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Abstract: Hardness of materials depends significantly on the indentation size and grain/sub-grain size via microindentation and 
nanoindentation tests of high-purity tungsten with different structures. The grain boundary effect and indentation size effect were 
explored. The indentation hardness was fitted using the Nix−Gao model by considering the scaling factor. The results show that the 
scaling factor is barely correlated with the grain/sub-grain size. The interaction between the plastically deformed zone (PDZ) 
boundary and the grain/sub-grain boundary is believed to be the reason that leads to an increase of the measured hardness at the 
specific depths. Results also indicate that the area of the PDZ is barely correlated with the grain/sub-grain size, and the indentation 
hardness starts to stabilize once the PDZ expands to the dimension of an individual grain/sub-grain. 
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1 Introduction 
 

Indentation tests have widely been used as an 
effective and economical method for measuring the 
mechanical properties of materials, including hardness 
and elastic modulus [1], elastic properties [2] and creep 
properties [3,4]. It has well been recognized that 
indentation hardness depends significantly on the 
indentation size or depth [5−12]. This phenomenon is 
referred to the indentation size effect (ISE) and is 
attributed to the evolution of geometrically necessary 
dislocations (GNDs) beneath the indenter, which gives 
rise to the strain gradients [13,14]. The plastically 
deformed zone (PDZ) and its evolution that are 
correlated to the hardness values were widely 
investigated [15−17]. 

In last several decades, many explanations have 
been proposed to describe the ISE, including the 
presence of oxides or chemical contamination near the 
surfaces [18], characteristic size plastic deformation [19] 
and a critical thickness layer [20]. Among all the 
explanations, Nix−Gao model [21] based on GNDs and 
Taylor dislocation model [22] might be the most 
important one, which can be expressed as  
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where H is the real hardness, Ho is generally called the 
macroscopic hardness, corresponding to the hardness that 
results from statistically stored dislocations (SSDs) in the 
absence of GNDs, and is always obtained when the 
indentation depth (h) becomes infinitely large; h* is a 
characteristic length that characterizes the dependence of 
the hardness on the indentation depth [23]. It is 
suggested that in the Nix−Gao model the total 
dislocation density represents the total coupling between 
GNDs and SSDs, both of which play a significant role in 
the hardening mechanism. Although the Nix−Gao model 
could certainly agree well with many experimental 
results [21], some nanoindentation results [24−26] 
showed that it cannot predict the hardness with a small 
indentation size/depth precisely. FENG and NIX [25] 
suggested that the Nix−Gao model overestimated the 
hardness of MgO for small indentation and pointed out 
that it might be caused by a slight expansion of the  
PDZ [25]. It should be noted that the PDZ was not 
considered in the Nix−Gao model, in which the radius 
(apz) of the PDZ is regarded as the contact radius (ac) 
between the indenter and the materials. DURST et al [24] 
also indicated that plastically deformed volume used to 
store the GNDs is larger than the volume defined in the 
Nix−Gao model, and they proposed a correction by 
considering the ISE, in which the radius of the PDZ is 
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calculated by apz−fac approximately, where f is a factor 
dependent on the material. Moreover, ABU Al-Rub [27] 
formulated a micromechanical-based model that can be 
used to predict the ISE for both microindentation and 
nanoindentation simultaneously. This model is based on 
the evolution of GNDs beneath the indenter that is 
nonlinearly coupled (linearly coupled in the Nix−Gao 
model) with the evolution of SSDs through the Taylor’s 
hardening law. A couple of parameters, Hy and β, were 
introduced by ABU Al-Rub et al [27]. 

 
2/
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where Hy is the hardness due to the initial yield stress 
(friction hardness) and β is considered as a material 
constant (interaction coefficient). β is normally used to 
assess the prediction sensitivity that the coupling 
between the SSDs and GNDs is enhanced during the 
plastic deformation process. It should be noted that if 
both SSDs and GNDs are coupled in a linear sense, i.e. 
β=2 and the friction hardness is neglected, i.e. Hy=0, the 
model of ABU Al-Rub et al [27] (Eq. (2)) returns to the 
commonly-used Nix−Gao model.  However, all these 
models do not consider the interaction between the 
dislocations and grain boundaries, except for the work of 
YANG and VEHOFF [28], in which it was suggested 
that for large grains the hardness always decreases with 
increasing the indentation depth by using the 
nanoindentation tests in the center of individual grains to 
study the ISE and grain size effect (GSE). For small 
grains the hardness exhibited a behavior opposite to that 
of the coarse grains because of the grain boundary effect 
(GBE). In this work, the indentation hardness of high 
purity tungsten (W) with different structures was 
performed, in order to further understand the ISE and 
GBE during indentation. 
 
2 Experimental 
 

High purity W (99.95%) with two types of 
structures (fully dense coarse-grained structure and 
fine-grained structure with residue pores after sintering) 
was received from market and fabricated by using W 
powder with spark plasma sintering (SPS) technique at a 
sintering temperature of 1700 °C. All the specimens were 
mechanically polished by using emery paper and fine 
diamond (particle size of 0.5 μm) to meet the 
requirements for indentation tests using an ultra nano- 
(with effective radius of about 50−100 nm at the tip) and 
micro-indentation tester with Berkovich tips (with an 
effective radius of 100−200 nm at the tip). The indents 
were displacement/depth-controlled and the indentation 
hardness was obtained by Oliver and Pharr method [1]. 
Specifically, all the samples were pressed with the same 
penetrating rate of 5 nm/s to different maximum 

displacements, followed by holding at the maximum 
displacement for 10 s, and then the load was completely 
unloaded in 10 s. Three intents were tested for each 
process and the average value was used to plot the 
load−depth (p−h) curves and to calculate the indentation 
hardness. It should be noted that the W surface obtained 
through mechanical polishing is rather even. This can be 
well demonstrated by the fact that the p−h curves look 
the same as the depth increased (see Fig. 1). No 
electrolytic polishing was performed to remove the 
mechanical surface layer from the sample based on the 
following considerations. Firstly, even though the 
working hardened layers produced by mechanical 
polishing in W can lead to an increase in the hardness of 
the surface layer to some extent, the surface stress layer 
produced by friction between the W and the emery paper 
is extremely thin due to the high hardness of W [29]. 
Thus, the effect of surface stress and thin harder surface 
layer on the hardness was neglected in this work. 
Secondly, it is generally recognized that exposure to 
corrosive environments may form a chemically modified 
layer on the surface, which can influence the hardness if 
it is sufficiently thick [5]. To exclude this factor, only 
mechanical polishing without any electrolytic polishing 
was used to obtain the required surface. Macroscopic 
hardness of the full densification structured W was tested 
by using 500RMA hardness testing machine, and the 
microstructures were characterized by using a FEI Nova 
nano230 scanning electron microscope (SEM) and 
electron back-scattering diffraction (EBSD) technique in 
conjunction with SEM. 
 
3 Results and discussion 
 

Figure 1 shows the load−depth curves of the full 
densification structured W under nanoindentation and 
microindentation, respectively. The maximum depths for 
nanoindentation and microindentation are in the range 
from 50 to 600 nm (Fig. 1(a)) and from 600 to 5000 nm 
(Fig. 1(b)), respectively. It can be seen from Fig. 1 that 
the p−h curves appear to be the same with increasing the 
depth, particularly for microindentation (see Fig. 1(b)). 
Good repeatability of the p−h curves under the same 
indentation process validates the effectiveness of the 
experimental results. Most importantly, when more 
attention is paid to the very beginning of the p−h curve 
(rectangle section in Figs. 1(a) and (b)), it is found that 
no pop-in behavior was observed. It is generally 
recognized that the pop-in behavior at the beginning of 
the loading process is the result of the transition from 
elastic to plastic deformation and is attributed to the 
homogeneous nucleation of dislocations during 
indentation [30−32]. A distinct pop-in will be detected if 
indentation is performed on the perfectly prepared 
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surfaces with a small number of dislocations and a high 
surface quality. Therefore, no pop-in behavior reveals 
that the mechanically polished surface of the W gives 
rise to some dislocations and may lead to a     
hardened surface layer, which would be one of the 
reasons for the higher hardness at the shallow indentation 
depth. 

Figures 2(a) and (b) show the SEM and EBSD 
images of two areas for the full densification structured 
W. The line intercept method was used to measure the 
grain size and the results suggest that the average grain 
size is about 15 μm. EBSD observation shows that the 
grain/sub-grain has an inhomogeneous distribution with 
the size in the range from 3.5 (sub-grain size) to 15 μm 
(grain size). It should be noted that the grain boundaries 
observed in Fig. 2(a) are high angular boundaries with 
the misorientations being larger than 15°, instead of 

sub-grain boundaries with the misorientations smaller 
than 15°. This is because the grain boundaries with large 
misorientations are easier to be corroded by chemical 
etchant than sub-grain boundaries (small misorientations) 
due to the high free energy. Additionally, the EBSD 
image in Fig. 2(b) presents all the boundaries with the 
misorientations being larger than 3°. It should be noted 
that if the misorientation threshold is enlarged to 15° for 
the EBSD database, almost all the small-sized sub-grains 
in Fig. 2(b) will be vanished, indicating that most 
small-sized grains that are not observed in Fig. 2(a) are 
sub-grains. Figures 2(c) and (d) show the SEM images of 
the SPS-fabricated W sintered for 1 and 5 min, showing 
the average grain sizes of 3 and 4 μm, respectively. The 
W after SPS sintering for 1 and 5 min has obvious 
residue pores in the matrix, and the relative densities are 
82.5% and 89.3%, respectively. 

 

 
Fig. 1 Plots of load vs depth for fully dense W using nanoindentation (a) and microindentation (b) 
 

 
Fig. 2 SEM (a) and EBSD (b) images of fully dense W, and SEM images of SPS fabricated W under sintering temperature of    
1700 °C for 1 min (c) and 5 min (d), respectively 
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Figure 3 shows the hardness (H) as a function of the 
depth for the full densification structured W. It can be 
seen from Fig. 3(a) that the nanoindentation tested 
hardness shows a downward trend with increasing the 
depth from 50 to 600 nm. The fitted line (arrowed) 
obtained by using the Nix−Gao model in Fig. 3(a) gives 
the fitting parameters of 4.0 GPa for Ho and 270.1 nm for 
h*. It is noted that 4.0 GPa is similar to the value 
obtained by macroscopic hardness testing results   
(3.95 GPa). The corresponding plot of H2 versus 1/h 
shown as insert of Fig. 3(a) further reveals that a linear 
relation predicted by the Nix−Gao model agrees well 
with the experimental results for the indentation depth 
larger than 200 nm (1/h<0.005 nm−1). 
 

 
Fig. 3 Plots of indentation hardness vs depth tested for fully 
dense W using nanoindentation (a) and nanoindentation and 
microindentation (b) 
 

Microindentation tests were also performed to 
further study the relationship between the hardness and 
indentation depth. The hardness obtained with the depth 
from 600 to 5000 nm is combined with the data in    
Fig. 3(a), as shown in Fig. 3(b). It can be seen that the 
hardness shows a relatively stable fluctuation around  
5.0 GPa when the depth is larger than 2000 nm. Before 
that, there is a significant increase of the hardness from 
4.6 GPa to a peak value of 5.3 GPa when the depth 

increases from 900 to 1100 nm. The Nix−Gao model 
marked by blue solid line (with the same Ho and h* as 
Fig. 3(a)) reveals that this fitted line is consistent with 
the experimental data for h from 200 to 900 nm. It 
should be noted that the Nix−Gao model does not agree 
with the experimentally determined data at larger depth. 
The hardnesses obtained at a depth of 600 nm using both 
the nano-indenter and micro-indenter are extremely close, 
indicating that the indentation depth/size is the dominant 
factor affecting the hardness. 

Figures 4(a) and (b) show the hardness as a function 
of the depth for SPS-fabricated W with grain sizes of   
3 and 4 μm, respectively. Figure 4(a) shows that the 
hardness has constant decline trend at the depth from 25 
to 400 nm. Then, the hardness shows a slight fluctuation 
around a relatively stable value of 4.0 GPa. The hardness 
values obtained at the depths from 100 to 600 nm are 
used to plot a fitting curve by using the Nix−Gao model, 
with the Ho and h* being calculated to be 2.7 GPa    
and 587.3 nm, respectively. Figure 4(b) shows that    
the measured hardness also has a constant decline   
trend, except for a little deviation at the depth of 200 nm. 
The fitting line obtained using the Nix−Gao model 
 

 
Fig. 4 Plots of indentation hardness vs depth tested using 
nanoindentation for SPS-fabricated W with grain size of 3 μm 
(a) and 4 μm (b) 
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throughout the whole depth agrees well with the 
experimental results, especially for the hardness at the 
depth smaller than 150 nm. The calculated macroscopic 
hardness Ho and the characteristic scale-length h* equal 
3.7 GPa and 270.0 nm, respectively. 

Figure 5 compares the hardness of W with different 
structures. It can be seen that the hardness for larger 
grain sized W (15 μm, full densification structure) is 
lower than that for smaller grain sized W (3 μm, with 
residue pores) when the penetration depth is less than 
150 nm. However, the hardness for both types of W 
shows a comparatively synchronous downward trend at 
the depth from 150 to 400 nm, with the hardness for 
larger grain sized W being higher than that for smaller 
grain sized W. When the depth is larger than 400 nm, the 
hardness remains relatively stable values of 5 GPa and  
4 GPa for large and small grain sized W, respectively. 
 

 
Fig. 5 Comparison of hardness between fully dense W and 
SPS-fabricated W 
 

As mentioned by DURST et al [24], the 
characteristic scale-length h* can be calculated using the 
scaling factor f for the definition of the storage volume 
for the GNDs: 

 
2

o
223 )/(tan)/1(

2
81 HGbfh ⋅=∗ θα              (3) 
 

where b is the Burgers vector (0.286 nm for W), and 
α=0.5 is a constant, θ is the angle between the surface of 
the indenter and the plane of the indented surface, with 
tan θ=0.358 for Berkovich indenter, G=160 GPa is the 
shear modulus for W. Therefore, if the Ho and h* are 
incorporated into Eq. (3), the scaling factor f for W with 
the grain sizes of 15, 3 and 4 μm can be calculated to be 
1.30, 1.31 and 1.37, respectively. 

It can be seen from Fig. 3 that the hardness has an 
abnormal increase at the depths around 400, 900 and 
1300 nm. This phenomenon can be explained by the 
interaction between the PDZ boundary and grain/sub- 
grain boundary. The PDZ expands freely when the 

indenter penetrates through a single grain/sub-grain at 
the shallow contact between the indenter and the sample, 
and thus the hardness always shows a downward trend, 
which can be well fitted by the Nix−Gao model. Once 
the PDZ boundary approaches the grain/sub-grain 
boundary, the PDZ starts to interact with them.  
Therefore, the movement of dislocations containing in 
the PDZ is hindered by the boundary, leading to 
dislocation pile-up and multiplication. In reality, YANG 
and VEHOFF [28] revealed that hardness will increase 
with increasing h when the PDZ is confined within the 
indented grain/sub-grain, and they suggested that the 
relationship between the PDZ size and the indentation 
depth can be written as 

 
)064.0(7.82 pz Rhfa +=                       (4) 

 
where R is the indenter tip radius (R=100 nm in this 
work). For convenience, the horizontal axis in Fig. 3(b) 
is divided into three sections: section I (less than 400 
nm), section II (from 400 to 2000 nm) and section III 
(larger than 2000 nm). Also, the depth at which the 
hardness starts to increase is defined as h1 (400 nm), h2 
(900 nm) and h3 (1300 nm) in Fig. 3(b) and the 
corresponding radii of the PDZ are defined as apz-h1

, apz-h2
 

and apz-h3
, respectively. Generally, as suggested by QIAO 

et al [33], the indenter tip radius could have an effect on 
the ISE. However, in this work the tip radius is relatively 
small and the effect of the indenter tip radius, R, is thus 
neglected. Then, the radius of the PDZ can be 
approximately written as 

 
fha 35.4pz =                                (5) 

 
Putting h1, h2 and h3 into Eq. (5), it can be obtained 

that apz-h1
=2262 nm, apz-h2

=5090 nm and apz-h3
=7475 nm, 

respectively. Assuming that the initially contacted 
location between the indenter tip and the sample is at the 
center of the individual grain/sub-grain, the interaction 
between the PDZ boundary and the grain/sub-grain 
boundary leads to the increase of the hardness at the 
depth ~400 nm (h1), ~900 nm (h2) and ~1300 (h3 ). It 
should be noted that the dimensions of the PDZ obtained 
at the depths of h1, h2 and h3 were calculated to be   
4000 nm (2apz−h1

), 10000 nm (2apz−h2
) and 15000 nm 

(2apz−h3
), respectively. These three PDZ dimensions agree 

well with the grain/sub-grain size of W (from 3.5 to   
15 μm), as shown in Fig. 2(b). The total hardness 
increment at the depth from 400 to 500 nm is 0.25 GPa, 
while the total hardness increments at the depths from 
900 to 1100 nm and from 1300 to 1500 nm are 0.65 and 
0.4 GPa, respectively. The discrepancy in the increment 
could be due to the interaction between the PDZ and 
sub-grain boundary being weaker than that between the 
PDZ and grain boundary. It should be noted that in 
section I the dimension of the PDZ is smaller than 2apz-h1
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(4000 nm), similar to the lower limit of the sub-grain size 
(3.5 μm). That is, the PDZ will barely interact with 
grain/sub-grain boundary if the depth is less than 400 nm. 
This would be the evidence that the hardness always 
shows a downward trend at the depth lower than 400 nm. 
The hardness shows a relatively stable fluctuation around 
5.0 GPa when the depth is larger than 1500 nm. These 
results are from the contribution of the interaction 
between the PDZ and grain boundary at the depth of h3 
(1300 nm). When the depth is larger than 1500 nm the 
dimension of the PDZ is calculated to be larger than 
17500 nm, which is larger than that of all the individual 
grains. Consequently, the interaction between the PDZ 
and grain/sub-grain boundaries will definitely occur if 
the depth is larger than 1500 nm. It can thus be 
concluded that the increase of the hardness at specific 
depth is attributed to the interaction between the PDZ 
and grain or sub-grain boundaries, and after the 
dimension of the PDZ covers at least a complete grain, 
the corresponding indentation hardness starts to stabilize. 

It can be seen from Fig. 4 that the hardness tends to 
reach a constant value when the depth increases to a 
specific value. The hardnesses of W with the grain sizes 
of 3 and 4 μm start to stabilize at depth of 400 nm and 
550 nm, respectively. If the PDZs and the grain size are 
taken into consideration and the depths (400 and 550 nm) 
at which the hardness starts to stabilize are put into    
Eq. (5), it turns out that the dimensions of the PDZ are 
approximately 4500 and 6500 nm, respectively. These 
two dimensions are also larger than the individual grain 
sizes of the two types of W. From Fig. 5, it can be 
observed that hardness of different structured W starts to 
stabilize at the same depth of 400 nm, which means that 
the full densification structured W with the sub-grain size 
of 3.5 μm also reaches a constant indentation hardness if 
the dimension of the PDZ (4527 nm calculated using  
Eq. (4)) reaches the dimension of the individual 
sub-grain size. Therefore, it is further concluded that 
when the PDZ expands to an area covering a complete 
individual grain or sub-grain, the indentation hardness 
starts to stabilize. 

The hardness for the SPS-fabricated W with a grain 
size of 3 μm and the full densification structured W with 
a sub-grain size of 3.5 μm (grain size of 15 μm) varies 
significantly, as shown in Fig. 5. This can be explained 
by the GBE or sub-GBE and the density difference 
between the two types of W. Firstly, with the depth less 
than 150 nm, the grain boundaries of the SPS-fabricated 
W (with a density of 82.5%) are high-angle boundaries, 
which cause a strong interaction between the PDZ and 
the grain boundaries. In contrast, the sub-grain 
boundaries in the full densification structured W are 
low-angle boundaries, which have a less inhibition to the 
expansion of the PDZ and this would result in a low 

indentation hardness. Secondly, after the depth being 
larger than 150 nm and with increasing the externally 
applied load, the porous structure of the SPS-fabricated 
W substantially decreases the indentation hardness. 
Thirdly, when the depth is larger than 400 nm, the local 
structure of the SPS-fabricated W underneath the 
indenter might be compressed densely and the 
indentation hardness would show a similarly stable trend 
as the full densification structured W, although the final 
hardness is smaller. 
 
4 Conclusions 
 

1) The corresponding macroscopic hardnesses for 
the three types of W are estimated to be 4.0, 2.7 and  
3.7 GPa. The scaling factors are calculated to be 1.30, 
1.31 and 1.37, respectively. It is revealed that the scaling 
factor is barely correlated with the grain/sub-grain size. 

2) The interaction between the PDZ boundary and 
the grain/sub-grain boundary is believed to be the reason 
for the increase of the measured hardness at the specific 
depths. When the PDZ expands to an area covering a 
complete individual grain or sub-grain, the indentation 
hardness starts to stabilize. 
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压痕尺寸和晶粒/亚晶粒尺寸对高纯钨显微硬度的影响 
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摘  要：通过对不同结构的高纯钨进行微米和纳米压痕实验，发现压痕尺寸和晶粒/亚晶粒尺寸对材料的硬度有重

要影响。探讨硬度的晶界效应和压痕尺寸效应。采用 Nix−Gao 模型，结合尺度因子对实验获得的压痕硬度值进行

拟合。结果表明，尺度因子几乎与晶粒或亚晶粒的尺寸无关。塑性变形区与晶界或亚晶界之间的相互作用是导致

硬度在某一特定深度增加的原因，而塑性变形区与晶粒或亚晶粒的尺寸几乎无关。当塑性变形区扩展增大到单个

晶粒或亚晶粒尺寸时，压痕硬度开始趋于稳定。 

关键词：高纯钨；压痕硬度；压痕尺寸效应；晶界；塑性变形区 
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