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Abstract

We have introduced a polymer precursor into molten magnesium and then in-situ pyrolyzed to produce castings of metal matrix composites
(P-MMCs) containing silicon-carbonitride (SiCNO) ceramic particles. Stress-rupture measurements of as-cast P-MMCs was performed at 350 °C
(0.69TM) to 450 °C (0.78TM) under dead load condition corresponding to tensile stress of 2.5 MPa to 20 MPa. The time-to-fracture data were
analyzed using the classical Monkman–Grant equation. The time-to-fracture is thermally activated and follows a power-law stress exponent
exhibiting dislocation creep. Fractography analysis revealed that while pure magnesium appears to fracture by dislocation slip, the P-MMCs fail
from the nucleation and growth of voids at the grain boundaries.
© 2017 Production and hosting by Elsevier B.V. on behalf of Chongqing University.
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1. Introduction

Mg-alloys are the potential candidate materials to be
employed in transport applications because of the combination
of high specific strength and enhanced fuel efficiency [1,2].
However, precipitation hardened Mg-alloys lose their viability
at elevated temperatures owing to the Oswald ripening mecha-
nism [3]. Hence, dispersion strengthened metal matrix compos-
ites (MMCs) are preferred choice of high temperature material
design as ceramic particles do not coarsen especially at elevated
temperature regimes [4,5]. The creep properties and creep
mechanisms of MMCs are mainly determined by being able to
impede the glide or climb motion of dislocations at elevated
temperature, which depends greatly on the particle size and
volume fraction of the reinforced ceramic particles. As Orowan
strength inversely scales with size of reinforced particles,
nanoscale ceramic particles are needed to impede dislocation
motion for any meaningful increase in the creep strength of

MMCs. At high volume fractions where the metal channels
between the particles may be narrower than the average spacing
between the dislocations; their movement is geometrically con-
strained [6]. The γ−γ’ single crystal super alloys are a sterling
example of how high volume fractions of the γ’ phase can be
employed to achieve creep resistance at elevated temperatures
[6]. Solidification processing of MMCs having higher volume
fraction of nanoscale ceramic particles is often a challenging
task owing to particle agglomeration caused by Van der Waals
force of attraction. Therefore, dilute volume fractions (1.0 to
2.5 vol %) of nanoscale ceramic particles are most often pre-
ferred in metal matrix nanocomposites (MMNCs) [7]. Most of
the technical challenges (non-uniformity of particle distribu-
tion, poor wettability and weak interfaces) in solidification pro-
cessing of MMCs can be greatly reduced by adopting in-situ
composite approach by which ceramic particles are generated
within the molten state via chemical reaction between the added
precursor and the host metal. Investigators at the University of
Colorado and the Indian Institute of Science have been collabo-
rating to explore the possibility of enhancing the creep resis-
tance performance in polymer-derived metal matrix composites
(P-MMCs) by utilizing the in-situ pyrolysis approach [8–14].
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Noteworthy feature of this in-situ pyrolysis approach is that no
chemical reaction between polymer precursor and the host Mg
is required to produce ceramic particles as polymer contains all
the constituents of ceramic phases within organic molecules
itself [8,9]. The in-situ pyrolysis is a highly reactive process,
accompanied by the evolution of hydrogen, which disperses the
ceramic phase into nanoscale or sub-micron constituents [8,9].
Nanoscale particles of polymer derived ceramic (PDCs) dis-
persed into metals can be expected to impede dislocation
motion and resist coarsening at high temperatures, there by
holding the promise of a new genre of polymer-derived metal
matrix composites (P-MMCs).

Ferkel et al. [15] reinforced the Mg matrix with 3 vol% of
SiC nanoparticles via ball milling process and achieved the
higher flow stress and lower creep rate as compared to pure Mg.
Labib et al. [16] studied the impression creep of extruded
Mg-SiCp composites and observed that dislocation creep as a
dominant creep mechanism with improved creep performance.
Despite the fact that several researchers investigated the creep
and mechanical properties of MMCs [15–18], less attention has
been paid to explore the stress-rupture behavior of in-situ pro-
cessed MMCs. In the present study, we have made an attempt to
measure the stress-rupture properties of in-situ magnesium
metal matrix composites (P-MMCs) containing polymer
derived SiCNO dispersoids in the temperature range of
350–450 °C.

2. Experimental procedures

2.1. In-situ processing

Pure magnesium (99.9%) and a polysilazane precursor
(Ceraset, KiON Defense Technologies), were selected as the
starting materials. The processing methodology essentially
comprises of two fundamental steps namely, (i) cross-linking
the liquid precursor, at about 350 °C, which yields a hard and
brittle organic material followed by ball-milling process to
produce micron-sized polymer particles (mean particle size is
in the range of 1 to 50 µm), and (ii) dispersing the ceramic
particles via in-situ pyrolysis of cross-linked polymer particles
within molten Mg at about 800 °C followed by solidification
[8,9]. In-situ pyrolysis releases hydrogen gas and other organic
based volatile compounds to leave behind the sub-micron/nano-
sized thermally stable SiCNO ceramic dispersoids in the mag-
nesium matrix [8,9]. The amount of cross-linked polymer added
to the melt was adjusted to achieve an estimated volume frac-
tion of 2.5% of the amorphous SiCNO ceramic phase assuming
a density of ~2 g cm−3 for the ceramic and an 80 wt% yield from
the polymer into the ceramic state [19].

A sketch of the casting set up is shown in Fig. 1. The castings
were made by the stir-casting technique inside a glove box
within which the oxygen level was maintained to below 1 ppm.
200 gm of magnesium blocks was heated to a temperature of
700 °C using electrical resistance furnace. A mechanical impel-
ler was rotated at 600 rpm in order to create a vortex within the
melt. A funnel placed close to the surface of the melt was used
to channel down the cross-linked polymer into vortex of the
molten metal. After the polymer addition, the temperature was

increased to 800 °C to complete the conversion of polymer into
ceramic phase. The stirring action was continued for another
15 min to achieve the homogenous dispersion of PDC particles
throughout the melt. Finally, the molten slurry was poured into
a preheated (at a temperature of 100 °C) split-cast iron mold to
produce castings. For comparative purposes, pure magnesium
was also fabricated by a similar control. The test coupons
including flat dog-bone specimens were machined out from the
castings. The flat dog-bone specimens had a gauge length of
30 mm, a width of 6 mm and a thickness of 3 mm. These test
coupons were used for microstructural analysis and stress-
rupture testing.

2.2. Stress-rupture tests

Stress-rupture behavior of the fabricated pure Mg and com-
posites was investigated by home-built high temperature testing
instrument as shown in Fig. 2. Stress-rupture data were
obtained at a temperature in the range of 350 °C to 450 °C
under dead loading conditions corresponding to tensile stresses
of 2.5 MPa to 20 MPa in accordance with the ASTM standards
[20]. Temperature controller was used to maintain the constant
temperature throughout the specimen using an electrically

Fig. 1. Schematic diagram for casting set up with mechanical stirring. The set
is placed inside a glove box with oxygen levels of less than 1 ppm.

Fig. 2. Schematic diagram of home-built stress-rupture testing configuration.
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resistant heating filament. A video camera was installed to
monitor the positional change of dead load such that failure of
ruptured specimen can be tracked continuously in order to
determine the time to fracture in the stress-ruptured specimens.

2.3. Material characterization

The microstructures and fractography of as-cast and stress-
ruptured composites are characterized using scanning electron
microscope (Sirion, Model: VL3FEG). Spot chemistries for Si,
C, N, Mg and O are characterized by energy-dispersive spec-
troscopy (EDS). The size and morphology of nano-sized
SiCNO particles in as-cast composite are analyzed by transmis-
sion electron microscope.

3. Results and discussion

Fig. 3 shows the microstructures of polymer-derived mag-
nesium matrix composites at different magnifications. EDS
analysis on the PDC particles revealed the presence of Si, C, N
and O (Fig. 3(a)). The average grain size of the fabricated
P-MMCs is found to be in the range of 40–60 µm, while it was
400–450 µm for the case of unreinforced pure Mg specimen.
The grain size reduction of as-cast P-MMCs could be attributed
to two primary factors; (i) availability of heterogeneous nucle-
ation sites (SiCNO and Mg2Si phases) and (ii) restricting grain
growth during solidification [8,9,13]. It can be observed that
most of the PDC particles segregated at the grain boundaries as
shown in Fig. 3(a) through Fig. 3(c). This may be ascribed to the
rejection of PDC particles by solidification front during casting
process [8,9,13]. The formation of Mg2Si phase (marked as A)
is evident in the fabricated P-MMC as depicted in Fig. 3(a).
This happens because of the chemical reaction between the
added polymer precursor and the host magnesium [8,9,13]. The

morphology of PDC particles showed two distinct features
(round or spherical and rod-like or platelet types), which is
almost similar as observed in our earlier work [7,8]. TEM
micrograph confirms the existence of nano-sized SiCNO
ceramic particles (mean particle size is in the range of 200–
500 nm) within the grain matrix of magnesium. Line profile
chemical analysis confirmed the presence of Si-atoms in silicon
oxy-carbonitride (SiCNO) ceramic particles as seen in
Fig. 3(d). One of them has a lenticular shape which is typical
feature of an amorphous material at a grain boundary, as
observed in the dispersion of silica-glass particles in copper
produced by internal oxidation [21].

The experimental data for the time-to-fracture as a function
of stress and temperature were analyzed using the classical
Monkman–Grant equation as follows [22]:

�ε εt f MG= (1)

where �ε is the steady state strain rate, tf is the time to fracture,
and εMG is related to the Monkman–Grant strain. The
Monkman–Grant strain is equal to the strain accumulated
during the steady-state creep regime of the experiments, which
produces uniform deformation in the specimen gauge length.
The values for εMG for all specimens were determined from the
reduction in the cross section area of the gauge section using the
equation;

εMG
o

f

A

A
=

⎛
⎝⎜

⎞
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ln (2)

where Ao is the initial cross section, and Af is the final cross
section of the stress-ruptured samples. Notice that the cross
section area was measured away from the fracture surface,
where the deformation had not been localized. The steady-state

Fig. 3. (a) Microstructure of Mg matrix composites with Energy Dispersive Spectrum (b) and(c) Microstructures showing the grain boundary segregation of SiCNO
particles along with particle morphology, and (d) TEM micrograph depicting the existence of nanoscale SiCNO particles in the magnesium matrix.
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creep strain rate �ε( ) was then determined by inserting the
experimental values for εMG and tf into Eq. (1).

Toaz et al. [23] reported the deformation mechanism map
for Mg polycrystal (mean grain size of 100 µm) where one
creep mechanism dominates over the others depending upon
temperature and applied stress. Although deformation
mechanism map [24] is for primarily metals or alloys; still it
provide a framework for the design of engineering materials
such as metal matrix composites especially with a dilute
volume fraction of ceramic particles. Stress-rupture data span
from 0.69Tm to 0.78Tm under applied stress (σ) of 10−4 to 10−3

(σ/G) where G is the shear modulus of the composites. As
verified from Ref [24], it is predicted that the high temperature
power-law creep may control the stress-rupture behavior of
fabricated Mg matrix composites for temperature-stress ranges
covered in the present study. We have assumed that steady-state
creep strain rate in Eq. (1) is expected to obey the power-law
creep behavior given by the following equation [24]:

�ε σ=
−⎡

⎣⎢
⎤
⎦⎥A expn

Q

RT (3)

where, σ is the applied tensile stress, n is the power-law stress
exponent, R is gas constant, Q is the activation energy, R is gas
constant, T is temperature in K, and A is a materials-specific
parameter that depends on the microstructure. The value of n in
Eqn (3) was determined by plotting the logarithm of the strain
rate versus the logarithm of the stress, at a given temperature.
The slope of these graphs yields the value for n. The value for
the activation energy was obtained by combining Eqn (1) with
Eqn (3) into the following form:
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The experimental values of tf, εMG, and σ together with the
values for n as estimated above, were plotted in a log-log plot
with different values of Q.

The stress-rupture data for all investigated specimens are
given in Table 1. It shows the nine results for pure-Mg and a
similar number for the P-MMC specimens. Three specimens
were prepared and tested for each of the nine results. As seen in
Table 1, the time-to-fracture ranged from just a few minutes
(0.03 h) at 450 °C and 7.5 MPa in pure Mg, to 432 h at 400 °C

and 5 MPa in the P-MMCs. The time-to-fracture for the com-
posites is lengthened by three orders of magnitude relative to
pure magnesium. Several microstructural factors are believed
to be the main reasons for such enhancement in stress-rupture
performance of the fabricated P-MMCs. They include (i)
Orowan strengthening by the presence of nano-sized PDC par-
ticles in the magnesium matrix, (ii) improved interfacial
bonding strength between the PDC particles and the magne-
sium matrix, and (iii) higher probability of arresting the grain
boundary sliding movement as well as grain boundary growth
owing to the segregation of PDC particles at the grain
boundaries.

Vagarali et al. [25] investigated the creep behavior of Mg
polycrystal over the temperature range from 200 to 547 °C by
isothermal creep testing. They determined that the power-law
stress exponent “n” is 6 for dislocation creep, and activation
energy is found to be stress dependent (140 + [295/σ] kJ/mol).
The graphs for stress-rupture data at 450 °C and 350 °C are
shown in Fig. 4(a) (the data for 400 °C yielded similar slope but
is not included in the figure for clarity). These plots yield
n = 6–7 which is consistent with the values reported by Vagarali
et al. [25]. This suggests that the mechanism of power-law creep
is controlled by dislocation assisted creep and similar values for
pure Mg and the composites represent creep mechanism remain
the same in both of these materials. The best fit to the data for
both pure Mg and the composite are shown in Fig. 4(b); they
yield Q kJmol= −215 1 for Mg and Q kJmol= −190 1 for the
composite, again in agreement with the value reported in the
literature [26]. The modification of MG equation has been sug-
gested by several researchers to understand the role played by
reinforced ceramic particles in the stress-rupture behavior of
the MMCs [16,27,28]. However, no such modification is
required as stress-rupture data fits well with Monkman–Grant
equation in the present work (see Fig. 4(b)). It is well-
documented that power-law creep equation applies to the com-
posites, even though the voids at the grain boundaries grow by
diffusional mechanisms. This is because of their growth rate
must be accommodated by matrix deformation, which eventu-
ally then becomes the rate controlling process in the fracture
mechanism of the composites [29]. The unusual higher values
of n and Q in pure Mg relative to P-MMCs may be attributed to
extensive cross-slip of dislocation from basal to non-basal
planes at elevated temperatures [26]. The existence of large

Table 1
Summary of stress-rupture data for the present work.

T °C Pure Mg P-MMC

Stress (MPa) Time to rupture (hr) MG strain Creep rate (s−1) Stress (MPa) Time to rupture (hr) MG strain Creep rate (s−1)

450 2.5 155 ± 6.8 0.24 ± 0.02 4.8 × 10−7 5 25.9 ± 1 0.029 ± 0.001 3.1 × 10−7

450 5 0.74 ± 0.3 0.25 ± 0.02 9.4 × 10−5 7.5 8.2 ± 1.4 0.031 ± 0.005 1.15 × 10−6

450 7.5 0.03 ± 0.01 0.26 ± 0.04 2.4 × 10−3 10 0.7 ± 0.06 0.040 ± 0.003 1.55 × 10−5

400 5 24.1 ± 3.8 0.24 ± 0.09 3.0 × 10−6 5 432 ± 3.0 0.031 ± 0.002 1.9 × 10−8

400 7.5 0.6 ± 0.15 0.25 ± 0.01 1.1 × 10−4 10 8.4 ± 0.2 0.024 ± 0.005 7.97 × 10−7

400 10 0.1 + 0.01 0.26 ± 0.06 7.2 × 10−4 15 0.5 ± 0.05 0.039 ± 0.004 2.18 × 10−5

350 7.5 9.1 ± 2.04 0.24 ± 0.01 7.5 × 10−6 10 107 ± 10 0.036 ± 0.003 9.4 × 10−8

350 10 4.7 ± 0.14 0.25 ± 0.02 1.5 × 10−5 15 12.6 ± 4.1 0.028 ± 0.009 6.1 × 10−7

350 15 0.2 + 0.05 0.26 ± 0.01 3.5 × 10−4 20 0.9 ± 0.08 0.032 ± 0.002 1.01 × 10−5
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amount of slip bands in stress-ruptured pure Mg as seen in
Fig. 5(a) confirms this extensive cross-slip activity.

It is reported that cavities often nucleate at the grain bound-
aries, and grow as deformation progresses, causing fracture
when a certain limit of strain/cavities is attained [16]. For the
case of P-MMCs, cavity formation is expected to occur usually
at the metal-ceramic interface. It is well-known that in-situ
MMCs consist of ultra fine-sized and thermodynamically stable
ceramic particles, clean and unoxidized ceramic-metal inter-
faces with high interfacial strength, due to improved wettability

[30]. This is also true for the fabricated in-situ Mg-based
P-MMCs in the present work. In fact, TEM micrograph con-
firmed the existence of clean interface between PDC particles
and the magnesium matrix as shown in Fig. 3(d). The strain to
fracture for pure Mg was 25% but only 3.5 ± 0.5% for the
dispersion strengthened P-MMCs, which is typical of inter-
granular embrittlement at elevated temperatures arising from
the nucleation and growth of voids at the grain boundaries
[31,32]. This means that matrix deformation is certainly limited
by the presence of PDC particles in the stress-ruptured
P-MMCs. The micrographs of the fracture surfaces in Fig. 5(a)
contrast the transgranular fracture in pure magnesium, also
reported by Tegart [26], with intergranular fracture in disper-
sion strengthened P-MMCs as shown in Fig. 5(b). The fracture
morphology shows a transition from transgranular failure in
pure magnesium to intergranular fracture by cavitation in the
composite as verified in Fig. 5. While pure Mg fails by
transgranular fracture because of extensive cross-slip activities,
P-MMCs exhibit intergranular fracture mode owing to to nucle-
ation and growth of cavities at grain boundaries.

After performing the comparative analysis as seen in
Table 2, the creep resistance performance of the fabricated
P-MMCs appears to be more or less better than that of creep
resistant AE44 Mg-alloys and other Mg/n-SiC composites
reported in Refs [15,33,34]. In summary, the trend in stress-
rupture data illustrates clearly that polymer derived SiCNO
ceramic phase provides a higher resistance to grain matrix
growth and grain boundary sliding during creep deformation
within P-MMCs, where as pure Mg does not hold this capabil-
ity at elevated temperatures. This also confirms the non-
coarsening properties of the polymer derived ceramic phase. It
is expected that stress-rupture performance of P-MMCs
described here may encourage research communities to develop
variety of P-MMCs with other commercial Mg-alloy castings in
the near future. However, care must be taken to control the
dispersion of the PDCs in the commercial Mg-alloy melt.

4. Conclusions

1. Stress-rupture behavior of polymer-derived MMCs obeys
power-law creep with stress exponent n of 6 exhibiting

Fig. 4. a) Logarithmic plot of strain rate vs. applied stress, and (b) Logarithmic plot to determine the apparent activation energy (Q).

Fig. 5. Fracture surfaces from stress-rupture experiments showing the transition
from transgranular fracture in pure Mg to intergranular fracture in P-MMCs.
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dislocation creep. The time-to-fracture for the composites
is lengthened by three orders of magnitude relative to
pure magnesium.

2. Fractography analysis revealed that while pure magne-
sium appears to fracture by dislocation slip, the polymer
derived MMCs fail from the nucleation and growth of
voids at the grain boundaries.

3. The presence of thermally stable SiCNO particles which
segregated near to grain boundaries produces highly
stable microstructures during creep deformation until
fracture mode to become intergranular by void’s nucle-
ation and growth.

4. In the longer term, the remarkable high temperature
mechanical properties of polymer derived MMCs hold
the intriguing possibility of their deployment in automo-
bile engines.
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