Strong, Ductile Magnesium-Zinc Nanocomposites
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Incorporated SiC nanoparticles are demonstrated to influence the solidification of magnesium-
zinc alloys resulting in strong, ductile, and castable materials. By ultrasonically dispersing a
small amount (less than 2 vol pct) of SiC nanoparticles, both the strength and ductility exhibit
marked enhancement in the final casting. This unusual ductility enhancement is the result of the
nanoparticles altering the selection of intermetallic phases. Using transmission electron
microscopy (TEM), the MgZn, phase was discovered among SiC nanoparticle clusters in
hypoeutectic compositions. Differential thermal analysis showed that the MgZn, formation
resulted in elimination of other intermetallics in the Mg-4Zn nanocomposite and reduced their
formation in Mg-6Zn and Mg-8Zn nanocomposites.
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I. INTRODUCTION

RECENT work has shown a significant enhancement
in metal matrix composite strength with the addition of
nanoelements (e.g., nanoparticles).!' ' Applications that
have been targeted to date include structural compo-
nents in the automotive and aerospace industries.!”’
Creating new lightweight, high-strength materials could
result in significant weight reductions and energy sav-
ings.”! Currently restricting wide usage of these mate-
rials is the cost of materials synthesis and processing.
Most metal matrix nanocomposites (MMNCs) to date
are made with expensive powder metallurgy, ball mill-
ing, deposition, and infiltration techniques.>**% A
robust solidification processing route has the potential
for greatly reducing the cost of MMNC production,
making them more attractive materials for a wide range
of applications.

However, producing MMNCs can be difficult owing
to the high specific surface area and the poor wetting of
ceramic nanoparticles by molten metals. Effective dis-
persion and stabilization of nanoelements in liquids is
extremely challenging. Agglomeration and clustering
commonly occur,' resulting in poor physical proper-
ties. Current solidification processing methods for
MMNC s are limited in size and geometric complexity,
preventing designers from achieving the design flexibility
desired for complex structures (e.g., engine blocks).
Recently, Lan er al.' and Yang er al'*'"! developed a
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new technique that combined solidification processing
(e.g., casting) with an ultrasonic cavitation based disper-
sion of nanoparticles in metal melts. Nanoparticle
reinforced magnesium and aluminum alloys were suc-
cessfully fabricated. Experimental results show a nearly
uniform distribution and good dispersion of the SiC
nanoparticles within the metal matrix, resulting in
significantly improved mechanical strength while main-
taining useful ductility.!""""3 It was reported!" that
ultrasonic cavitation can produce transient (in the order
of nanoseconds) micro “hot spots” that can have tem-
peratures of about 5000 °C, pressures above 100 MPa,
and heating and cooling rates above 10'° °C/s. The
locally extreme conditions induced by the ultrasound
can effectively disperse nanoparticles into molten metals
due to the strong impact during cavitation and enhanced
nanoparticle wettability. Additionally, the nanoparticle
dispersion is maintained during solidification even after
the ultrasonic vibration is removed.'” While MMNCs
have shown great strength improvement, to date, little
work has been done on the effects nanoparticles have on
the solidification of the matrix alloy or tailoring prop-
erties in addition to strengthening. This article illustrates
the impact of the nanoparticles on matrix solidification
and the resulting unusual enhancement of ductility.
The material behavior demonstrated in the current
work has the potential to allow for highly tailored
material structures and material properties by altering
intermetallic formation.

II. EXPERIMENTAL PROCEDURE

For this study, three Mg-Zn alloy based MMNCs
were prepared and cast. Mg-4Zn (4 wt pct Zn) and
Mg-6Zn samples were prepared with 1.5 wt pct
p-SiC nanoparticles (Nanostructured and Amorphous
Materials Incorporated, Houston, TX, 50-nm average
diameter and 99 pct purity). Mg-8Zn alloy samples were
prepared with 3 wt pct f-SiC nanoparticles. Reference
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samples of Mg-4Zn, Mg-6Zn, and Mg-8Zn were also
prepared. The alloys were made by bringing pure
magnesium to the liquid state at a temperature of
700 °C. Pure zinc ingot was then added in the appro-
priate amount for the desired composition. Manual
mixing was used to ensure a homogeneous alloy
composition. In preparing the MMNC samples, SiC
nanoparticles were fed into the melt through a steel tube
and dispersed using an ultrasonic power probe. The
details of ultrasonic MMNC production have been
published elsewhere.['” After processing, the melt was
cast into bars in a permanent steel mold, which was
designed and fabricated according to ASTM B 108-03a.
The tensile bars were dog-bone-style tensile bars with a
1.75-in. (44-mm) gage section and a 0.375-in. (9.5-mm)
gage section diameter. The bars were tested in a
SINTECH 10/GL tensile test frame. For accurate
measurement of yield strength at 0.2 pct offset, an
extensometer was used for strain measurement up to
1 pct strain at which point the test was paused and the
extensometer was removed. Final elongation was mea-
sured manually after putting the two test bar pieces back
together per ASTM B 557-06.

Cast samples were examined with an optical micro-
scope as well as a LEO 1530 scanning electron micro-
scope (SEM, Carl Zeiss SMT, Inc., Peabody, MA) with
energy-dispersive X-ray spectroscopy (EDS) capabilities
to determine phase composition. Transmission electron
microscopy (TEM) and selected-area electron diffraction
(SAED) measurements were obtained with a PHILIPS*

*PHILIP is a trademark of FEI Company, Hillsboro, OR.

CM 200UT microscope (a spherical aberration coeffi-
cient (Cs) of 0.5 mm and a point-to-point resolution
of 0.19 nm) equipped with an EDS analyzer (Noran
Voyager, NORAN Instruments, Inc., Middleton, WI),
operated at 200 kV. The TEM samples were polished to
30-um thicknesses, mounted on a Mo TEM grid, and ion
milled using a RES010 rapid ion beam milling system
(E.A. Fischione Instruments, Inc., Export, PA). Milling
parameters of a 10 deg angle, 5 kV, and liquid nitrogen
to avoid heating effects were used.

X-ray diffraction (XRD) measurements were done
using a Scintag Pad V diffractometer (Scintag Inc.,
Cupertino, CA) with Cu K, radiation. The alloy samples
were embedded in epoxy and final polished with a 1-um
diamond paste. Scan parameters used were 20 angle 10
to 80 deg, step size 0.02 deg, and dwell time 12 seconds.
Last, a Netzsch STA 409 differential thermal analyzer
(DTA, Erich NETZSCH GmbH, Selb, Germany) was
used to study melting and solidification behavior at a
heating and cooling rate of 10 °C/min.

III. RESULTS AND DISCUSSION

The tensile test results are shown in Table I. For all
alloy compositions, the addition of SiC nanoparticles
significantly increased yield strength, tensile strength,
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Table I. Tensile Results for Mg-Zn Alloys
and Nanocomposites; the Asterisks Indicates Data Taken
from Only Two Samples, and the Other Data are Taken
from Not Less Than Four Samples

0.2 Pct Yield Tensile Elongation
Strength Strength  at Failure

Material (MPa) (MPa) (Pct)
Mg-4Zn 44 £ 2 112 + 14 S5+1
Mg-4Zn + 15 pct SiC 67 £ 4 199 + 6 10 £ 1
Mg-6Zn S1+4 136 £ 19 S+1
Mg-6Zn + 15 pct SiC 79+£5 194 + 15 7+1
Mg-8Zn* 81 152 3
Mg-8Zn + 3 pct Sic* 111 222 7

SEh Mg-Zn alloy and Nanocomposite Tensile Data

Mg-6Zn + SiC
- Mg-4Zn + SiC
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Fig. 1—Tensile test curves for Mg-4Zn and Mg-6Zn alloys and these
alloys with 1.5 wt. pct SiC nanoparticle addition showing an increase
in maximum stress (strength) and maximum stroke (ductility). Stroke
based strain measurement includes strain in the test sample as well
as strain due to compliance of the test frame and cannot be taken as
the strain in the sample directly. Strain at failure is measured by
putting the broken test pieces back together per ASTM B 557-06 to
avoid inclusion of test frame compliance in the measurement.

and elongation at failure. The Mg-4Zn + 1.5 pct SiC
nanocomposite sample had the greatest increases in
strength and ductility relative to the monolithic refer-
ence of the compositions tested. Figure 1 shows repre-
sentative curves from tensile testing. All samples showed
the same curve shape indicative of continued strain
hardening after yield until failure with little necking. The
microstructures of the Mg-4Zn and Mg-4Zn + 1.5 pct
SiC samples are shown in Figure 2. The microstructure
grain size of the nanocomposite is noticeably refined
relative to the monolithic sample. Studies on micron-
scale SiC reinforcement of magnesium and magnesium
alloys have shown that SiC can act as a nucleation
catalyst for primary magnesium grains." It has also
been shown that nanoscale SiC particles can act as
nucleation catalysts.'”! This microstructure refinement
is thus likely due to the nucleation catalysis by the SiC
nanoparticles.

The mechanisms of nanocomposite strengthening
have been studied recently.*'"2! Typically, four
strengthening mechanisms are proposed to explain
the strength enhancement in MMNCs. They are parti-
cle load bearing, enhanced dislocation density in the
matrix due to thermal expansion mismatch, Hall-Petch
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(b)

Fig. 2—Optical microscope images of (a) Mg-4Zn and (b) Mg-4Zn +
1.5 pct SiC showing a refined microstructure in the nanocomposite
sample, as previously reported by the current authors.I'®!

strengthening due to a refined grain structure, and
Orowan strengthening. These can be calculated as

Aoy g = 0.5V,0, 1]

Aop = \/gﬁGmb\/lz(TpmceSS — Tiest) (%m = ) V' 2]

bd,
0.13G,b . d,
Adorowan = 7 1’1% [3]
a {(m) —l]
Atan-raen = Ky (2 = a2 4

where the parameters of these expressions are as detailed
in Tables II and III. While these individual mechanisms
of strengthening are well established and have agreed
upon methods for calculation, how these mechanisms
interact and form an overall enhancement is not
established. Recent works have proposed three different
means of calculating the overall enhancement. Goh
et al.?! proposed taking the square root of the sum of
the squares of the individual strengthening mechanisms,
Zhao et al® proposed adding the individual strength-
ening enhancements, and Zhang et al.'>>® proposed a
multiplicative method.

The values of Aoy gad> AGp, AGOrowan> ATHallPetch, aNd
AGgxperimental fOr the Mg-4Zn + 1.5 pct SiC nanocom-
posite are shown in Table III. As can be seen in the
table, the load bearing strengthening in the nanocom-
posites plays an insignificant role. Combination of the
Hall-Petch strengthening and the Orowan strengthening
appears to reasonably predict the experimental strength-
ening. The dislocation density increase due to thermal
expansion mismatch, however, predicts a much larger
strength enhancement. Regardless of the method used to
determine an overall yield strength enhancement, the

Table II. Parameters Used to Determine Predicted Yield Strength Enhancement

Parameter Description Value Reference/Note
Oy coefficient of thermal expansion 26 x 1076 °C™! —
of the matrix
O coefficient of thermal expansion 46 x 107°°C™!  —
of the nanoparticles
p dislocation strengthening coefficient 1.25 21, 22
Om matrix yield strength 44 MPa taken from monolithic reference sample
experiments
b magnitude of the burgers vector 0.32 nm 19
d, average grain size in the nanocomposite sample 76 um experimentally determined
dy, average grain size in the monolithic sample 177 um experimentally determined
d, nanoparticle diameter 50 nm manufacturer supplied average particle size
G shear modulus of the matrix 15.4 GPa calculated from experimentally determined
tensile modulus
k, Hall-Petch material constant 0.133 MPavm 23
Torocess processing temperature 340 °C solidus temperature
Tiest testing temperature 25 °C room temperature
V, volume fraction of nanoparticles 0.0092 calculated from weight fraction
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Table III. Predicted Nanocomposite Yield Strength Enhancement Mechanisms and Calculated Values, Compared
to the Experimentally Observed Yield Strength Enhancement for the Mg-4Zn + 1.5 Pct SiC Sample

Symbol Description Value
Acp enhancement of nanocomposite yield strength due to dislocation density increase 76 MPa
AGHall_Petch enhancement of nanocomposite yield strength due to grain refining 5 MPa
A6 oad enhancement of nanocomposite yield strength due to particle load bearing 0.2 MPa
OOrowan enhancement of nanocomposite yield strength due to Orowan strengthening 20 MPa
AGExperimental experimental yield strength enhancement 23 MPa

large predicted dislocation density increase strengthen-
ing exceeds the observed yield strength enhancement.
This may be due to a breakdown in assumptions made
in developing the model, which was initially developed
to describe micron-scale reinforcement.*?! Assumptions
such as the length of dislocations that form being equal
to the circumference of the particles may need to be re-
examined for application to nanocomposites.

In addition to analysis uncertainty, the models assume
conditions that are not necessarily those present in the
laboratory. Specifically, annealing was not considered,
as the processing temperature for this calculation was
340 °C, the solidus temperature of the alloy. After
pouring, the tensile bars cool at a slow rate of
approximately 5 °C/min. This allows time at elevated
temperatures for annealing to occur reducing the dislo-
cation density. If 0.5 T.iqus On an absolute scale is used
as the processing temperature in the calculation, the
dislocation density increase strengthening reduces to
Acop = 12 MPa. Another source of difficulty in apply-
ing a predicted yield strength comes from nanoparticle
dispersion characteristics. In the model, the nanoparti-
cles are assumed to be perfectly dispersed throughout
the melt. However, in the laboratory and in manufac-
turing processes, perfect dispersion is not achieved.

In the castings, the nanoparticles are well dispersed;
however, clusters are still present. Figure 3(a) shows the
dispersion of nanoparticles in the Mg-4Zn + 1.5 pct SiC
sample. As can be seen in the figure, cluster areas of the
nanoparticles are distributed throughout the sample.
The EDS mapping of Si (Figure 3(b)) was used to
confirm the nanoparticle cluster areas. Image analysis
software was then used to determine the area fraction of
the nanoparticles. The image analysis showed that the
nanoparticle cluster areas accounted for 0.87 pct of the
image area. This is close to the total volume fraction of
nanoparticles for this sample, 0.91 pct. While the
nanoparticles occur primarily in clusters throughout
the sample, there is significant penetration of the matrix
into the clusters. Figure 4 shows a high-magnification
SEM picture of a cluster region. Matrix material can be
seen separating the nanoparticles, illustrating that even
though the nanoparticles are clustered, they are still
wetted by the matrix alloy. This degree of particle
dispersion is notably lower than that observed in prior
studies when applying the same techniques to nano-
composites based in pure magnesium and aluminum
alloys.!!>-2¢!

While significant strength enhancement in MMNC:s is
theoretically predicted, ductility is not expected to be
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Fig. 3—Particle distribution in a Mg-4Zn + 1.5 pct SiC sample: (a)
low-magnification SEM image and (b) EDS mapping of Si, illustrat-
ing the areas of nanoparticle concentration in the SEM image.

enhanced. Traditional composites®”! with microscale
reinforcements typically exhibit a reduced ductility. In
prior studies with aluminum alloys and AZ91D matri-
ces, nanoparticle comPosites merely maintain the
original ductility."""'*?*] Thus, the ductility enhance-
ment seen in Table I and Figure 1 is quite remarkable.

The SEM images of the unreinforced Mg-4Zn and
Mg-6Zn samples (Figures 5(a) and (c)) show primarily
spherical precipitates dispersed throughout the samples.
These precipitates are two-phase regions comprised of
the Mg,Zn; and Mg phases. The TEM images, EDS
analysis, and diffraction patterns show the two-phase
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Fig. 4—High-magnification SEM image of a nanoparticle cluster in
a Mg-4Zn + 1.5 pct SiC sample.

regions were Mg,Zns (dark region) and Mg (light
region) (Figure 5(e)). This result is consistent with the
observations of Gao and Nie.” These two-phase
regions were not found in the Mg-4Zn + SiC sample
and were only seldom found in the Mg-6Zn + SiC
sample (Figures 5(b) and (d)). In the SiC-reinforced
samples, the Laves phase, MgZn,, was found among the
SiC clusters (Figure 5(f)). The crystal structure of this
phase was identified using diffraction patterns, as seen in
the inset in the figure. In the unreinforced Mg-8Zn
sample, the Mg,;Zn; phase was found as well as the two-
phase regions of Mg,Zn; and Mg. As can be seen in the
phase diagram shown in Figure 6(a), the Mg;Zn; is the
equilibrium phase formed by the reaction L — (Mg) +
Mg;Zn;. The Mg;Zn; phase then decomposes to form
(Mg) and MgZn phases. Gao and Nie report two
transition phases in the Mg;Zn; — (Mg) + MgZn
reaction, one of which has similar structure and com-
position to the Mg,Zny phase.*” This is one possible
route to form the Mg,Zn; phase. Another route is
shown in Figure 6(b), where metastable extensions of
the (Mg) and Mg,Zn; liquidus lines intersect at a
temperature of 336 °C, only 4 deg below the L —
(Mg) + Mg,Zn; eutectic temperature. Below 336 °C, it
is possible to have formed Mg,Zn5 through a metastable
L — (Mg) + Mg,Znj; reaction.

Thermal results via DTA (Figures 7(a) through (f))
support the intermetallic phase formation observed by
microscopy. In the Mg-4Zn and Mg-6Zn samples, peaks
at 329 °C on cooling are seen. This is consistent with the
temperatures where intermetallics are expected to form
both the equilibrium Mg;Zn; phase and Mg,Zns. In the
Mg-6Zn sample, a shoulder on the primary peak is seen
starting at 340 °C (Figure 7(f)), a possible indicator of
Mg,Zn; formation. However, unlike the unreinforced
samples, the Mg-4Zn + SiC sample showed solidifica-
tion had completed before 340 °C, the eutectic temper-
ature (Figure 7(e)). The Mg-6Zn + SiC sample showed
a reduction in the 329 °C peak associated with Mg;Zn;
or Mg,Zn; formation (Figure 7(f)). However, unlike the
Mg-4Zn + SiC sample, the peak was not completely
eliminated, indicating small amounts of intermetallics
still formed at these temperatures. This is consistent with
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the microscopy observations of a small amount of the
two-phase region as well as the MgZn, phase.

In addition to the DTA data showing a suppression of
the Mg-Zn; and Mg,Zn; phases, there is evidence for
the formation of a new phase. It is evident in Figure §
that the Mg-4Zn + 1.5 pct SiC sample has a small peak
at a temperature of ~565 °C on cooling that is not
present in the Mg-4Zn sample. With additional Zn and
SiC, the Mg-87Zn + 3 pct SiC sample has a more
pronounced peak near the same temperature. To inves-
tigate the phase that forms, samples of Mg-8Zn and
Mg-8Zn + 3 pct SiC were prepared by cooling slowly
from the molten state to 550 °C and then quenching in
water to ensure phase preservation. These samples were
then examined with XRD to determine the identity
of the phase that forms at 565 °C. The XRD results
are shown in Figure 9. The monolithic Mg-8Zn sam-
ple shows peaks for the Mg,;Zn; phase, whereas the
Mg-8Zn + 3 pct SiC sample does not. Instead, a peak
closely matching the MgZn phase appears. While it is
difficult to identify a phase from a single peak, it is clear
from XRD examination that the nanocomposite sample
produces different phases when exposed to the same
thermal history as the monolithic sample. Lack of clear
evidence of the MgZn, phase in the XRD results may be
due to the small sizes of this phase. Figure 5(f) shows
that this phase forms in crystals on the scale of 100 nm.
This would cause peak broadening in the XRD results,
and a broad peak of a small quantity of MgZn, could
easily be lost in the noise of the signal. Thus, it is
possible for the MgZn, phase to be present. Following
the thermodynamic modeling of Miettinen,** the melt-
ing temperature of the MgZn phase was determined to
be 465 °C. Thus, it is unlikely for this phase to account
for the peak seen at 565 °C in the DTA curves, further
suggesting that MgZn, is the real source of the peak in
the DTA results.

The microscopy and DTA results show that small
additions of SiC nanoparticles favor a nanoscale MgZn,
phase suppressing micron-scale Mg;Zn; and Mg,Zn;3
formation. Moreover, the MgZn, formation occurs at
temperatures well above the melting points of Mg;Zns
and Mg,Zn;, thus consuming the available Zn, elimi-
nating or reducing the Mg;Zn; and Mg,Zn; phases.
This reduction in size and quantity of intermetallic
phases can reduce stress concentrations in the sample.
Converting the intermetallic phases to the nanoscale
may change the way in which they interact with the
matrix such that the traditional continuum stress
concentrating phenomena typical of microscale inclu-
sions no longer operate. This is illustrated by compar-
ison of the ductility enhancement in the Mg-4Zn + SiC
and Mg-6Zn + SiC nanocomposites. In the case of the
Mg-4Zn + SiC nanocomposite, where microscale inter-
metallic formation is completely suppressed, as deter-
mined from the DTA results, the ductility enhancement
is 120 pct compared to the unreinforced alloy. In the
Mg-6Zn + SiC nanocomposite, where Mg;Zn; and
Mg,Zn; phase suppression is incomplete, the ductility
enhancement is smaller, 40 pct. The ability to manipu-
late intermetallic phase formation via nanoparticle
addition can lead to optimization of MMNC properties
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Fig. 5—SEM images showing the features of the (a) Mg-4Zn, (b) Mg-4Zn + 1.5 wt pct SiC nanocomposite, (¢) Mg-6Zn, and (d) Mg-6Zn +
1.5 wt pct SiC nanocomposite. The TEM images showing (e¢) two-phase precipitate in Mg-6Zn and (f) MgZn, phase in Mg-6Zn + 1.5 wt pct SiC

with SAED pattern of the MgZn, area shown in the inset.

other than strength and ductility. Properties such as
creep resistance, wear resistance, and high-temperature
stability that are impacted significantly by intermetallic
phase formation may be greatly modified.

The development of MgZn, phase formation in the
hypoeutectic Mg-Zn alloys studied is remarkable.
Clearly, for bulk compositions in the hypoeutectic
range, formation of MgZn, at about 565 °C is not
possible. At the same time, the MgZn, phase is only
observed in contact with the SiC nanoparticles. From
this observation, it can be speculated that MgZn,
formation may be promoted by a Zn segregation at
the liquid-SiC nanoparticle interface. Another possibility
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is for trace impurities such as free Si in the SiC
nanoparticles to have altered the intermetallic phase
stabilities in the alloy. However, this is unlikely due to
the small amounts of nanoparticle addition and the high
purity of the nanoparticles (99 pct). It is clear that
additional study is needed to resolve the details of the
MgZn, phase formation. What is quite evident is that
the SiC nanoparticle-induced phase selection has a
significant impact on the bulk material mechanical
properties. The conversion of microscale Mg;Zn; and
Mg,Zn; to a nanoscale MgZn, alters the size scale and
identity of the intermetallic inclusions resulting in a
significant increase in ductility.
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IV. CONCLUSIONS

Mg-Zn based MMNCs with SiC nanoparticle addi-
tion were successfully made using ultrasonic processing.
These MMNCs showed marked improvement in
strength and ductility when compared to unreinforced
alloys. The predicted yield strength enhancements from
Hall-Petch strengthening and Orowan strengthening
were in reasonable agreement with the observed
enhancement. The predicted yield strength enhancement
from the increase in dislocation density due to thermal
expansion mismatch was significantly higher than the
observed enhancement. This may be due to annealing
during cooling and the nanoparticles not being ideally
dispersed, as is assumed in the predicted yield strength.
Additionally, the dislocation density model may be
failing to capture accurately the nanoscale phenomena
occurring, as it was developed for micron-scale rein-
forcements. The significant and unexpected increase in
ductility of the MMNCs was attributed to the nano-
particles suppressing formation of microscale Mg;Zn5
and Mg,Znj; in favor of a nanoscale MgZn, phase. The
suppression of the Mg,;Zn; and Mg,Zn; phases was
verified by SEM observation and thermal analysis. This
nanoparticle induced phase manipulation eliminates
stress concentrations associated with the comparatively
large microscale Mg;Zn; and Mg,Zn; as well as
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changing intermetallic phase identity. Nanoparticle
induced phase manipulation is a promising way of
improving many material properties allowing for highly
tailored nanocomposite materials.
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