-1023 material using micro indentation
experiments with different indentation loads and various loading speeds, and observed that the
indentation Young’s modulus nearly kept same and H decreased at higher load level. However, it is
very difficult to correlate the indentation feature and plastic history. Rolling can be easily determined
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by changing the thickness of sample. As a result, the rolling process is very benefit to evaluate the
influence of plastic deformation history quantitatively on relevant indentation feature of samples
[24].

Based on the above backgrounds, the present article aimed to deeply research the impact of the
plastic deformation history on the indentation behaviors of the CP-Ti after hot-rolling using micro
indentation measurement methods. Also, the effects of the harness and energy dissipated on
indentation load and strain are discussed. Some of the conclusions can also be used for all the
crystalline ductile materials.

2. Experimental

2.1. Materials and Processing Methods

The commercially pure titanium (CP-Ti) sheets purchased in Regal light metal company in
Guangzhou, China were applied in present research and the composition is given in . The samples
were obtained by cutting using diamond saw and prepared by the hot rolling technology. Its original
size is 50 mm x 50 mm x 5 mm. Prior to the hot rolling, all the CP-Ti sheets were pre-heated to 460 °C
in a furnace in the air. Then the heat-treated Ti sheets were hot-rolled quickly with the temperature
of 200 °C for the machine rollers on a rolling machine (CX210, NY, USA). In this work, four different
specimen thickness (Dr) —4.00, 3.00, 2.00, and 1.00mm —were achieved by hot rolling with about 5%
reduction per rolling pass, corresponding to the thickness reductions of 20%, 40%, 60% and 80%,
respectively. After hot rolling, all the CP-Ti samples with the size of 5Smm*5mm*D: were obtained in
the square shape for further experimental analysis. At the same time, the original thickness sample
(0% thickness reduction) without rolling was also prepared for comparison. All the samples were
mechanical polished using the SiC sand paper starting from 100# to 20004, followed by the final polish
with colloidal silica suspension to mirror-like surface. Then cleaned with acetone, ethyl alcohol and
deionized water by order carefully and dried by hair dryer for subsequent microindentation tests.

Table 1. Composition of commercially pure titanium (wt.%).

C Fe H N ©) Ti

0.08 0.3 0.0015 0.05 0.3 Bal.

2.2. Microindentation Tests

Microindentation tests were performed on the ND-RD plane mirror-like surface after polishing,
which is parallel to the rolling direction for all the five hot-rolled specimens by using Microhardness
Tester (Hysitron TI 980 TriboIndenter, Bruker, USA). The diamond Vickers indenter was applied
instead of spherical indenter in this work. Five different indentation loads of 100, 200, 300, 400 and
500 mN were used for each sample, and at least three indentations were repeated for each indentation
load. The preload of 10mN was used to the indenter prior to the indentation to avoid the impact
effect. Both the loading time and unloading time were 5 seconds with an intermediate maintain pause
for 2 seconds for each- indentation cycle.

3. Results and discussion

3.1. Indentation Deformation of the Hot-Rolled CP-Ti

Figure 1 exhibits the original indentation load-displacement curves of the hot-rolled CP-Ti with
various maximum indentation loads for the sample with 60% thickness reduction. The lager
indentation load, as expected, the deeper indentation depth. It can also be seen that the five loading
curves overlap with various indentation loads, which means the different loading rate has a
negligible effect on the microindentation behavior for the hot-rolled CP-Ti under the various loading
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conditions. There exists a mild increase in unloading curve slope with the increasing of the maximum
load, which can be explained by the elastoplastic recovery of sample. There exists strong interaction
among the dislocations and the pile-up of dislocations in plastic deformation zones during the
loading-unloading progress. During the unloading process, the mobile dislocations continuously
move to other slip planes under the influence of plastic deformation. After reaching a certain state,
these slip planes will combine with each other and annihilate, which can reduce strain energy and
improve material stability. At the same time, dimensional deformation is also significantly reduced,
which will have a certain impact on material properties [25].
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Figure 1. Typical indentation load-displacement curves of hot-rolled CP-Ti sheets under the different
maximum indentation loads (thickness reduction=60%).

Figure 2 exhibits the typical indentation loading-unloading curves of the hot-rolled CP-Ti sheets
with different thickness reductions under the maximum load of 100 mN. The five samples have a
similar indentation curve. The 0% thickness reduction specimen without rolling has the largest
indentation depth, and the 80% thickness reduction one has the least indentation depth. The reason
is that there appears strain hardening related to the plastic deformation of CP-Ti sheets in hot rolling
process which will be discussed later. The strain hardening enhanced with the increasing of the
thickness reduction which is positive related to plastic deformation. This suggests that the specimen
with maximum deformation (80%) experienced the largest resistance to indentation deformation and
has the highest dislocation density.
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Figure 2. Typical indentation load-displacement curves of hot-rolled CP-Ti sheets with different
thickness reductions (Fmax=100 mN).

Generally speaking, the relation between micro indentation load and depth for a homogeneous
material can be expressed as follows [26]

F=K,H, 6" and F=KH" (1)

In which F represents indentation load, H» and Hr are maximum indentation depth and residual
indentation depth, respectively. Kn and K- is a constant related to the material elastoplastic feature,
and n is a constant index. From Figure 1, the maximum depth can be obtained for the corresponding
maximum micro indentation load. As a result, the relation of maximum micro indentation depth and
maximum indentation load for CP-Ti sheets can be obtained in Figure 3. As expected, the indentation
displacement enlarged with the increase of the load. Otherwise, the much severer plastic deformation
(the larger thickness reduction), the shallower of the indentation depth. Based on Equation (1) to
curve-fit the data in Figure 3, the power index can be acquired, n = 1/k =1.8, which is different from
1.5 for the microindentation results of CP-Ti treated via ECAP using the same diamond Vickers
indenter [25]. This means there is a little surface microstructure difference between the hot-rolling
and the ECAP process after plastic deformation for the same Ti sheets.
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Figure 3. Dependence of maximum indentation depth on maximum micro indentation load for the
CP-Ti sheets.

Similarly, Figure 4 exhibits the relation between the residual depth and the maximum micro
indentation load for CP-Ti sheets. The larger micro indentation load, the much severer the plastic
deformation and the deeper residual indentation depth, as expected. The hot-rolled CP-Ti samples
of thickness reduction of 80% exhibits minimum residual depth and the 0% ones have the largest
residual depth under the same micro indentation load, suggesting the influence of plastic
deformation after hot rolling. The exponential indices, m =1/k =1.8, in Equation (1) can also be
obtained, which represents the association of the indentation load and the residual indentation depth.
Here, m is compatible with n for power relation. Both these two exponential indexes are less than 2
as obtained Chen et al. [25,27], suggesting that the micro indentation size influences the indentation
behaviors for the CP-Ti sheets. Specially, the reasons of indentation size effect are complex. The
deviation of power index from 2 or the indentation size effect can be attributed to the influence of
surface interaction, the blunting of the indenter tip, and the local residual stress gradient [28].
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Figure 4. Dependence of residual indentation depth on maximum micro indentation load for the CP-
Ti sheets.

3.2. Vicker Hardness of the Hot-Rolled CP-Ti

As everyone knowns that there exists strain hardening which is related to the dislocation
multiplication after hot rolling, leading to the enhanced resistance to dislocation motion. From the
previous work [29], the relationship between the Vickers hardness, H, and strain, e, can be expressed
as

H = HO +3aubgzﬂ = HO +30(,l,tb|:—ln(1 —g):| (2)
t

0

In which Horepresents the Vicker hardness at e=0, a corresponds to a constant, p refers to the
sear modulus, b refers to Burger’s vector, t corresponds to the thickness of the hot-rolled CP-Ti plate,
At/to is the thickness reduction, and n equals to the strain exponent. Figure 5 exhibits the relation
between the Vickers hardness and the effective strain for CP-Ti samples with indentation load of 200
mN. Through the Equation (2) to fit the data in Figure 5, it can be obtained that n=0.5 which is the
same value of dislocation movement mechanisms during the plastic deformation, confirming the
dominant role of the dislocation motion in the indentation deformation for the hot-rolled CP-Ti
sample.
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Figure 5. Dependence of the Vickers hardness on the effective strain for CP-Ti samples with the
indentation load of 200 mN.

To explore the influence of the micro indentation load on indentation Vickers hardness, which
was defined as the micro indentation load divided by the projected area of the indentation. Figure 6
shows the dependence of the average indentation Vickers hardness on the maximum micro
indentation load. It can be seen that the average Vickers hardness decreases with the increase of the
micro indentation load. The value of indentation Vickers hardness reduced drops slightly from 1.92
to 1.52 GPa for the specimen without hot rolling with the maximum load in range of 100 to 500 mN.
Similar trend appeared for the other four hot-rolled samples demonstrate the indentation size effect
[30]. From the curve-fitted spot lines in the Figure 6, the slope of the line representing for the
relationship exponential index between average Vickers harness and indentation load can be
obtained from 1.83 to the maximum value 2.0, which is the same range as the results by Chen et al.
[27], determining the close relation between the indentation Vickers hardness and indentation load
for CP-Ti alloys.
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Figure 6. Dependence of the average indentation Vickers hardness on the maximum micro

indentation load.

Figure 7 displays the dependence of average Vickers hardness on the residual micro indentation
depth. With the increase of the residual micro indentation depth, the average indentation Vickers
hardness decreases slightly for all the hot-rolled CP-Ti sheets, indicating indentation size effect,
which is as expected from the exponential index of m in Equation (1). Also, combined with the results
from Figures 4 and 6, the hot-rolled CP-Ti sheets with 80% thickness reduction which owns the
shallowest indentation depth exhibited maximum hardness, and the CP-Ti sheets for 0% thickness
without hot-rolling has the smallest indentation hardness. This demonstrated that, the average
Vickers harness enhanced with the increase extent of plastic deformation due to the work hardening
caused by dislocation motion.
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Figure 7. Relation of the average indentation hardness and the indentation residual depth.
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3.3. Energy Dissipation of the Hot-Rolled CP-Ti

For the indentation loading-unloading curves, the plastic energy was determined by using the
total energy (Euading) stored and the elastic energy dissipated (Euuoading) in the sample as:

5max 5max
plastic = loading - unloading = J- ng_ J. Fd5
0 % 3)

Figure 8 shows the Eplastic (plastic energy dissipated) in the indentation of all the hot-rolled CP-
Ti samples with indentation load of 100 mN. It can be observed clearly that the plastic energy
dissipated can be expressed as a nonlinear function of the thickness reduction after the hot-rolling
treatment. The 0% thickness reduction specimen has the highest energy dissipation and maximum
ductility, and the hot-rolled sample with 80% thickness reduction exhibits lowest energy dissipation.
Such a result can be explained that more thickness reduction causes the increased dislocation density
during the plastic deformation processing. The larger the thickness reduction, the higher the
dislocation density for the severe distorted CP-Ti sheets. The Euwstic in the micro indetation
deformation of crystallized metals is a function of material microstructure, it should be addressed in
the analysis.

75}
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Figure 8. Eplastic in the indentation with load of 100 mN.

To analyze the relationship between plastic energy dissipated and micro indentation depth,
Figure 9 displays the influence of residual indentation depth on plastic energy dissipated for different
hot-rolled samples. Combined with Figure §, it can be seen that the higher plastic energy dissipated,
the lower indentation residual depth, corresponding the smaller effective strain for the CP-Ti sheets.
Through the data points fitting, straight line with a slope, k, of 0.8127 is obtained, which suggest that
the plastic energy dissipated is proportional to the third power of indentation residual depth.
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Figure 9. Plastic energy dissipated as a function of the residual depth with load of 100 mN for the
different thickness reductions CP-Ti sheets.

The ratio of plastic energy dissipated to the total energy, Eplastic/Etotal, can be determined via the
typical indentation load-displacement curves. The effect of the plastic strain on the hot-rolled CP-Ti
sheets on energy ratio can be seen from Figure 10. The error bars in the figure represent the different
results for various indentation loads. It can be indicated that the energy ratio is independent with
micro indentation load for both the as-annealed and hot-rolled Ti alloys, which is consistent with
Malzender’s work [31]. Obviously, the ratio is nonlinear relationship of the plastic strain after hot-
rolling treatment, which is inversely related to the plastic strain. The 0% thickness reduction sample
without hot rolling exhibits the maximum energy ratio. This can be explained by the higher
dislocation density for the hot-rolled CP-Ti sheets after plastic deformation, which increases nominal
hardness. The result indicated that the energy ratio is related to material microstructures. We should
conduct in-depth research on this relationship and clarify its mechanism to provide support for
improving the performance of materials, which is also one of the main research hotspots in this field.
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Figure 10. Effect of the plastic strain on the energy ratio for the different thickness reductions CP-Ti
sheets.
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Several works [31,32] have proposed a linear relationship between the micro indentation energy
ratio, Eplastic/ Etotal, and the micro indentation depth retio, Hi/Hm, for Hiy/Hm > 0.4. Figure 11 exhibits the
variation of Eplastic/Etotal, as a function of Hi/Hm, for different CP-Ti samples at the indentation load of
100 mN. The value of Eplastic/Etotal increase with the increase of Hr/Hm. The results indicated that the
linear relation can also be used for hcp Titanium alloys materials (seen the dotted line in Figure 11),
which is independent of the deformation history. Thus, a reasonable conclusion can be drawn that
the linear association between the Eplastic/ Etotal and H:/Hm is suitable for all undeformed and deformed
crystalline ductile materials.

0.92

0.90 .
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Figure 11. Effect of the indentation depth ratio, Hi/Hm, on the energy ratio, Epiastic/Ewtal, at the
indentation load of 100 mN for the different thickness reductions CP-Ti sheets.

4. Conclusion

The commercial pure Titanium alloys with various plastic deformation were fabricated using
traditional hot rolling manufacturing process. The dependence of the indentation behaviors of hot-
rolled CP-Ti on the plastic deformation was analyzed with different indentation load in this work.
The original indentation load-displacement curves showed the lager indentation load, the deeper
indentation depth. The sample with maximum deformation experienced the largest indentation
resistance and had the highest dislocation density. The exponential association between the micro
indentation load and the indentation depth suggested that indentation size influenced the
indentation results of CP-Ti sheets. The effect of effective strain on Vickers hardness demonstrated
the dominant role of dislocation motion in the indentation deformation of hot-rolled CP-Ti alloy. The
average indentation Vickers hardness is negative related to both the maximum load and the
indentation residual depth, suggesting there exists size effect in indentation deformation process. The
largest thickness reduction specimen exhibits maximum Ep, which suggested the energy dissipation
in the deformation of crystallized metals is related to its microstructure. Also, the plastic energy
dissipated is closely related to residual depth with slope of 0.8127. The influence of the plastic strain
on the calculated Ep/Et suggested the energy ratio is related to the microstructure in materials. At last,
the linear relation between the energy ratio, Ep/E;, and the indentation depth ratio, Hr/Hm, was
obtained for hcp structured Ti materials, which can also be used to all undeformed and deformed
hcp crystalline ductile materials in the future discussion.
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