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Abstract

Nanocrystalline Cu-Ta alloy films were deposited on glass slides by magne-
tron sputtering. Microstructure characterization proved that most of the tan-
talum atoms are segregated in the grain boundaries. Nanoindentation creep
measurements were performed on it to uncover the stability mechanism of
grain boundary segregation on nanocrystalline materials. It is found that se-
gregation can effectively slow down the creep strain rate and the grain boun-
dary activities. The suppressed grain boundary activities endow the alloy with
a stable microstructure during plastic deformation and annealing.
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1. Introduction

Since the pioneering work of Gleiter [1], nanocrystalline (NC) materials have
received enormous attention in the past decades [2]-[8]. It is well known that
this class of materials displays not only outstanding mechanical properties, such
as high tensile strength and high strain rate sensitivity [9] [10] [11], but also en-
hanced physical properties, e.g. magnetic properties [12]. It is wildly accepted
that these superior characteristics stem from the ultrafine grain size or the high
fraction of atoms on grain boundaries, the so-called size effect [13]. But such a

high fraction of grain boundaries also comes with an inherent instability. Many
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NC materials of interest for both fundamental study and engineering application
are now recognized as substantially out of equilibrium and undergo rapid evolu-
tion to coarser structures even at modest temperatures [14] [15] [16]. Such coar-
sening tendencies impede the use of these materials at ambient temperature, es-
pecially the use as structure materials which always serve a very long period.

The coarsening tendencies of NC materials are related to the intensive activi-
ties of GB, such as GB sliding and GB migration [14]-[20]. Although these GB
activities are necessary for improving the plastic deformation [21] [22] [23] [24]
[25], we have to cease it for stabilizing the structure and maintaining the supe-
rior characteristics of NC materials. Alloying with immiscible elements is a prom-
ising approach [26]. Immiscible elements tend to strongly segregate to GBs [27],
in analogy to microemulsions where the addition of surfactant is used to stabil-
ize interfacial area, reducing the free energy and slowing down the grain growth.
In addition, immiscible elements can effectively pin GBs [28] [29]. Cu-Ta is such
a suitable immiscible system [30]. The individual element of this system has dif-
ferent crystalline structures and negligible mutual solubility in the solid state.
The diameter of Ta atom is much bigger than Cu atom, which makes them tend
to segregate in the GBs of Cu. In this paper, we used magnetron sputtering to
synthesize a Cu-Ta (Ta 5%) film on glass substrate. The stabilization of this im-
miscible alloy system is compared with a pure copper film synthesized at the same
condition. The alloy exhibits superior stability at modest temperature. And the
corresponding mechanism and GB activities are investigated by nanoindentation

creep experiment.

2. Experimental

The used samples of pure copper (named NC Cu-1) and Cu-Ta (CT-1) films
with a thickness of ~5 um are deposited on glass slides by a FJL-560 magnetron
sputtering equipment. Two targets, one contains 99.99% copper and the other
one contains Cu 95% and Ta 5%, were used in this experiment. The samples
were sputtered under 1 Pa argon atmosphere at the power of 50 W for 30 mi-
nutes. Then the as-deposited samples were annealed in the GSL-1600x tube fur-
nace at 150°C for 2 hours (named NC Cu-2 and CT-2) and at 200°C for 3.5
hours (named NC Cu-3 and CT-3). Transmission electron microscopy (TEM)
observations were performed on a JEM 2010 high-resolution electron microsco-
py with an acceleration voltage of 200 kV. The crystallographic structure was
analyzed using an x-ray diffractometer (XRD) (D/max 2500 PC). Nanoindenta-
tion tests were performed at room temperature on an Agilent Nanoindenter G200
with a Berkovich diamond indenter where the nominal tip radius of curvature of
R is about 50 nm. Consequently, the minimum depth for self-similar indenta-
tion, determined from the equation R (1 — sin70.3°) = 0.06R is about 3 nm [31].
The displacement and load resolutions of the instrument are 0.01 nm and 50 nN.
To avoid the substrate effect, the contact depth was controlled to below 1/10 of
the film thickness. An initial load ramp at rate 0.1 s was used, followed by hold-

DOI: 10.4236/0jpc.2021.113009

158 Open Journal of Physical Chemistry


https://doi.org/10.4236/ojpc.2021.113009

S.F. Weietal.

ing the load at the peak load of 8 mN for 60 s to allow creep to occur. Then the
load was reduced to 10% of the peak load and was held constant to record the
thermal drift rate during the experiment. All results shown later were corrected
for thermal drift with the rate measured during this period. Moreover, the hard-
ness measurements were performed without load holding. Indentation at each

load was repeated at least ten times.

3. Results and Discussion

Figure 1 shows the typical XRD patterns of the Cu and Cu-Ta samples. Five
strong diffraction peaks at 2-theta values of 43.297°, 50.433°, 74.130°, 89.931°
and 95.139° can be indexed to diffractions of the (111), (200), (220), (311) and
(222) crystallographic planes of fcc copper (JCPDS No.04-0836). None peaks
belonging to tantalum phase were found even in the Cu-Ta pattern. So the
widely observed tantalum atomic nanoclusters or precipitates in the Cu-Ta alloy
with high concentration of tantalumare absent in this Cu-Ta pattern [30]. The
grain size of NC Cu and Cu-Ta alloy were both calculated by the full width at
half maximum (FWHM) of (111) diffraction peak using Scherrer’s formula. The
calculated grain size of NC Cu is 15 nm, which is comparable with that of Cu-Ta
alloy (15 nm). So the doping of tantalum atoms has neither effect on the matrix
crystallography nor on the grain size. The microstructure of the Cu and Cu-Ta
alloy were characterized using TEM observation, and the corresponding images
were shown in Figure 2(a) and Figure 2(b). Both samples have a similar micro-
structure. The grains are uniform and equiaxial. Some nanoscale twins are ob-
served in a little bit bigger grains. The mean intercept method was also per-
formed to calculate the grain size on the TEM images. The mean grain size of
NC Cu is 17 nm based on measurement on about 500 grains, consistent with the
XRD calculated value. The mean grain size of Cu-Ta alloy is 16 nm. The doping
of tantalum atoms has little effect on the microstructure. As annealing, the grain

of NC Cu dramatically increased. The microstructure of NC Cu after annealing
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Figure 1. X-ray diffraction patterns of the as-deposited NC copper and Cu-Ta alloy sam-
ples.
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Figure 2. TEM images of (a) NC Cu-1, (c) 2, (e) 3 and (b) CT-1, (d) 2, (f) 3. The inset in
each image is the corresponding selected-area diffraction patterns.

was also observed by TEM and the corresponding images were shown in Figure
2(c) and Figure 2(e). After two hours annealing at 150°C, the mean grain size of
NC Cu increased to 25nm based on the mean intercept method on the TEM im-
ages. After 3.5 hours annealing at 200°C, the grain size further increased to 36.34
nm. But the Cu-Ta alloy is relatively insensitive to the annealing. No matter an-
nealing at 150°C for 2 hours or at 200°C for 3.5 hours, the microstructure of
Cu-Ta alloy remains constant. The statistical mean grain size based on TEM
image is 17 nm for the sample annealing at 150°C for 2 hours. And the other one
is 18 nm. The hardness of each sample was investigated by nanoindentation. The
hardness of Cu-1, 2, 3 is 4.092, 3.815 and 2.738 GPa, respectively. And the hard-
ness of CT-1, 2, 3 is 4.806, 4.362 and 4.361 GPa, respectively. Apparently, the
doping of tantalum atoms intensively enhances the hardness. Although the CT-1
has the same grain size with Cu-1, its hardness is much higher. The annealing at

low temperature causes dramatic decline of hardness of NC copper. Such decline
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can’t simply rationalized by grain growth following Hall-Patch relationship. For
Cu-Ta alloy film, only the initial annealing causes the decline of hardness and
further annealing doesn’t causes any change of hardness, although the grain size
remains the same during annealing. So the dramatic hardness decline for NC
copper and NC Cu-Ta alloy during annealing should mainly relate to grain
boundary relaxation. Grain boundary relaxation causing hardness and strength
decline has widely been found in experiment and computer simulation [32] [33].

In order to make clear the content and the distribution of tantalum in the al-
loy, the Energy Disperse Spectrum (EDS) in TEM was carried out on the Cu-Ta
sample. The corresponding TEM image and the energy line scanning results are
shown in Figure 3. According to EDS results shown in Figure 3(c), the tantalum
content in the alloy is about 5%. So the Ta content in the sputtered sample is the
same as the target material. Carefully observing the energy line scanning result
in Figure 3(b), it is interesting to find that the distribution of Cu and Ta is not
uniform. The content of copper and tantalum atom intensively wave along the
scanning line. Meanwhile the peaks of tantalum always overlapped with the val-
leys of copper. That means the place where there are a lot of tantalum atoms ac-
commodate less copper atoms. We carefully measured the mean distance between
adjoining peaks of tantalum or valleys of copper. The value is 14 nm which is
close to the mean grain size of the alloy. So it can be concluded that most of tan-
talum are segregated in the GBs.

During self-similar indentation creep, the creep strain rate & field and the
stress o field scale, respectively, with an indentation strain rate and an indenta-

tion stress which are given by [34] [35].
g:lﬂ P (1)
h dt A

where Pis the indentation load, 4 is the instantaneous indenter displacement, ¢
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Figure 3. (a) A TEM image of the as-deposited Cu-Ta alloy; (b) the image show EDS analysis domain and line; (c) the EDS
element content of the sample; (d) the corresponding elements distribution from EDS line scanning mapping. The inset is
the corresponding selected-area diffraction patterns.
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is the time, and A, is the contact area. To calculate the displacement rate h = dh/dt ,
the indenter displacement versus time curve at constant indentation load is fit-

ted by an empirical law [35].
h(t)=h, +a(t—t,) +ct, 2)

where A, a, 4, b, and c are fitting constants. Equation (2) is found to accurately
fit the experimental creep curves at peak loads. Both the experimental and fitting
results of Cu-1 are shown in Figure 4(a). The corresponding strain rate is calcu-
lated by Equation (1) and plotted in Figure 4(b). For each sample there is an in-
itial abrupt increase in creep depth, followed by a stage with a smaller rate of in-
creasing creep depth. As the strain rates are calculated from these experimental
data, the creep rate curves can also be divided into two stages as shown in Figure
4(b). In stage I, the creep rates decrease dramatically. In stage II, the creep rates
tend to a constant value. The initial stage is known as transient creep. And the
later corresponds to steady-state creep stage. Obviously, the steady-state creep
strain rate of NC Cu shows a dramatic decrease as the grain size increase. The
strain rate in the end of the time duration is 0.010, 0.009 and 0.007, respectively.
Cu-Ta alloy has a lower steady-state creep strain rate than Cu-3 which has an
even bigger grain size, twice the size of CT-1. The annealing on Cu-Ta alloy nei-
ther enlarges the grain size nor affects the steady-state creep strain rate. As
shown in the inset of Figure 4(b), the steady-state creep strain rate curve of
CT-1 almost overlapped with that of CT-3. The final strain rate for CT-1 and
CT-3 are 0.006. Thermally activated mechanisms contributing to plastic defor-
mation process in metals are often quantitatively interpreted by examining
m=20Ins/dIné [9]. The magnitudes of m of NC Cu-1 and CT-1 were obtained
by the indentation creep test for each holding loads, as shown in Figure 4(c).
The magnitudes of m of NC Cu-1 and CT-1 are 0.49 and 0.52, respectively.

It is well know that time-dependent (creep) flow is related to diffusion. For
coarse crystalline metals, the diffusion paths are intragranular by the help of dis-
location clime/glide or through dislocation tube or mass/vacancy flux. Mean-
while the diffusion paths in NC metals are mainly intergranular, through GB or
by the help of GB sliding. The different creep mechanism can be reflected by the
magnitude of the strain rate sensitivity value m. The high strain rate sensitivity
m of each sample implies that GB diffusion and sliding are the dominant creep
mechanism for all the samples. For the NC copper, the quasi-steady-state creep
strain rate reduces along with the grain size growth, just the same as the descrip-
tion of Coble creep equation. It is noted that another creep mechanism may act
for each indentation load. The critical indentation depth for self-diffusion along
the indenter/specimen is about 30 nm for ultrafine-grained Cu in the literature
[36].The indentation depth in this experiment is 200 nm, much longer than the
critical indentation depth. As the indenter penetrates far away from the free sur-
face of specimen and induces a much longer diffusion length, the self-diffusion
along the indenter/specimen interface and along the free surface of the specimen

will play fewer roles during the creep process [2] [37]. As grain size decrease
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Figure 4. (a) Experimental and fitted creep curves of NC Cu at 8 mN. The obtained fit-
ting parameters of NC Cu are h, = -9, a = 21, t; = 2.5, b = 0.2, and ¢ = -0.02; (b) The cal-
culated strain rate curves of NC Cu-1, 2, 3 and CT-1, 3 as a function of time; (c) The
strain rate sensitivity m of NC Cu-1 and CT-1determined by the indentation creep test
for each holding loads.

into the nanoscale, the GB activities including GB sliding and migration domi-
nate the plastic deformation of NC materials. But in the Cu-Ta alloy, the bigger
Ta atoms are segregated in the GBs. It intensively suppresses the GB activities,

which is proved by the very low creep strain rate of the Cu-Ta alloy. Thus, the
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Cu-Ta alloy shows a better thermal stability than NC copper.

4. Conclusion

In this paper, NC Cu-Ta alloy films were synthesized by magnetron sputtering
on glass slides. As annealing at moderate temperature, the NC Cu-Ta alloy films
show much better thermal stability than NC copper which is synthesized using
the same method. The microstructure characterization implies that most tanta-
lum atoms are segregated in the GBs. The creep tests suggest that the GB segre-
gation of tantalum atom can effectively slow down the GB activities. That en-
dows the NC Cu-Ta alloy with a good thermal stability. The experiment results
inspire that GB segregation should be a good method to improve the stability of
NC materials.
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