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Abstract

The time-dependent plastic deformation response of magnesium/carbon nanotube (CNT)
nanocomposites containing 0.25, 0.5, and 0.75 #0/% of carbon nanotubes is investigated through
depth nanoindentation tests against monolithic pure magnesium in the present study. The Mg-CNT
nanocomposite materials were successfully synthesized via a powder metallurgy technique coupled
with microwave sintering followed by hot extrusion to produce 8-mm diameter, long solid bars. All
depth-sensing indentation creep tests were conducted at ambient (room) temperature employing a
diamond Berkovich pyramidal indenter. These tests are dual-stage, ze. loading to a prescribed peak
load of 50 mN, holding the peak load constant for a dwell period of 500 s, and finally unloading.
Various strain rates of 0.01, 0.1, 1, and 10 s were performed to assess the effects of strain rate and
dwell time on the ambient-temperature creep response of the Mg-CNT nanocomposites. The
outcomes of these tests are explained through material hardness, microstructure, the extent of CNT
content in each material, and strain rate sensitivity. Upon analyzing the nanoindentation creep tests,
the dominant creep mechanism at room temperature was found to be a dislocation creep mechanism.
It is also found that CNTs increase the creep resistance of magnesium. Findings of this study can be
used as a starting point for a high-temperature creep study on Mg-CNT nanocomposites. This paper
is a continued study from our group on time-dependent plastic deformation of Mg-nanocomposites
(i.e. see Haghshenas et al, Journal of Composite Materials, DOI: 10.1177/0021998318808358). The
short-term goal is to provide a compressive picture of the controlling creep mechanisms and their
dependency upon, time, temperature, strain rate, volume fraction of the nanoparticles, the type of the
nanoparticles. Mg, in general, is a notorious material for high-temperature application, therefore, the
long-term objective is to propose Mg-nanocomposite as reliable replacements for Mg when
lightweight and creep resistance are needed. However, to be able to confidently suggest such a
replacement detailed understanding on the controlling phenomena, mention as short-term goals, are
required.

Keywords: Mg-CNT nanocomposite; depth sensing indentation; time-dependent plastic deformation;

dislocation creep; hardness.
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1. Introduction

Much attraction is drawn to magnesium (Mg) for its abundance, low density, biocompatibility, high
damping capacity, great electromagnetic shielding, and the fact that it is the most easily machinable
metal of all structural metals [1]. This makes magnesium the ideal choice not only for automobiles and
airplanes, but also for biomedical implants, vibration and noise control systems, sporting equipment,
consumer electronics, and other lightweight engineering applications [2,3]. Despite these merits,
magnesium and its alloys have poor abrasion and corrosion resistance, and like any hexagonal-close
packed (HCP) metal, magnesium displays notoriously strong anisotropic mechanical properties of
limited strength and poor ductility at room temperature which greatly hinders the metal’s potential
applications [4,5]. Along these, the greatest drawback that limits Mg and its alloys from the broader
application in the automotive and aerospace industries is low creep resistance at elevated temperatures,
i.e. above 175°C, since some critical components operate at and above this temperature [6]. This
drawback is attributed to the limited number of slip systems (HCP structure), which makes the metal

brittle and susceptible to creep damage [7].

The limitations of magnesium have been successfully circumvented by the development of new
magnesium alloys and the addition of reinforcements, i.e. carbon nanotubes (CNTs), alumina (Al,O3),
carborundum (SiC), silica (SiOz), and yttria (Y2O3) to create magnesium composites [8,9]. Specifically,
metal matrix composites (MMCs) with magnesium as the matrix material are promising alternatives
to aluminum MMCs and heavy, conventional structural metals such as cast iron and stainless steels.
For this reason, encouraging attempts are being made to incorporate these high-strength, lightweight
materials in vehicles to save weight and thereby reduce deleterious vehicle emissions [10,11]. In recent
years, CNTs have been incorporated into Mg matrices in hopes to combine and refine the best

properties of both constituents for an ideal material for just this purpose [12].

Since their discovery in 1991 by Iijima [13], CNTs have attracted researchers with their amazing aspect
ratio and unparalleled electrical and thermal properties. Not only are CNT's a subject of great interest
on their own, but also they offer themselves as excellent reinforcements to Mg MMCs as previous
studies by a Swiss research group have indicated that the addition of 2 wt% CNT increases the elastic
modulus of Mg by about 9% [14]. Another study reported a simultaneous improvement in both
strength and ductility of Mg with the addition of 1.3 »#% CNT [15]. A number of researchers at the
National University of Singapore studied the corrosion properties of Mg-CNT nanocomposites and

their findings show that corrosion rate increases substantially with the presence of CNTs in the Mg



matrix [16]. While these studies show that an improvement in some material properties can be obtained
when CNTs are added to Mg, no attempts have yet been made to study the creep properties of these

Mg nanocomposites.

In the present study, monolithic Mg along with Mg reinforced with 0.25, 0.5, and 0.75 vol% of CNT's
are investigated for their creep and hardness responses. The creep properties of these materials are
obtained through a nanoindentation (NI) technique, as opposed to conventional uniaxial testing.
Nanoindentation offers noteworthy advantages over uniaxial tension testing, for example: (1)
indentation tests can be done to gather creep properties of individual constituents of a material system,
L.e., a thin film or a single phase of a complex alloy; whereas uniaxial testing will only give an average
creep property of the entire material, (2) uniaxial tests are time-consuming and indentation is quicker
by comparison, (3) uniaxial tests need relatively large samples whereas a specimen with a volume of a
cubic centimeter could be indentation-tested one hundred times, making much more use of the
material area, and (4) indentation tests are considered to be non- or semi-destructive whereas uniaxial

tests are destructive [17].

Indentation-based studies have been used by some researchers to shed light on magnesium’s complex
creep response. For example, Somekawa and Schuh [18] and Haghshenas e 2/ [19] used nano- and
micro-indentation tests at high (150 s™) and low (10°-10" s) strain rates, respectively, to investigate
the creep response of pure Mg at room and elevated temperatures. Through activation energy
calculations, the studies have attributed dislocation slip and twinning to be the two dominant
mechanisms controlling indentation creep of pure Mg. Haghshenas e 4/ [19] in particular, showed
that these deformation mechanisms are operative and dominant over not only the aforementioned
wide strain rate range, but also across a wide temperature range (295-573K). Despite the well-
documented creep behavior of pure Mg, the creep response and deformation mechanisms behind Mg-
CNT nanocomposites remain a virgin field. For these reasons, indentation-based testing is used in this
study to assess the complex and untouched field that is the creep behavior of the novel Mg-CNT

nanocomposites at room temperature.

2. Experimental Procedure
Magnesium powder was used as the matrix material, and high-purity (>95%), single-walled carbon
nanotubes (US Research Nanomaterials Inc.), 15-50 um in length, with an average diameter of 1.1 nm

were used as the reinforcement material in this study.



The powder metallurgy technique was used to fabricate both monolithic magnesium and magnesium-
CNT nanocomposites containing 0.25, 0.5, and 0.75 vol% CNTs at the National University of
Singapore. Correct amounts of Mg powders and their respective volume percentages of carbon
nanotubes were carefully weighed and blended in absence of balls using a RETSCH PM-400 (Retsch
GmbH, Haan, Germany) mechanical alloying machine at 200 rpm for 2 hours. The blended powders
were compacted using a 100-ton uniaxial compaction machine to obtain a green compact. The green
compact was then sintered using a hybrid microwave setup (640°C for the total duration of
approximately 15 minutes) to obtain a near-dense billet. The as-sintered billet was soaked at 400°C for
1 hour in a constant-temperature furnace prior to extrusion at 350°C at an extrusion ratio of 20.25: 1
using a 150 T hydraulic press. Cylindrical rods of 8 mm diameter were obtained. The samples from

the extruded rods were characterized for microstructure and properties.

Prior to characterizing the samples with optical microscopy and SEM, the samples were mounted in
black phenolic mounting powder, the surface of each sample was mechanically polished with a series
of progressively finer SiC sandpapers until each surface was mirror-like and scratch-free, and finally
the samples were treated with a suspension of 0.1 um alumina polishing powder, followed by a final
polishing with bare cloth under water for approximately 10 minutes to remove any residual strains.
Lastly, the samples were chemically treated in an Acetic-Picral etchant (100 mL. ethanol, 2.5 g picric
acid, 25 ml. acetic acid, and 25 mL water) for approximately 10 seconds to reveal microstructural

characteristics.

The room-temperature indentation creep tests were performed using an iNano Nanoindenter
(Nanomechanics, Inc.) equipped with a diamond Berkovich indenter (tip roundness =100 nm). A
constant loading rate followed by a constant load-hold scheme was used to study the time-dependent
plastic deformation. During the testing, each sample is loaded at various strain rates of 0.01, 0.1, 1,
and 10 /s until a peak load of 50 mN is reached. The indentation load was then held constant for 500
s during which the plastic deformation (creep) data is recorded at fixed intervals. The indenter is then
unloaded 10% of the maximum load and held for another 120 s for thermal drift correction. The
following section addresses the mathematical background necessary to assess the rate-dependent

deformation response of the nanocomposite used in the present study via nanoindentation testing.
3. Steady-State Creep Theory for Nanoindentation

The creep rate of crystalline material can be written as [20 — 24]:
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where o is the applied stress, A is a coefficient related to temperature and microstructure, Dy is the
diffusion coefficient, G is the shear modulus, AQ is the activation energy for thermal-activated
process, 7 is the stress exponent, p is the grain size exponent, £ is the Boltzmann constant, T'is the

temperature, 4 is the Burgers vector and d is the grain size.

It is well documented that in conventional creep testing (i.e., uniaxial tension testing) creep
deformation is negligible in most metallic materials at ambient temperature. However, this is not
necessarily the case in the depth-sensing indentation testing. Here, triaxial stresses are developed
underneath the indenter which can easily exceed the yield strength of the material even at low
temperatures. To this end, Eq. 1 is reduced to the following equation for steady-state indentation

creep:

. 1 dh ,
gind. creep = Z E = Bo-ind (2)
here, £;,4 1s the indentation strain rate (creep rate), B is a constant, # is the creep exponent, and 0,4

is the indentation stress.

It is also necessary to express indentation stress appropriately for a Berkovich pyramidal indenter tip
[25]:

Oina = . ©
ind ™ 5456 (h+0.06R)2

where / is instantaneous indentation depth and R is the indenter tip radius; ze. 100 nm in this study.

A simple algebraic manipulation of Eq. 2 yields the following expression for 7, the creep exponent:

_ dln Oind

)

dln éind

By Eq. 4, the creep exponent is equal to the slope of a log-log plot of indentation stress versus
indentation strain. This is the method that was used to determine # in the present study. The creep
exponent is a useful quantity in determining what creep mechanism is dominant during depth-

sensing experiments.



4. Results and Discussion

4.1. Microstructure and Grain Morphology

Figure 1 shows the optical micrographs of the pure Mg and the Mg-CNT nanocomposites. Severely
deformed grains, due to the hot extrusion operation in the manufacturing steps, are observed in the
microstructure. Evidence of mechanical twins is also visible within the grains. Scanning electron
microscopy (SEM) was also used to assess the integrity of the reinforcement-matrix interface.
Evidence of the CNT is visible in high-magnification SEM images of the Mg-0.75 CNT
nanocomposite, as shown in Figure 2. Due to the method of fabrication of these samples, i.e. powder
metallurgy, magnesium oxide particles tend to form during the processing. Some evidence of Mg
oxides, detected with Energy Dispersive Spectroscopy (EDS) are shown in Fig. 3. The spectrum points
1,2, 3, and 6 contain varying amounts of oxygen in addition to the Mg. Spectrum points 4 and 5 verify
that the matrix material is indeed pure Mg as these points came up as 100% Mg as indicated in the
table accompanying Fig. 3. It is expected that through addition of the CNTs to the Mg matrix some
strain fields are developed which can enhance the dynamic recrystallization during the hot extrusion
process. Also, the added CNTs can distribute on the grain boundaries and pin them. This then restricts
grain boundary migration which may occur in the sintering and the extrusion processes. Having said
this, in our optical microscopy images we could see some marginal grain refinement in the Mg-CNT

nanocomposites as compared with the pure Mg,
4.2. Indentation results
4.2.1 Indentation load and indentation stress versus depth

The load-displacement cutrves for the Mg/CNT nanocomposite materials at room temperature are
shown in Fig. 4. In the P-/ curves of the studied materials, with an increase in the strain rate, the
required load to reach a constant depth increases (work hardening effect). With increase in the strain
rate in the loading stage, the rate of dislocation generation and dislocation multiplication enhances.
These dislocations then are blocked by either the grain boundaries or the CNTs in the matrix. This
confirms that the materials are rate sensitive at room temperature. This trend becomes more
pronounced when the volume fraction of the CNTs increases simply because of the presence of more
obstacles against dislocation motion. It is worth mentioning that the interface between the CNT and
the Mg matrix is a potential place for nucleation and emission of the dislocations. This is mainly due

to the difference in coefficient of thermal expansion between Mg and CNTs.



The hardening due to the thermal mismatch can be expressed as [20]:

AGThermal = aGmb\/; (5)

where o is a geometric constant, and © is the dislocation density.

For the highest strain rate (10 /s), it takes 5 s to reach the peak load of 50 mN; this number is 5x10°
s for the slowest (0.01 /s) strain rate. That is, for the case of fastest strain rate, the plastic
deformation is “arrested” in the loading portion and then released in the constant-load hold (dwell)
stage, which results in a pronounced creep displacement. On the other side, when the strain rate is
low, most of the plastic deformation is “consumed” in the loading stage and that results in less

plastic deformation (creep) in the constant load holding stage.

The phenomenon of indentation size effect (ISE) is a deviation from what is expected in classical
plasticity. Specifically, in classical plasticity, hardness is constant no matter how deep or shallow the
indent is. However, in-depth sensing tests on the scale of nanometers, indentation size effects are
observed in that hardness is higher at shallow indentations. Figure 5 contains evidence of this
phenomenon. The ISE can be explained through dislocation starved plasticity (DSP) and strain

oradient plasticity (SGP) [27-30].

According to the DSP, at the very early stage of the nanoindentation, the volume of the material
beneath the indenter is extremely small which can be considered as dislocation-free structure.
Therefore, the strength of the material can be as large as the theoretical strength. When the indenter
further moves within the sample, a larger volume of material is affected, additional space will be
available for dislocations to generate. The SGP can be employed to explain the ISE. Here, to
accommodate the shape of the indenter within the sample, geometrically necessary dislocations
(GNDs) form underneath the indenter. Since there is still a limited space for the GNDs to generate
and interact, their Burger's vector, mobility and slip systems are necessarily disparate compared with
ordinary, statistically stored dislocations, SSDs. Therefore, the GNDs can directly contribute toward
strengthening of the material in the shallow (near the surface) regions. It is observed that the ISE is
more pronounced in the nanocomposite materials with a larger volume fraction of the CNTs. Here,
when the volume fraction of the CNTs increases, the statistical number of the obstacles against
dislocation (GNDs and SSDs) motion enhances. This produces a greater pile-up effect due to a

stronger pinning effect of the obstacles (i.e., CNTs and/or grain boundaties). This creates a larger



local work hardening effect through the Orowan strengthening effect [31]. The Orowan strengthening
effect is given by [32-33]:

0.8MG, b 6
Ao_()mwan = —Zm ( )
rd

2v,

CNT

where G, is the shear modulus of the matrix; 4 is the value of the Burgers vector of the matrix; M is
the Taylor factor; d is the diameter of the CNTs, and zent is the volume fraction of the CNTs.
However, when the indenter is well below the surface, large depth, there will be a balance between
work hardening, induced by dislocation generation and multiplication, and dynamic recovery, induced
by dilation rearrangement and annihilation. This results in a plateaued trend in the stress/depth cutves

for the large depths.
4.2.2. Indentation hardness as a function of CNT content

Hardness as a function of CNT content is also a trend of interest as it may seem counterintuitive
initially that hardness decreases if CNT content is too high. Simply, CNTs have a tendency to
agglomerate at high volume percentages due to van der Waals forces. This is the phenomenon that is
attributed to the trends observed in Fig. 6. It can be seen that, overall, hardness begins to drop off at
about 0.5 vol.% CNTs. This confirms that 0.5 vol.% CNT seems to be an optimal volume fraction in

the fabricated Mg-CNT materials.

However, as lower levels of CNT are added, the initially increasing trend in the microhardness for the
nanocomposite samples can be attributed to 7) presence of harder CNTs in the matrix, #) the
dispersion hardening effect of CNT's in the Mg matrix, zz) strengthening effect caused by the presence
of CNTs hindering the movement of the dislocation (suppressing the recrystallization and growth of
crystal grains), ) effective load transfer from soft matrix onto the hard reinforcements owing to the
superior interfacial bonding between the matrix and the reinforcement, and 2) generation of

dislocations (mismatch in elastic modulus and CTE between Mg and CNTs) [34, 35].

It is worth noting that the trend observed in Fig. 6 for the strain rate of 10 s™ is slightly different than
the others as hardness decreases after 0.25 »0/.% CNT, and not 0.5 »0/% CNT. Note that each point
on every graph in Fig. 6 is representative of 5 trials and that these tests were done on “nano” scale.
This means that it is nearly impossible to tell what region of the material was indented as the tip could

have been on a grain boundary, a grain, a CNT-dense area, a magnesium oxide area, an area of pure



Mg, etc. The overall trend is that hardness has been observed to be at its highest at intermediate

volume percentages of CNTs.
4.2.3. Creep rate as a function of time

Creep is temperature- and time-dependent deformation under a constant load. Therefore, in the
constant strain rate, constant load-hold indentation scheme, the dwell period is where the creep is
expected. Dwell time in this study is 500 s at a constant load of 50 mN. Fig. 7 shows the observed
trends in creep displacement and creep rate over the 500 s dwell period. It is worth mentioning that
the indentation creep test being of compressive nature does not demonstrate any tertiary stage. In the

absence of a tertiary stage, the steady-state stage provides a stable zone underneath the indenter.

The vertical lines in Fig. 7 distinguish the transition in creep stage, as the creep displacement curves
to the left are representative of primary creep and to the right of the line, the creep is approximately
steady-state. Since it is of interest to identify the mechanisms responsible for creep at room
temperature in these samples, the steady-state curves in Fig. 7 will be analyzed in isolation from the
primary creep portions. This is because the creep power law that will be employed is only valid for the

steady-state creep.

As observed, pure Mg shows the highest creep rate of all the samples tested. These observations
overall support that CNTs do contribute to the creep resistance of magnesium either through pinning
the grain boundaries or blocking dislocations glide. The plastic deformation, i.e., creep, in a crystalline
material generally takes place by the generation and movement of dislocations along the slip planes.
However, the presence of nano-size reinforcement (i.e., CNTs in this study) can act as effective
obstacles to the dislocations movement and impede their motion. Furthermore, the piled-up
dislocations provide a back-stress that oppose the applied stress in a creep test. These effects are
however absent in the case of pure Mg and that is why the creep rate is higher in pure Mg as compared
with the Mg-CNT nanocomposites. That is, the presence of the dislocation pile-ups around the grain
boundaries and/or nanosize reinforcements along with the dislocation tangles, due to
dislocation/dislocation interaction, resulted in the work hardening effect at room temperature, which

leads to enhanced creep resistance of the nanocomposites.

To assess what creep deformation mechanism dominates at room temperature for this material, Eq.
4 will be used to assess what the creep exponent is for each trial performed. The magnitude of 7 is the

parameter of interest, as it will indicate the creep mechanism at work. When #» = 1, Nabarro-Herring



Creep (Coble Creep) is the dominant creep mechanism, which is a diffusional creep mechanism. If #
= 2, grain boundary sliding is the mechanism responsible for creep. Finally, if 7 is three or greater, the
creep is attributed to dislocation movements (dislocation creep) [36-39]. Figure 8 shows the creep
exponents obtained through Eq. 4 for various materials studied in the present paper versus the
employed indentation strain rates. The value of # is greater than three in every trial. From this, it is
safe to conclude that dislocation creep, by glide of dislocations in their slip planes, is the dominant
mechanism of cold flow (creep at room temperature) in the Mg-CNT nanocomposites studied in this
research. The largest #-values belong to the Mg-0.5 /% CNT nanocomposite sample which,
according to Fig. 6, possesses the highest hardness. Therefore, it seems the optimum percentage of
CNT content, which provides the best creep resistance, in this study, is Mg-0.5 w0/% CNT
nanocomposite. When the CNT content is increased to 0.75 20/.%, both hardness and creep resistance
drop. This can possibly be attributed to the CNT clustering (agglomeration) effect and non-uniform
distribution of the clusters, now in micron sizes, in the Mg matrix. With increase in the volume fraction
of the CNT, the nanotubes, due to the large Van der Waals effect, are merged and coarsened and lose
their effective contribution toward the strengthening of the Mg matrix. Similar creep behavior has
been reported in Al reinforced with nanoparticles, which has also been attributed to the Orowan

strengthening mechanism mentioned earlier [40].

In the holding stage, it is observed that creep rate tends to decrease with increasing depth. This trend
is exhibited in Fig. 9. It is clear from this figure that higher creep rates are observed at shallower depths
in the sample. It also appears that creep rate decreases constantly for a portion of the holding time,

and then levels off.
Conclusions

This study explored the ambient temperature time-dependent plastic deformation of a family of Mg-
CNT nanocomposites through a method of instrumented nanoindentation testing. The following

conclusions are drawn:
1. Carbon nanotubes improve both strength and the creep resistance of the Mg matrix.

2. Hardness reaches its highest value at intermediate volume percentages of CNTs, equal to 0.5

vol.% in the present study.

3. With increase in the volume fraction of the CNT's beyond 0.5%, hardness and creep resistance

decrease due to CNT agglomeration.



4. The ambient temperature creep mechanism of the studied Mg-CNT nanocomposites and the

matrix material (pure Mg) is considered to be dislocation controlled creep via dislocation glide.

5. Results of this paper can be used as a baseline to study high-temperature creep behavior of the
Mg-CNT nanocomposites to determine what deformation mechanisms are operated at elevated

temper atures.
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