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ABSTRACT
In engineering, how solid materials behave to environment and external forces
(such as tensile and compressive forces, torsion, bending and shear) must be known.
The threats to structural elements can be categorized in time factor and failure models,
such as: time-dependent, time-independent, stable over time. Time-dependent threats
(Stress Corrosion Cracking (SCC), corrosion and plastic deformation) and timeindependent threats (natural forces, damage caused by third parties, improper
operations) are random events and their appearance is generally not predictable. Stable
over time threats, such as both construction and manufacturing defects are possibly
considered as time-dependent due to its potential growth generated by load cycles.
However, potential failure of any defect can be increased by the effects of fatigue
induced by load cycles. This paper shows how the magnesium alloy ZC71 reinforced
with silicon carbide (SiC), when subjected to cyclic loading, can have two or three null
stress zones which can lead to variations in the equilibrium equations of the Strength of
Materials. Different tension and compression behaviors can accentuate the appearance
of these areas in such a way that they are not necessarily symmetrical to a neutral axis,
in the case of bending, which can result in not as predictable fracture behavior over
time. Numerical simulations have been made of a homogeneous beam of rectangular
section where alternating loads which are capable of plasticize the material have been
applied. The material has different behavior in both tension and compression as it
plasticizes in some compressive load magnitudes or in tensile and compressive load
magnitudes. Numerical simulations of a homogeneous material with the same behavior
in both tension and compression are also performed. In every case null stress graphs in
the cross section of the beam are created. In these graphs, variations of the neutral axis
can be seen once the beam has plasticized and loading and unloading of loads are being
made.
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1. INTRODUCTION
When materials are subjected to fatigue, a progressive fracture appears. This fact causes
permanent deformation of the different mechanical and/or structural components. In many
cases, this slow deformation ceases because of the disappearance of the force which produces
it, due to the deformation itself. When plastic-elastic deformation continues for a long time, the
material is then broken. In this paper magnesium alloy reinforced with SiC particles, which is
subjected to repeated or cyclical stress, for example a vibration, is analyzed. Although the
maximum effort never exceeds the yield strength, the material can break even after a short time.
In the fatigue, any apparent deformation is observed, but small cracks are developed. These
cracks propagate through the material until the rest of the effective area cannot support the
cyclic load maximum effort. Knowledge of the tensile stress, the yield strengths, the plasticelastic deformation resistance of the materials and the fatigue are extremely important in
engineering design.
Many of the elements of construction engineering and mechanical engineering are subjected
in service to variable loads, the design of the elements subjected to variable loads should be
done by a theory that takes into account the factors that influence the emergence and
development of cracks, which can lead to failure after a number of repetitions (cycles) of effort.
The growing interest of the designers in having materials, which combine good mechanical
properties with low weight, has led to a significant development of metallic matrix composite
materials. The presence of reinforcement (fiber or particle) gives these materials interesting
mechanical properties.

2. METHODOLOGY
In this paper, numerical simulations of a composite material beam, of metallic matrix reinforced
with ceramic particles, at room temperature (23ºC) are developed. The evolution of the neutral
axis and the plastic areas are studied. The paper aims to address the following objectives:
•

Characterize the ZC71 magnesium alloy reinforced with silicon carbide particles with both a
tensile and compression test respectively.

•

Analyze the influence of different material behavior in tension and compression in a structural
element of PMMC’s subjected to alternating bending loads.

•

Determine the effect produced by different yield strengths (tensile and compressive) in the
unloading status.

•

Develop the null stress graphs in the central cross section of the beam and thus check the
relationship between the plastic-elastic borders of the stress profile with the null stress points.
These numerical results can be provided as a study which could incentive to material resistance
theories to mathematical formulations that include the offset of the neutral axis in both loading
and unloading situations when mechanical elements are plasticized.

•

Compare the numerical results with analytical predictions.
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2.1. Material
The mechanical properties of the reinforced magnesium alloy have been obtained through quasi
static tension and compression tests. A servo-hydraulic testing machine has been used with a
0.02 s-1 strain rate. Figure 1 shows stress-strain curves which have been made in both tension
and compression on the metallic matrix composite material ZC71 reinforced with ceramic SiC
particles in 12%.

Figure 1 Stress-strain curves in tension and compression on the ZC71 magnesium alloy reinforced
with SiC particles.

Magnesium forms hexagonal crystallographic compact structures (HCP). This structure is
very common in metals (beryllium, titanium, zinc) and it strongly influences its behavior in σε curves. At room temperature (20ºC) the only slip plane is (0001) and the corresponding slip
direction is [1120] (see Figure 1); from 225ºC other slip planes appear which are (1011) and
(1012). Cleavage planes are (0001), (1011), (1012) and (1010) (Schmid, 1950).

2.2. Numerical Analysis
Finite elements commercial software ABAQUS/Standard was used for simulation. The 3D
model is a rectangular beam with a cross section of 0.25 m x 0.25 m and a length of 1.8 m. It is
subjected to a uniformly distributed load and with a cyclic temporal variation (see Figure 2).
Figure 3 shows a graph of the load constituted by three load cycles. Regarding the amplitude
of the cyclic loading, three cases have been considered. In the first one (Case A) the amplitude
of the applied load is 4.0 MN/m2, in the second one (Case B) the amplitude of the applied load
is 4.9 MN/m2 and in the third case (case C) the amplitude of the load is 3.5 MN/m2. In the study,
the kinematic hypothesis known as Navier-Bernoulli hypothesis has been considered to be used,
where, in the deformation of the prismatic solid, normal plane sections remain plane after
deformation. Furthermore, it is assumed that the normal plane sections are non-deformable in
its plane, this hypothesis allows obtaining displacements at any point of the cross section from
only six degrees of freedom (rigid plane position), associated normally to the three displacement
components and to the three components of the center of gravity (G) rotation of the cross
section.
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Cyclic loads result in unloading stresses in the material; so that if the material has residual
stresses or permanent deformation upon reaching the maximum load, permanent deformation
will always be present in the material although the load has disappeared altering the balance of
cross section in the following uploads and downloads.

Figure 2 Mesh of the beam in the numerical model

Figure 3 Cyclic load applied

3. NUMERICAL RESULTS AND DISCUSSION
The process of obtaining the profile of normal stresses to the central section of the beam for a
given instant t0 depends on its entire previous history of stresses. In each case the stresses profile
is obtained by adding to the stresses profile in t = t0 (s), the increased stresses caused by the
load applied in the time interval corresponding to the elastic unloading.
CASE A. In the loading process, the neutral fiber will maintain a value of 0.5L while the
material has not plasticized as it starts to plasticize first during compression at the top of the
beam. In order to reach the equilibrium of moments in the cross section of the beam, the neutral
axis will scroll below 0.5L, so that when the load has reached the maximum value in 20, the
neutral axis is located in 0.6L.
Figure 4 shows the time when the load has reached the maximum value. The upper fiber
has plasticized to a greater extent than the lower fiber unloading from 20s to 42.75s (as seen in
the unloading). The result will be the appearance of null stress in the central cross section due
to the appearance of two local maxima that match the elastic-plastic borders of the materials
when it had reached the maximum load.
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Figure 4 Stress status of the cross section for t=20s and t=42.75s

Figure 5 shows the stress-strain diagrams which have be obtained in both the lower (figure
5.a.) and upper (figure 5.b.) fibers in the time interval [0, 42.75s]. The sign change in the stress
in both fibers (lower and upper) can be seen as a result of the sign change of the load.

Figure 5 Stress-strain diagrams of the cross section for the time interval [0, 42.75 s] in both a) lower
fibers and b) upper fibers

Figure 6 diagrams, in t=59.75 s, when the load is about the reach the maximum value in the
opposite direction, it can be seen how the neutral axis reaches a value close to 0.4L moving
upwards. In the unloading process up to 80 s, two null stress points appear, and just over 80 s
three points appear due to the load between 80 and 100 s.

Figure 6 Stress status of the cross section for t=20 s, t=42.75 s, t=59.75 s and t=80 s

In the graphs of Figure 7, for t = 100 s, after the second loading in the positive direction, it
can be seen how the fibers are a permanent deformation which causes the placement of the
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neutral axis in 0.6L, and in 0.4L after the second loading in the negative direction. In the 120 s
and 160 s, two points of null stress can be seen, from 120 s to 122.75 s. From 160 s to 162.75 s
three points of null stress appear due to unloading that occur in both cases (loads in the opposite
direction).

Figure 7 Stress status of the cross section for t=100 s, t=120 s, t=140 s and t=160 s

Figure 8 shows the respective stress-strain diagrams in both upper and lower fibers in the time
interval [0, 160 s].

Figure 8. Stress loading and unloading in both upper and lower fibers of the central cross section of
the beam in the time interval [0, 160 s].

Figure 9 shows the evolution over time of the width of the plasticized upper and lower areas.
The following details can be seen:
•

The section initiates its plasticizing in the upper fiber when compressing.

•

At t = 20 s at maximum load, the plasticized compression area is much higher (38% of the
section) that the plasticized tensile area.

•

At t = 60 s the load is reversed as it passes to be under compression suffering therefore this fiber
a sharp plasticizing.
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Figure 9 Evolution of the width of the plasticized area

Increasing the plasticized zone will create a section subjected to a diminishing elastic
stresses, which will cause that, in repeated cycles, a sudden failure can occur. The accumulation
of damage, which can be seen in figure 9, can be identified by the following expression: as
plasticizing curves in cross section approach, it indicates that the cross section is about to suffer
sudden breakage because the plasticized area is such that normal stresses will create breakage
in the elastic cross section [18]. By reducing the part of the cross section which works in elastic
rate, breakage will sudden occur in values below the yield strength [19].
CASE B. A case has been simulated where the material will only lead to plasticizing
compression. The amplitude of the cyclic loading has become equal to 4.0 MN / m2, whereby
the material is initially only carried to plasticizing by compression.

Figure 10 Stress status of the cross section for t=40 s

It can be seen that there is only elastic-plastic border in the stress profile achieved in t = 40
s which corresponds to the area under compression. When elastic unloading happens, only local
border will appear, therefore, two null stress points will rise.
CASE C.- This case has been simulated to study the behavior of a material with equal tensile
and compressive behavior to compare this one with cases discussed above. In this case the
tensile behavior (figure 1) has been considered equal to the compression and the amplitude of
the load has become equal to 3.5 MN / m2, thus, the material is carried to the initial plasticizing
in both tension situations.

3.1. Stress Planes Graphs
Stress planes graphs are presented below for the three simulated cases (A, B and C). For case
A, figure 11 shows the evolution in time of the location of the neutral fiber. At the beginning
of the application of the load, plasticizing occurs in the compressed area and therefore the
neutral axis steps down faster to the tensile zone.
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Figure 11. Evolution of the neutral fiber in case A

The graph shows the appearance, in few moments of time, of three null stress points (neutral
fibers). These three neutral fibers coexist, for example, in the time interval [40.5 s, y 46.75s].
They appear at the time when the load begins to change its sign and are due to residual stresses
that appear first in the compressed area (where the appearance of residual stresses can be seen
at 34.5 s, approximately) and then in the tensile area. Non-simultaneous occurrence of residual
stresses is that the elastic-plastic boundaries differ in the material as it does not behave similarly
when being under tension or compression. It may be noted that, following the example of the
interval [40.5 s, y 46.75s], two of the neutral axes coincide at one at the end of that time interval;
this neutral axis is then closer to the tensile area.
Figure 12 shows the evolution in time of the location of the neutral fiber. As in the previous
case, from t=10 s, plasticizing occurs in the compressed area and therefore the neutral axis steps
down faster to the tensile zone. From t=20 s to t=40 s, some of the fibers under compression
will be under tension but closer to the lower fiber. Fibers subjected to tension will remain the
same, therefore another null stress point does not appear.

Figure 12 Evolution of the neutral fiber in case B

Figure 13 shows the evolution of the position of the neutral fiber during the application of
the load (two cycles of 80 s). How the neutral line remains at the medium fiber of the section
can be seen, but on reaching the vicinity of 40 s, two other null stress points located
symmetrically start to appear. This is because the unloading causes a symmetrical distribution
of residual stresses. The apparent loss of symmetry at t = 85 s or t = 125 s is possibly due to
numerical reasons.
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Figure 13 Evolution of the neutral fiber in case C

4. CONCLUSIONS
The difference in the behavior of the material under both tension and compression has
significant influence, especially when the material is subjected to cyclic loading. In the case of
a beam, the difference in this behavior results in alterations in the position and number of lines
or neutral axes and in the position of the elastic-plastic boundaries. The numerical results can
be predicted using general theories of Resistance of Materials.
The materials are subjected to alterations of their equilibrium condition in service; both
having different tensile and compressive behavior (cast iron and in our case the metal matrix
composite ZC71) as well as metals like steel, aluminum, etc. When subjected to cyclic loading,
as shown in the case C, there are moments of time that permanent deformations can produce
two null stress points, although in cases of equal tension and compression behavior, null stress
points are symmetrical approximating the behavior to basic theories of equilibrium of the cross
section of a continuous beam.
It is known that this work hardening is a material hardening because of a plastic deformation
macroscopically which has the effect of increasing the dislocation density of the material
deformation. As the material is saturated with new dislocations, resistance to formation of new
dislocations and their movement is created. This resistance to the formation and movement of
dislocations manifests macroscopically as a resistance to plastic deformation. This movement
of dislocations is what produces the plastic deformation (irreversible) as propagated by the
crystal structure. At normal temperatures when a material deforms, dislocations are also created
(in such a way that they exceed the ones that disappear), and cause tensions in the material,
preventing other dislocations the free movement of these. This leads to increased material
strength and the consequent decrease in ductility and the material will fail because of fatigue in
its service life; but this study helps us to try to predict which behavior may have the metal in
times prior to fracture service, to try to infer more knowledge the time of the breakage.
A graph of neutral fiber helps to establish the appropriate equilibrium depending on the
stress state of the cross section and to predict the behavior of the material once started
plasticization, being very useful for materials that can absorb great deformation energy before
breakage.
Suitable heat treatment can reduce residual stresses trapped in the plasticizing process for
possible reuse of the material.
The plastic moment born in cross section under compression plus bending moment must be
balanced with the plastic moment under tension plus the bending moment.
It would be necessary to establish the behavior of partially or fully laminated areas in
different types of cross section to more accurately predict behavior in service of any plasticized
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cross section during work cycles, if the cumulative damage of a plasticized metal without
cracking zones, or breaks, can play an additional service.
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