Unit 3 Structure-Property Relationships of Materials

Today’ s materials can be classified as metals and alloys, as polymers or plastics, as  ceramics,
or as composites; composites, most of which are man-made, actually are combinations of different
materials.
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Application of these materials depend on their properties; therefore, we need to know what
properties are required by the application and to be able to relate those specification to the

material.
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For example, a ladder must withstand a design load, the weight of a person using the ladder.

However, the material property that can be measured is strength, which is affected by the load

and design dimension. Strength values must therefore be applied to determined the ladder

dimensions to ensure sate use. Therefore, in general, the structures of metallic materials have

effects on their properties.
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Ina “tensile test” a sample is gradually elongated to failure and the tensile force required to

elongate the sample is measured using a load cell throughout the test. The result is a plot of tensile

force versus elongation.
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The problem is that the load required to elongated the sample by a certain extent depends upon the

dimension of the sample. This would be a big problem if , for example. mechanical property data
were to be used to design a bridge, since it is clearly impossible to test an entire bridge. Thus what

1s clearly needed is to make the data from the tensile test independent of the size of the sample.
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Thus, what is clearly needed is to make the data from the tensile test independent of the size of the

sample. To achieve this end, we use “stress” and “strain”.
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The “true” stress( ) is defined as : ,where F=force applied to the sample at any given

instant and A= current cross-sectional area of the sample.
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The “true” strain( ) is defined as : ,where is the current gauge length
and the origin gauge length of the sample.
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True stress and true strain provide the most accurate description of what actually happens to the

material during testing and so are widely used in materials science. For engineering design,

however, there are two problems.
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Firstly, true stress requires a knowledge of the value of A throughout the test, whereas in real
world applications the designer of structures chooses an initial cross sectional area
(AQ). Secondly true strain is not very easy to visualize. Consequently for engineering
applications an “engineering” stress (s) and strain (e) are used in place of true stress and true

strain;

s=F/AOande=(11-10)/10
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Stress has units of Pa (i.e. N m-2) and strain is dimensionless. The concept of a stress is clearly
closely related to that of pressure. Using the definitions of stress and strain given above, the load
versus elongation curve produced by the tensile test can be converted into true stress - strain or

engineering stress - strain curves. Using these curves, it is now possible to describe the
mechanical properties of metals and alloys.
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In true and engineering stress-strain relationships for a  “typical” metal, linear portion of the
stress strain curves the material is deforming elastically at the Initial.
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In other words, if the load were removed the material will return to its initial, undeformed

condition. In the linear elastic region, the “stiffness” or “elastic modulus™ is the amount of
stress required to produce a given amount of strain. For a tensile test, stiffness is described by
Young’ s modulus (E), which is given by:

E=s/eor E=s/e
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The greater the value of the stiffness, the more difficult it will be to produce elastic
deformation. Thus, for example, in selecting a material for the springs of a vehicle, stiffness
would be a key engineering design criterion.
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On exceeding a certain stress, known as the “yield stress” or “yield strength” (sy or sy in true
and engineering stress respectively), the stress - strain curve ceases to be linear and the material
begins to undergo permanent “plastic’” deformation.
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In the plastic region of the stress - strain curve, it is apparent that the stress required to continue
plastic deformation is higher than that required to make the material yield. This phenomenon is
called “work hardening” or “strain hardening”.

RN g — AR e P DA, S8R OR3P ] AR BTG A6 I A L AR el Ja Al B 85 K 1 7 0
Tl BN RBARAEHURRIE L I AR

In the true stress - strain curve, it can be seen that work hardening actually continues right up until
failure at the failure stress sf. In contrast the engineering stress - strain curve shows a maximum
stress, the “ultimate ™ (UTS), prior to final failure.
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During final failure, the sample starts to “neck” down to failure and this is not accounted for
when A0, rather than A, is used to calculate a stress. Nonetheless, for a design engineer, the UTS
is a very useful datum and the UTS (rather than sf) is normally used as the measure of the “tensile

strength”  of a material.
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“Ductile” materials are those that can undergo plastic deformation and so the greater the extent of

plastic deformation, the higher the “ductility” . The engineering strain to failure is a common
measure of ductility. Note: if 11 is measured affer the sample has failed, then the elastic portion
of the sample’ s elongation will be removed, since the applied load is removed when the sample
fails. Thus only plastic deformation and not elastic deformation will contribute to an 11 measured
after failure.
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The “hardness” of a material is a measure of the resistance to plastic deformation. Hardness is
measured by determining the depth or projected area of an indentation produced by a standard
indentor (these can be e.g. tool steel balls or diamonds in the shape of an inverted pyramid,
depending on the technique used).

PRI R 2 BELAS SR PR T AR 1) — AN o T R T8 1o 00 7 e R PR 7 24 ) A ) 9 8
PO BRI R GXEETLLR AR IR = A, T TR EAD .

The higher the hardness of the material, the shallower the indentation for a given load and the
smaller the projected area. Hardness is an important property in many applications. Consider, as
an example, a material intended to serve as the liner for a bearing supporting a rotating
shaft. Many bearing alloys consist of a hard phase in a soft phase. The purpose of the hard
phase is to resist abrasion as the shaft turns. The soft phase serves both to bind the hard phase
into place and allows wear debris to become embedded, thus preventing the debris from damaging
the shaft.
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The “toughness” of a material is a measure of how much energy can be absorbed by the material
before failure. Toughness is determined by subjecting the material to an impact from a swinging
hammer and measuring the amount of energy absorbed from the swing (the less energy is
absorbed, the higher the hammer will swing after fracturing the sample).
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Energy is absorbed by plastic deformation and hence ductile materials show a high toughness. In
contrast, brittle materials can have a high strength, but have negligible toughness. For example, it
is preferable for the crumple zones in your car to absorb as much of an impact as possible through
extensive plastic deformation (even if this totals the car!) than to have your bones undergo brittle

failure.
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Likewise, a concrete guard rail is good for protecting construction workers, because the kinetic
energy of an oncoming vehicle is absorbed by deformation of the vehicle (which can be tough

luck on the occupants of the vehicle if the impact exceeds the energy absorbing capability of the

crumple zones in the car!!).
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In contrast, a steel guard rail protects drivers because plastic deformation of this absorbs energy

efficiently in the event of an impact (but is not so good at protecting construction workers because

the vehicle is not brought to a sudden halt). So do what the signs say and slow down for
construction!
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In addition to the properties discussed above, other mechanical properties are very
important. These include resistance to “fatigue” failure due to cyclic loading and to thermally
assisted, time-dependent “creep” deformation and failure.
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There are many possible examples of the relationship between processing, structure and
properties. However, the following example is chosen because it illustrates a number of the
features discussed in material science.
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Nickel - boron alloys form the basis of brazes used to join many nickel-base alloys, especially in

aerospace. An eutectic forms between nickel and the nickel boride Ni3B and so a nickel-boron
braze can melt and flow without melting the nickel-base materials to be joined.
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However, boron diffuses as an interstitial in nickel and can diffuse rapidly away into the
substrates. Dispersing the boron removes the liquid (which was only there because, by forming
an eutectic, boron depresses the melting-point of nickel) and this allows components to operate at

high temperatures without these melting in service.
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A problem with using boron-containing brazes is that Ni3B is very brittle and this means that these
brazes can not be produced as a sheet by conventional means, such as rolling. Thus, these types

of brazes are often used as a powder which is inconvenient to handle and oxide from the surface of

the powder particles can reduce the strength of joints. As an alternative, a molten nickel - boron
alloy can be sprayed onto the surface of a rapidly spinning copper wheel, which carries heat away
very efficiently.
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This process is called “melt-spinning” (caution: a completely different process for making
polymer fibers has the same name!). Given the very high cooling rate, the liquid can not
crystallize and a metallic glass is formed. Thus, no borides are formed and the resulting foil is
quite ductile and can easily be placed into position in the joint. During heating to the bonding
temperature, as soon as the temperature becomes hot enough for diffusion to occur, the metallic
glass crystallizes.
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Crystallization takes place far below the equilibrium melting temperature and the result is lots and
lots of nucleation and very little growth so that a very fine grain size is produced. Ni3B is
precipitated during crystallization and this does make the foil brittle, but this doesn’ t matter at this
stage since the foil is about to be melted for the brazing operation.
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