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Abstract

The effect of erbium (Er) doping on the structural, magnetic and mechanical properties of Zn,_,Er, O, with 0.00 <x<0.10,
samples was studied using X-ray powder diffraction, M—H magnetic hysteresis and digital Vickers microhardness tester,
respectively. The samples were prepared by wet chemical co-precipitation method. Vickers microhardness (H,) meas-
urements were carried out at different applied loads (0.25-10 N) and dwell times (t=10-60 s) to study the mechanical
performance of the samples. Experimental results of H, were analyzed using Meyer’s law, and modeled according to
Hays—Kendall, elastic/plastic deformation, modified proportional specimen resistance (MPSR) and Indentation Induced
Cracking models. It was observed that the MPSR model was the most appropriate model for describing the load inde-
pendent microhardness data of Er-doped ZnO nanoparticle samples. Indentation creep behavior of Zn,_Er,O samples
was studied at room temperature by measuring the variation of H, with the dwell times (t=10-60 s) at fixed applied loads
F=1,5and 10 N, respectively. The results showed that Er-doped ZnO nanoparticles samples possessed grain boundary
sliding and dislocation climbs at low loads followed by dislocation creep for higher loads within the operative creep

mechanism.
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1 Introduction

Zinc oxide (ZnO) is a one of the promising and techno-
logically interesting semiconducting material due to
its perfect properties such as resistivity control over the
range of 107-10° Qcm [1, 2], excellent chemical and ther-
mal stability, low cost, non-toxicity, abundance in nature,
high direct band gap of 3.37 eV, large exciton binding
energy (60 meV) and good mechanical strength [3]. Zinc
oxide crystallizes in a wurtzite hexagonal structure and
exhibits n-type conductivity due to residual donors [4].
On the other hand, the wet chemical co-precipitation
method has become very attractive for the preparation
of nanomaterial over other methods because it proved to
be simple, economical, time saving and effective for large
scale production [5]. The obtained products have good

homogeneity and high purity [6]. The particle size and
composition are easy to be controlled [7] with the pro-
duction of monodisperse samples [8] and the reaction
temperature needed in this method is relatively low [9].
Despite all their advantages, some reports [10] state one
noticeable disadvantage of the co-precipitation method
is the large amount of adsorbed water present in the pre-
pared nanoparticles affecting the spectral properties of
the synthesized nanoparticles, as well as their lumines-
cent characteristics [11, 12]. Another disadvantage of the
co-precipitation method is caused by the fast growth of
nanoparticles in aqueous solution causing the lattice to
capture water molecules as it was reported by Tada et al.
[13] and Alakshin et al. [14]. Many literatures [15-18]
studied the electrical, magnetic and optical properties
of ZnO, however a few studies can be found about their
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mechanical properties which are relevant to the strength
of these materials. Doping may significantly improve the
internal structure and mechanical properties of the mate-
rial [19-22]. In fact, nanomaterials may be distorted to
some extent when they are incorporated in a wide variety
of nanodevices [23]. So, a detailed investigation of their
mechanical properties is a key step prior to any practical
application. In particular, the importance of studying the
mechanical properties of this nano ZnO compound such
as microhardness, elastic modulus, yield strength, fracture
toughness and brittleness index is due to the use of it in
many applications such as electrical varistors, transparent
high power electronics, surface acoustic wave devices,
window materials for display, spintronic [22], nanoelec-
tromechanical systems (NEMS) [24], nanosensors [25, 26]
and nanogenerators [27, 28]. The indentation creep test
provides a simple, quick and non-destructive method
of investigating the mechanical properties of solids. It
also gives information about the time dependent flow of
materials [29-32]. This test is considered as an effective
technique because all the creep information are recorded
using the same sample which reduces the effort for sample
preparation and permits to avoid the sample to sample
variation in property [33]. Moreover, the investigation of
the creep behavior is essential to evaluate the mechanical
reliability when the nanodevices are used under long-term
stress conditions. The mechanical reliability will determine
the long-term stability and performance for many of the
nanodevices [23]. Lin et al. [34] investigated the nanoscale
creep behavior of single-crystal ZnO because it is usually
fabricated into low-dimensional piezoelectric devices.
They found that creep strain is mainly controlled by the
interfacial diffusion between the nanoindenter tip and the
test sample. Asikuzun et al. [35] investigated the effects
of Al and Mg doping on the structural and mechanical
properties of Zn, 4oMg, ;0_xAl,O nanoparticles prepared
by sol-gel technique. H, values were decreased with
increasing the Al concentration and the applied loads. The
plateau region is reached around about 1.5 N for the sam-
ples. Hays—Kendall model was the best model to describe
the micromechanical properties of the Al/Mg co-doped
ZnO nanoparticles exhibiting ISE behavior. Arda et al.
[22] synthesized polycrystalline nanoparticle powders
of Zng 94Mgg 91 TMg 050 (TM =Ni, Co, Mn and Cr) using the
sol-gel technique. The experimental results of H, obeyed
the normal ISE behavior. Moreover, Zng g,Mgg ¢ TMg 450
showed a gradual decrease in the values of Vickers micro-
hardness when doped with (TM=Ni, Co, Mn and Cr),
respectively. Hays—Kendall approach was considered to
be the most suitable model explaining the mechanical
behavior of the Zn, o,Mg 4;TM; 45O samples.

This research aims to explore the effect of erbium
doping in order to improve the mechanical properties
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of nano ZnO samples through Vickers microhardness
measurements and indentation creep experiments. For
this purpose, nanoparticles samples of Zn;_,Er, O with
0.00 <x<0.10 were prepared by wet chemical co-precip-
itation method. The experimental data of Vickers micro-
hardness were analyzed according to different models
and the operative creep mechanisms were specified by
calculating the values of the stress exponents for the
prepared samples.

2 Experimental techniques

Zn,_.Er,0 nanoparticles were prepared using the wet
chemical co-precipitation method. First, the needed
amounts, according to stoichiometric ratios, of Zinc
chloride (ZnCl,) and erbium (Ill) chloride hexahydrate
(ErCl5-6H,0) were weighed and mixed with distilled
water by a magnetic stirrer. Next, 4.0 M sodium hydrox-
ide solution (NaOH) was added to obtain a basic mixture
with pH of 12 approximately. Then, washing and filtra-
tion of the products were applied by adding distilled
water to reach a neutral medium having a pH around
7. After that, heating at 60 °C for 2 h was carried out
with continuous and constant stirring rate and then dry-
ing at 100 °C for 18 h took place to remove water. The
final step was the calcination stage at 550 °C for 4 h in
order to improve the crystallinity of the prepared sam-
ples. The obtained nano-powders were characterized
by X-Ray powder diffraction measurements at room
temperature using Bruker D8 advance powder diffrac-
tometer with Cu-K, radiation (A=1.54056 A) in the
range 25°<26 <75°. Magnetic measurements were car-
ried out at room temperature using a vibrating sample
magnetometer (Lake Shore 7410) having temperature
range capability from 4.2 to 1273. To apply the Vickers
microhardness tests, the powder was pressed using a
hydraulic press in the form of a disc (1.5 cm in diameter
and about 0.3 cm in thickness). The discs were heated
in a tube furnace at 800° C for 4 h then cooled with a
rate of 4 °C per minute. The Vickers microhardness of the
prepared samples was measured in air using a digital
microhardness tester (MHVD-1000IS) at room tempera-
ture. The applied loads range from (0.25 N to 10 N) for
dwell times (t=10-60 s). The mean value of three read-
ings taken at different locations of the sample’s surface
was calculated to ensure the accuracy and the reliability
of the measured values of Vickers microhardness taking
into consideration that traces should not overlap. Inden-
tation creep measurements were performed at different
dwell times (t) and at fixed applied loads F=1, 5 and
10 N, respectively.
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3 Results and discussion
3.1 Structural analysis

XRD patterns of Zn,_Er,O nanoparticles with
0.00<x<0.10 were discussed in our previous study [36].
The lattice parameters (a and c) and the average crystallite
sizes (D) of Zn,_,Er,O nanoparticles were calculated using
the least square method and Debye-Scherrer’s relation,
respectively [36]. The particle sizes are found to be in the
range of 22.9-36 nm.

3.2 Magnetic measurements

Magnetic hysteresis of Zn;_Er,O nanoparticles were
recorded at room temperature and the results are plot-
ted in Fig. 1a-c for x=0.00, 0.01 and 0.08, respectively.
The pure ZnO nanoparticles display room-temperature
ferromagnetism (RTFM) behavior, which may be caused
by some defects at the surface, interface, and grain bound-
ary [37] or to lattice defects such as oxygen vacancy (V,) or
zinc interstitial (Zn;) in pure ZnO nanoparticles [38]. Also,
a diamagnetic and paramagnetic contribution appear in
the hysteresis loop of pure ZnO sample at about 0.8 Tesla
as M decreases with the increasing of H. This indicates
the surface and ligand induced defects [39].The samples
with x=0.01 exhibits a room temperature ferromagnetism
which may be caused by the substitution of Er** in Zn?*
sites rather due to the formation of any ferromagnetic
secondary phase. Similar results were obtained by Chen
et al. [40] for Er-doped ZnO thin films prepared by cou-
pled plasma enhanced physical vapor deposition. They
reported that because the Er,O; powder has a paramag-
netic property, it is logical to consider that the observed

explanation of the observed ferromagnetism in x=0.01
sample. The sample with x=0.08 exhibit an antiferromag-
netic behavior which may be due to the increasing num-
ber of oxygen vacancies at high doping concentration of
erbium causing a quenching of surface defects or shal-
low donors, as a result the AFM behavior predominates
in this sample [42]. The values of the saturation magneti-
zation (M,), the retentivity (M,) and coercivity (H.) which
are obtained from the hysteresis loops of each sample are
tabulated in Table 1. It can be noticed from Table 1 that
M, and M, follow nearly the same trends of variation with
increasing doping concentration. While, H. decreases with
increasing Er** content. This is maybe due to the decrease
in the nonmagnetic zinc cations at the expense of an
increase in Er** content leading to a smaller anisotropy
[43].

3.3 Vickers microhardness

Vickers microhardness (H,) for erbium doped ZnO nano-
particles (Zn,_Er,0O) with 0.00<x<0.10 is calculated
according to the following relation [44]:

H, = 1854.4(%)(6%) (1)

where F is the applied load in Newton and d is the aver-
age diagonal length of indentation in um. Figure 2 shows
the variation of room temperature H, with the applied
load (F), at loading time t=60 s for x=0.00, 0.02, 0.06 and
0.10. The variation can be analyzed into two regimes: a
load dependent regime that appears at low applied loads

Table 1 The variation of M,, M, and H_ as a function of x

room temperature ferromagnetism is the intrinsic prop-  x M, (emu/q) M, (emu/q) H. (G)
r f Er- ZnO films, and the ferromagnetism i
erty of Er-doped ) O, > a ﬂt € e2+°, agnetismisa 0.049 0.018 44134
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agnetic polaron (BMP) model [41] can also be a logica 0.08 0.637 0.018 15146
0.06
(@) () 0.04 (c) 08
0.04
= 0.02 ~ 0.02 ] _ 04
~ on o0
2 o = 3
5 g 0 g 0
s -0.02 E 5
-0.04 -0.02 1 0.4
-0'0650000 0 50000 004 0.8
H(G) -30000 0 30000 -40000 0 40000
H(G)
H(G)
Fig. 1 M-H hysteresis loop for Zn,_,Er,O nanoparticles for a x=0.00, b x=0.01 and ¢ x=0.08
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F <3 N, where H, decreases rapidly as the applied load
increases and a load independent regime (almost pla-
teau) that starts at higher loads for F >3 N. This behavior
is known as indentation size effect (ISE). At small loads,
the indenter impacts only surface layers, while at higher
loads, effect of inner layers becomes predominant as the
penetration depth of the indenter increases. As a result, as
the applied load increases, H, values stay almost constant
[45]. Siddheswaran et al. [19] synthesized pure, Co and Al
co-doped ZnO powders by combustion method. The pow-
der samples are uni-axially pressed into cylindrical discs
and sintered at 1000 °C for 2 h. The grain sizes range from
0.5 to 3 pm. The recorded H, values for pure ZnO were
equal to 1.30, 1.55 and 1.42 GPa approximately at applied
loads F of 1,5 and 10 N, respectively, and a loading time
of 10 s. In our study, H, values for pure ZnO nanoparticles
at a loading time of 10 s are 1.39, 0.86 and 0.79 GPa at
F=1,5and 10 N, respectively. It can be noticed from the
comparison, that for F=1 N the H, values recorded in the
micro and the nano scales are approximately equal. While,
for higher loads, H, values for nano-ZnO are lower than
that recorded in Siddheswaran et al. work [19]. This differ-
ence may be due to the preparations methods, sintering
temperatures and the differences in grain sizes. The inset
of Fig. 2 displays the variation of H, as a function of erbium
doping content (x) at various applied loads F=0.5, 1.0, 2.0
and 10.0 N. It was found, for all the applied loads (F), that
H, increases with increasing the Er-substitution content up
to x=0.06, then it decreases with the further increase in x.
Theincrease in H, with x can be attributed to the presence
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of Erin the ZnO lattice improving the connectivity among
the grains. While, the drop of H, with the further increase
in x may be due to the separation of phases where erbium
oxide (Er,05) impurity migrates out the ZnO lattice and a
secondary phase appears for x >0.06 as it was confirmed
in XRD analysis [36]. Figure 3 shows the effect of Er con-
tent (x) on the crystallite size (D) and on the values of Vick-
ers microhardness (H,) of Zn,_,Er,O nanoparticles. Up to
x=0.04, H, increases with decreasing crystallite size fol-
lowing regular Hall-Petch behavior [46] given by the fol-
lowing equation [47]:

H(D) = H, + K,,_pD'/? )

H, and K,,_, are denoted as the lattice friction stress and
the Hall-Petch constant, respectively. In Fig. 4, a plot of
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Fig. 3 Effect of Er content (x) on the crystallite size (D) and Vickers
microhardness (H,) of Zn,_,Er,O nano samples
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Fig.4 Plot of the hardness (H,) versus D~'/? for Zn,_,Er,O nanopar-
ticles, 0.00<x<0.04

the hardness (H,) versus D~'/2 for Zn,_ Er,O nanoparti-
cles, 0.00 <x<0.04, is shown. The dashed line in Fig. 4 is
a fit to the experimental data using the Eq. (2) with the
form of H(D) = —0.20 + 5.68D~"/2.The Hall-Petch constant
K,,_p in our study is equal to 5.68 GPa nm'"’2 lower than
that of nanocrystalline Zn (9.83 GPa nm'/?) [48]. Moreo-
ver, K,,_p for pure copper (5.00 MPa mm'/?) and pure Ni
(4.90 MPa mm'"2) [49] are close to the value in our work.
While, for ZnO thin films annealed at various temperatures,
K,,_p was equal to 38.4 GPa nm'’? indicating the effective-
ness of the grain boundary to hinder the dislocation move-
ments as was reported by Yen et al. [50].

However, deviation from Hall-Petch behavior is
observed for Zn,_,Er,O nanoparticles, 0.06 <x<0.10,
samples where H, decreases with further decrease in
crystallite size. Bahadur et al. [51] studied the effect of
Cobalt doping on the mechanical properties of ZnO thin
films. They also related the change in the trends of micro-
hardness values to the grain size. The microhardness in
the samples of Zn,_,Co,0 nanoparticles increased up
to x=0.05 following the regular Hall-Petch relation. For
x>0.05, the separation of phases leads to a decrease in
microhardness values and the inverse of Hall-Petch rela-
tion was observed.

It can be noticed from the obtained experimental
data that the minimum indentation length is 12.15 um
at F=25 N and a loading time of 60 s for the 6% erbium
content sample. While the maximum indentation length
is 290 um at a load of 1000 N and loading time 60 s for
the sample with 10% erbium doping. Li et al. [52] pro-
posed that nanoindentation depth should never exceed
30% of films thickness. Penetration depth (h) is related
to the indentation length (d) by the following formula
(d=7 h). The 30% of the sample thickness in our study
is equal to 900 um; the maximum indentation depth is
41.42 pm which does not exceed 900 um, so our results

are in agreement with Li et al. [52] suggestion. In other
report [53], they stated that the thickness of the sample
should be equal at least ten times the indentation depth.

3.3.1 Analyses and modeling

The obtained experimental microhardness data were ana-
lyzed and modeled according to Meyer’s law, Hays-Kendall,
elastic/plastic deformation, modified proportional specimen
resistance and indentation induced cracking models which
are described by the Egs. (3)-(7), respectively [54-58]:

F=Ad" 3)
F =Wy +Ad’ (4)
F=A,(d+d,)’ (5)
F=ay,+ayd+ a4d2, (6)
HV=A1K1<£)+KZ<%§> (7)

Ais a constant, denoting the load required to start a unit
indentation, n is Meyer's index,W,, is the minimum applied
load needed to start an indentation,A, is a load independ-
ent constant,d, is the elastic component, A, is a constant, a,
corresponds to the minimum applied load needed to pro-
duce an indentation or it is a constant related to the surface
residual stresses associated with surface machining and pol-
ishing. a; and a, are related to energy dissipated in creating
a new surface of unit area and in producing a permanent
deformation of unit volume, respectively. A, K; and K, are
constants. The constant K, depends on the applied load
F while K; is a geometrical conversion factor whose value
depends on the indenter geometry. Figure 5a—e display the
experimental microhardness data for Zn,_,Er,O nano-parti-
cles samples with 0.00 <x <0.10 fitted according to Meyer’s
law, Hays and Kendall, elastic/plastic deformation, modified
proportional specimen resistance and indentation induced
cracking models, respectively. The fitting parameters for all
models are listed in Table 2. The True microhardness values
obtained from Hays—Kendall, EPD, MPSR and IIC approaches
are calculated [45, 59] according to Egs. (8)—(11), respectively,
and the values are listed in Table 3.

—- W,
HHK=1854.4><T”" ®)
Hepp = 18544 X —
EPD — . 2 9
(d+d,) )
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(10)

It can be noticed that Eq. 11 is the second part of Eq. 7
and it is used because Zn,_,Er,O nano-samples are brit-
tle materials. k and the exponent m are constants that
are load independent. In fact, all the samples have Meyer
index values less than 2 and the values of the index m are
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Table 2 Fitting parameters of Meyer’s law, Hays and Kendall, elastic/plastic deformation, modified proportional specimen resistance and

indentation induced cracking models for Zn,_,Er,O nano-particles

X Meyer’s law Hays and Kendall Model  Elastic plastic deforma- ~ Modified proportional specimen Indentation induced
tion model resistance model cracking model
n  A(GPa) A,x107*(GPa) W (N) A,x107*(GPa) d,(um) a,(N) a;x103(N/um) a,x10™* m K (N®5
(N/umZ) m)/3/mm(273 m))

0.00 1.48 0.0041 3.39 0.27 2.89 14.62 0.225 1.530 3.30 0.843 13,5075

0.01 1.46 0.0049 384 0.22 3.20 13.78 0.339 -3.828 4.05 0.825 10,790.2

0.02 1.47 0.0051 4.14 0.31 3.49 14.36 0.220 3.318 3.95 0.851 13,569.7

0.04 1.46 0.0058 4.39 0.41 3.64 16.27 0.210 7.375 3.95 0.901 22,0485

0.06 1.60 0.0047 7.67 0.35 6.67 9.72 0.121 10.715 6.83 1.039 76,879.9

0.08 1.49 0.0034 3.12 0.19 2.69 12.64 0.225 -0.746 3.16 0.819 10,807.5

0.10 1.27 0.0054 1.14 0.38 0.94 32.80 0.193 3.615 1.03 0.750 5329.9

Table 3 Variation of the x H, (GPa) (experimental)  Hy (GPa) Hepp (GPa) Hypsp (GPa) H,c (GPa)

experimental microhardness | -

. plateau region

at the plateau region, and

the Ca(j'?“'ate?_i ?i;cg‘?\;‘ irS‘ESS 0.00 0.667 0.62 0.52 0.66 0.75

according to HK, EPD, 0.01 0.738 0.70 0.58 0.74 0.83

and IIC models versus the

doping content (x) 0.02 0.826 077 0.64 0.83 091
0.04 0.883 0.80 0.65 0.90 0.93
0.06 1.530 1.41 1.20 1.56 1.60
0.08 0.604 0.57 0.49 0.60 0.70
0.10 0.233 0.21 0.17 0.23 0.26

greater than 0.6 for all samples. This means that all the
samples obey the normal ISE trend [59, 60]. In addition, the
phenomenon of normal ISE behavior (n < 2) is assumed to
be related to geometrically necessary dislocations (GNDs).
Thus, it can be believed that dislocations mainly control
the deformation of materials with lower n value more than
that for higher n values, which explains the high hard-
ness at low loading conditions [61, 62]. Some reports [61]
states that the smaller n value indicates that the size effect
becomes more dominant and the strain gradient increases
due to the formation of a large population of sessile dis-
locations. Likewise, the approximate decrease in n values
from 1.48 for the pure sample to 1.27 for x=0.10 implies
that the samples exhibit more ISE behavior with increas-
ing Er-doping content [63]. On the other hand, Meyer’s
index is also related to the lattice perfection, with larger
value signifying larger lattice damage [64]. As a result, the
increasing value of n between x=0.00 and x=0.06 is due
the lattice damage resulting from the larger Er** ions (0.88
A) substituting Zn?" ions (0.74 A) in ZnO lattice. While, for
erbium content above 0.06, the decrease in Meyer’s index
may imply that the lattice damage is recovered due to
the migration of Er¥* ions out of ZnO lattice to form Er,0,
impurity resulting in a decrease of their destructive effect
on the lattice. Moreover, it is important to notice that the

material is regarded as a hard material if n is between 1.0
and 1.6, while for n> 1.6 the material is considered as a soft
material [65]. In our case, the n values are between 1.27
and 1.60 implying that our samples are hard materials. But
finally, some reports [66] considered that despite all their
attempts, researchers did not find a satisfactory physical
meaning of n and A. Asikuzun et al. [67] found a normal
ISE for (Co/Mg) doped ZnO nano-crystalline samples only
for samples with Co > Mg ratio. While, in samples with
Mg > Co ratio a reverse indentation size effect (RISE) was
observed. It can be noticed from Table 2 that the param-
eters A,, A, and , which measured the load independent
microhardness obtained from Hays-Kendall, EPD and
MPSR models, respectively, increase up to x=0.06, then
they decrease with further increase in x. These trends
confirm that load-independent microhardness values for
Zn,_,Er,O nano-samples are consistent with the trends of
measured microhardness values obtained experimentally.
Wy d. and a, do not show a systematic trend of variation,
but they can be analyzed as follows: Wy values are almost
greater than the lowest applied load used in our work
(0.25 N), and they have positive values. This fact implies
that the applied loads are enough to produce both elastic
and plastic deformations and an elastic relaxation occurs
on the sample’s surface after the removal of the indenter
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[59, 68]. The positive values of d, and a, confirm the results
obtained from Hays-Kendall model, showing that there is
elastic deformation in Zn,_,Er,O nano-samples along with
plastic deformation and the ISE behavior dominates [59].
The obtained values from Eqs. (8-11) are compared with
the experimental data in Fig. 6. It is clear, from Table 3 and
Fig. 6, that the calculated Vickers microhardness from HK
and EPD models are less than those of the experimental
values in the plateau region with a deviation of 7.3% and
28.5%, respectively. While the values calculated from the
[IC approach are almost greater than the experimental
values and the deviation of this model is 9.8%. The cal-
culated deviation of the MPSR model is 1% which is the
lowest deviation among all the models, implying that the
MPSR model is the most adequate model for describing
the mechanical behavior of Zn,_,Er,O nano-particles. The
validity of the MPSR model for our data is understood
since this model considers that the microhardness meas-
urements are affected by machining induced residually
stressed surface represented by a, which can be consid-
ered as a specimen constant rather than a material con-
stant. So, the ISE behavior in our work could be caused by
finishing process (grinding, pressing) which create plastic
deformation and introduce cracks in the material adjacent
to the surface [69]. Additionally, a, values in our study are

relatively small which can be considered as logical esti-
mates of surface stress for samples subjected to accurate
finishing process (grinding-pressing). In the other mod-
els, the finishing process is not taken into consideration
and does not have a correction term like a,. Anas et al.
[68] considered that the PSR model (which is the original
law with respect to the MPSR model) was valid for their
work because there is absence of elastic recovery after
load removal while the other models (Hays—Kendall and
EPD) adopt a point of view of elastic recovery after load
removal.

3.4 Indentation creep

Indentation creep experiments were carried out to investi-
gate the power law indentation creep behavior of erbium
doped ZnO nanoparticles (Zn,_Er,O) with 0.00<x<0.10.
Figure 7 displays the room temperature variation of H,
with the dwell time (t) at fixed applied loads F=1, 5 and
10 N, respectively, for x=0.02 and x=0.10 samples. It is
obvious from the Fig. 7 that the microhardness decreases
with increasing the dwell time and two stages of transi-
tions are observed. The first stage dominates for dwell time
t <40 s where there is a sharp decrease in H,—t curves,
followed by a second transition stage that appears at

Fig.6 The deviation between 2.1
the measured and calculated ¢ Experimental Hv
Vickers microhardness for 1.6 A =i—HK model
Zn,_.Er,0 nano-particles = EPD model
. ; =7
according to different models < 1 =¥=MPSR model
= _ TIC model
R ——
0.6 &
0.1 T T T T T
0.000 0.020 0.040 0.060 0.080 0.100 0.120
X
Fig.7 Variation of hardness 1.80
(Hy) as a function of dwell time * 4 ¢x=0.02/ F=IN
(t) at constant loads 1, 5 and 1.60 - P Ex=0.10/F=1IN
10 N for x=0.02 and x=0.10 1.40 A L 4 *
samples s &  Ax=0.02/F=5N
- 1.20 1 ~ Xx=0.10/ F=5N
& 100 1 X A %x=0.02/F=10N
E; 0.80 - X X @x=0.10/F=10N
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0.20 - -
0.00 T T T T T T T
0 10 20 30 40 50 60 70 80
t(s)
SN Applied Sciences

A SPRINGERNATURE journal



SN Applied Sciences (2019) 1:546 | https://doi.org/10.1007/542452-019-0559-4

Research Article

dwell time t>40 s where there is a linear decrease in the
microhardness, with a lower decreasing rate, as the dwell
time increases. The H,—t behavior, confirming the basis
of the penetration depth of the indenter and reflects the
characteristic behavior between H, and t [70]. Also, it is an
indication of the material bearing creep deformation [71].
Sargent-Ashby model [72] can be employed to examine
the indentation creep behavior of the studied samples.
According to this model the time dependent microhard-
ness is given by the following relation:

0o

(pc (SH t)&

where g is the strain rate at reference stress o, cis a con-
stant and i is the stress exponent.

Figure 8 displays the experimental data fitted accord-
ing to Sargent-Ashby model for Zn,_,Er,O nano-particles
samples (x=0.02 and x=0.10), at fixed applied loads F=1,
5and 10 N, respectively. From the plots of In (H,) against In
(t) straight lines are obtained whose slopes equivalent to
the negative inverse stress exponent — 1/p. It can be seen
that the fitted lines are almost parallel; indicating that the
stress exponents are not much influenced by the Er-sub-
stitutions content [73]. The values of the estimated stress
exponent at applied loads F=1, 5 and 10 N for all samples
are listed in Table 4. Much information about the mecha-
nism affecting the deformation can be revealed through
the value of the stress exponent . If p has a value around
one this means that the sample suffers from a diffusion
creep [74], for p with value very close to two there will be
a grain boundary sliding [73, 75]. For p values in the range
between 4 and 6 dislocations climbs exist [76]. However,
dislocation creep is dominated if p have values range from
3to 10[77, 78]. In our case of study, the relative values of
p range from 2.5 to 9.7. Thus, the studied samples pos-
sess grain boundary sliding and dislocation climbs at low
loads followed by dislocation creep for higher loads within
the operative creep mechanism. Moreover, according to

Table 4 Stress exponents for Zn,_Er,O nano-particles at constant
loads forF=1,5and 10N

X H
F=1N F=5N F=10N
0.00 5.26 8.05 8.26
0.01 6.32 5.99 6.43
0.02 6.64 391 3.67
0.04 7.90 250 325
0.06 6.34 8.13 9.58
0.08 321 7.19 9.70
0.10 329 378 5.70

the power law creep, a drop in stress exponent causes a
rise in creep rate due to a decrease in yield strength [75,
79]. Therefore, the sample with higher stress exponent is
more resistant to indentation creep compared to the other
samples. In our work, at F=1 N, erbium doping makes the
samples more resistant to indentation creep till x=0.06,
then beyond this doping concentration, the resistance
of the samples to indentation creep decreases as it was
indicated by the values of the stress exponents. While, at
F=5and 10 N, the samples with 6 and 8% erbium doping,
respectively, show more resistance to indentation creep
than the other samples since they possessed the highest
values of stress exponents.

Sharma et al. [80] differentiated Eq. (12) with respect to
time. They obtained the following form:

1 dH, H,\"
(7) (%)<= (2) "

C,is a constant, a plot ofIn [(—H—> < d;V )]versus In(H,)at

a constant temperature has a slope . Figure 9 displays the
experimental data fitted according to Eq. 13 for Zn,_,Er,O
nano-particles sample (x=0.02) at the applied load
F=10 N. It was found that the values of the stress

1

Fig.8 Variation of In(H,) 1.500
against In(t) at different loads ¢x=0.02 / F=1N Wx=0.10/F=1N x=0.02/ F=5N
1,5and 10 N for x=0.02 and 1.000 -
x=0.10 samples X x=0.10 / F=5N % x=0.02 /F=10N x=0.10/ F=10 N
0.500 - 0\0\‘\‘\‘__’
> Ww\
i 0.000 : . :
- 2.5 3 M 4{5
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W
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w
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Fig.9 Plot of In [(—;—)(dzv )] versus In (H,) at F=10 N for x=0.02
nano-sample ’

exponent at applied loads F=1, 5 and 10 N for all samples
estimated using the two forms of Sargent-Ashby model
(Eg. 12 and 13) are almost close to each other.

4 Conclusion

Nanoparticle samples of Zn,_,Er,0, 0.00<x<0.10, were
successfully prepared by the wet chemical co-precipita-
tion method. Vickers microhardness data for Zn,_,Er,O
showed that the variation could be analyzed into two
regimes, where the microhardness values decrease with
increasing the applied load and the plateau regime is
reached around about 3 N for the prepared samples.
Also, it was noticed that erbium doping has a notice-
able influence on increasing the microhardness of ZnO
nanoparticle samples up to x=0.06. Moreover, it was
observed that MPSR model was the most appropriate
model for describing the load independent microhard-
ness data of Er-doped ZnO nanoparticle samples. Inden-
tation creep behavior of Er-doped ZnO nanoparticles
showed that the samples possessed grain boundary
sliding and dislocation climbs at low loads followed by
dislocation creep for higher loads within the operative
creep mechanism.
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