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Chapter 3  Mechanical Properties 369

FIGURE 9.2-7

Specimen geometries used
for tensile testing: {a} cylin-
drical and (hi flat speci-
mens. {Source: Copyright
ASTM. Reprinted with per-
mission.}

|<— Gage length —*I

(a}

i‘— Gage length —>|

{b) /

tensile testing of metals, and then describe the corresponding procedures for ceramics and
polymers (testing of composites is descri]:ed in Chapler 14).

Figure 9.2—7 shows two specimen gecmetries recommended by the American Society
for Testing and Materials (ASTM) for tensile testing of metals. The choice of specimen
geometry and size often depends on the product form in which the material is to be used
or the amount of material available for samples. A flat specimen geometry is preferred
when the end product is a thin plate or sheet. Round—cross section specimens are pre-
ferred for products such as extruded bars, forgings, and castings.

As shown in Figure 9.2--8a, one end of the specimen is gripped in a fixture that is
attached to the stationary end of the testing machine; the other end is gripped in a fixture
attached to the actuator (moving portion) of the testing machine. The actuator usually
moves at a fixed rate of displacement and thug applies load to the specimen. The test
usually continues until the specimen fractures.

During the test, the load on the specimen is measured by a transducer called a load cell;
the strain is measured by an extensometer (a device for measuring the change in length of

Stationary
end of test
machine

Specimen Ors | ————— —
|
!
— Gy f——— t { :
) | ! | Necked
é : ; : region
7] | { |
I | |
| | |
i | |
! | |
I | |
| I ]
Direction of Ew Ea &
actuator motion Strain (&)
(a) {b} (e}

FIGURE 9.2-8 Tensile testing of materials: {a) a complete setup for tensile testing of metals, {h) stiess versus strain behavior obtained from a
tansile test, and {c} the formation of a “neck” within the gage length of the sample.
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392 Part il Properties

FIGURE 9.4-2

Some typical load/crack ge-
ometries and their corre-
sponding stress intensity
parameters: (&} a tunnal
crack, {b} a penny crack,
(e} a wedge-opened crack,
and (d} an eccentricaliy
foaded crack,

K = (P¥a Bw)¥(ap)

semi-infinite body. Although these geometric correction factors are beyond the scope Of
this text, we note that omitting their use, or, equivalently, assuming a geometric correction
factor of 1, always leads to conservative design estimates, '
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{a) (b}
FIGURE 9.4-4 Toughening mechanisms for ceramics. [a} Microcracking—when the advancing crack enters the
micravoid, its length increases stightly but its crack tip radius increases significantly, decreasing the stress amplification
and correspondingly reducing the driving force for crack extension. (b} Residual compression at the crack tip—selacteq
regions of a microstructure are induced to expand in the vicinity of the crack tip so that a local state of compressign
counteracts the externally applied tensile siress.

microvoid, the tip radius increases by a much larger factor so that the ratio «/p in Equation
9.4-6 decreases significantly. Thus, aithough the crack blunting mechanism is different
in ceramics than in metals, the result is the same—a decrease in the driving force for
crack extension.

How can these microvoids be inserted into the ceramic microstructure? One method
is to obtain a microstructure that at elevated temperatures is composed of a roughly
spherical phase surrounded by a second-phase matrix. If the coefficient of expansion for
the spherical phase is greater than that of the matrix, then when the ceramic is cooled to
room temperature, the spherical phase will contract more than the matrix. If the phase
boundary is weak, this differential contraction results in the formation of a “gap” between
the two phases that displays the desired characteristics.

The same mechanism is occasionally used to stop crack extension in arge-scale metal
structures. If the tip of an advancing crack can be located using a nondestructive testing :
method, then one can drill a hole in front of the crack so that when the crack enters th
hole, its radius increases significantly. (This was used on the Liberty ships).

Let us return to the idea of a two-phase ceramic microstructure containing a spherica
second phase. Suppose that the spherical phase has a lower expansion coefficient than th
matrix. What happens when the ceramic is cooled from the fabrication temperature ¢
room temperature? As shown in Figure 9.4-4b, the spherical phase contracts less tha
the matirx. The result is that the matrix material located between two nearby second
phase particles is placed in residual compression.” A crack attempting to enter this volum
of the matrix phase will experience an effective reduction in the stress componeti
responsible for crack extension. The result is an increased toughness value for the ceramic,
Although there are other methods for toughening ceramics, they are all based on the samy
principles: decrease the driving force for crack extension, increase the amount of ene
required for crack extension, or both.

As an example of the effectiveness of these toughening mechanisms, pure Zirco
(ZrQy) has a K|, value of ~2 MPa—‘\/E, while transformation-toughened zirconia hf}
K. value of ~9-13 MPa-Vm. It is important to note, however, that while the mecha
described above can significantly increase the fracture toughness of ceramics, the datd
Appendix D show that even the toughest ceramics generally have Jower Ky values th
most metals.

. L . s
4 There are other methods for creating a volume expansion in the spherical second phase, but the 1€
is the same—the matrix between particles is placed in residual compression.
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reasonable estimates of the fracture toughness can be obtained. An indentation on the sur-
face of cubic zirconia is shown in Figure 9.4-5, with cracks emanating from the corners.
Typical fracture toughness values for some common metals, ceramics, and polymers
bsorption in are given in Appendix D.
ra) are com-
bers longitu-

9,5 FATIGUE FRACTURE
=nergy of the :

Fatigue is the most common mechanism of failure and is believed to be either fully or
partially responsible for 90% of all structural failures. This failure mechanism is known
{0 eccur in metals, polymers, and ceramics. Of these three classes of structural materials,
ceramics are least susceptible to fatigue fractures. The phenomenon of fatigue is best
illustrated by a simple experiment. Take a metal paper clip and bend it in one direction
until it forms a sharp kink. The clip undergoes plastic deformation in the region of the kink
but does not fracture. If we now reverse the direction of bending and repeat this process
afew times, the paper clip will fracture. Thus, under the action of cyclic loading, the paper
clip breaks at a much lower load than would be required if it were pulled to fracture using
a monotonically increasing load. While the initial loading causes the metal in the paper
dip to strain-harden, repeated load application causes internal fatigue damage. In a
simplified view of this process, the plastic deformation causes dislocatiens to move and to
intersect one another. The intersections decrease the mobility of the dislocations, and
continued deformation requires the nucleation of more dislocations. The increased dislo-
cation density degrades the crystallographic perfection of the material, and eventually
microcracks form and grow to a sufficiently large size that failure occurs.

he American
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851 Definitions Relating to Fatigue Fracture

Figure 9.5-1 shows a typical fatigue load cycle as characterized by a variation in stress
~.asa function of time. The maximurii and minimum levels of stress are dencted by S;,,, and
Suins Tespectively.® The range of stress, AS, is equal t0 Syax — S_in» and the stress ampli-
tude, §,, is AS/2. A fatigue cycle is defined by successive maxima (or minima) in load or

.- ®The symbol § is used to represent engineering stress by most specialists in the area of fatigue. We have
erefore elected to employ this convention in our discussion of fatigue.

r9d

E-399, Annual

399

FIGURE 9.4-5

Vickers indentation in the
strface of a single-crystal
cubic Zirconia (Y,0,-stabi-
fized), Radial cracks are
used to calculate the frac-
ture toughness.,  [(Source:
Courtesy of Joseph K.
Cochran.)



