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STRUCTURES AND MATERIALS

SECTION B - Materials
SECTION B MATERIALS
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et = Ine(Ao/A)
ots = 6t (at necking) X (A / Ao).

By definition:
By definition:

6 (b) Given:
Therefore: dot/det = noo(B + et)n‘l = noo(B + g/ (B + €t)

ot = 0o(B + gl

=not/ (B +¢p)

Now: dot/det= o
Hence: not/ (B + &) = ot
Therefore: €t=.Nn - Buois at necking.

By definition:

Now:

Therefore:

By definition:

OTs = Ot (at necking) x (A / Ao).
ot = Ooo(n)l (where n = (B + &t))
OTs = Oo(n) (A/Ao) (at necking)
et = Ine(Ao/A)

Therefore: (Ao/ A) =exp(et) =exp (n - B)
Therefore: O1s =0o(n) exp (n - B)
Therefore: OTs = Oo(n/e)n eB

At yielding: er=0.

Therefore: Oys = Oo(B)R

Recall: oTs = Co(n/e)l eB

Taking: Oys = ors/ 2 (given in qu.)
Therefore: co(B) = 1/2 (co(n/e)lt eB)

For: n = 0.5 (given): B12=1/2 (1/2e)12¢B
Therefore: 1/2(nB)=1n (1/2) - 1/2 (In 2e) + B

This gives:

B = 1.86.
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7 A ligament of thickness t bent elastically to a radius R has a surface strain

€ =t/2R and a corresponding maximum stress o = E(#/2R) which must not
exceed the yield stress oy of material. The radius R to which the ligament can be
bent without yielding must satisfy R 2>(#/2) (E/oy). The best material is the one

that can be bent to the smallest radius without yielding; therefore, the best choice
is the one with greatest value of the merit index M (for a given t): M = oy/E.

The selection chart (see next page) is used by superimposing this guideline of
slope = 1. Best choices include PE, PP, Nylon, elastomers; the latter appear
superior but may be too flexible and, therefore, a minimum modulus requirement
is defined by the horizontal line on the chart. Spring steel is possible which can be
used when high stiffness is required. Polymers give more design freedom than
metals and are cheap and easy to mould in one operation. Their spring-like
properties offer opportunities that can be exploited; eg,.parts easily snap together.

Fatigue can be a problem and lead to premature failure. An additional failure
criterion based on endurance limit can be used and appropriate index chosen.

8 (a) The concentration of elastic tensile stress at a notch is expressed analytically
in terms of an elastic stress concentration factor

Kt = Glocal/Onominal

which is the ratio of the maximum local stress near the discontinuity to the
nominal stress acting across the gross cross section of the component. The elastic
stress distribution depends on the shape (and size) of the notch. The simplest case
is that of a hole where at the tip of the hole

Ke=1+ 2 (a/p)liz= 3.

a is notch length and p is notch tip radius so that K increases as a notch becomes
longer and sharper. K; decreases with increasing distance from the notch tip.

The stress intensity factor K can be used to predict the critical values of stress and
crack length at which a crack will propagate in an unstable manner. In this
context ,

K = Opominal (Ta)12 (K = K. when Guominal = O1)-

We then consider fracture occurs when K is equal to or greater than the critical
stress intensity factor K¢ (or Kyc usually called the fracture toughness of the

material). The local tensile stresses near the crack tip can be described by
Clocal = K/(21r)1/2

where r is distance ahead of the crack tip in the plane of the crack. A comparison
between the equations for Ky and K indicates that K is proportional to the limiting
value of K; as the root radius p of the notch tip approaches zero.
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Question 7 Fig. 7

To be included as part of your answer
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8 (b) Step 1:
a starting point is to find out if there have been any service failures
during the past 20 years (you are told there have been none reported).

Step 2:

recall the steel's endurance fatigue limit is roughly half its yield strength,
i.e., 150 MPa. Since the cyclic stress is £+25MPa, the likelihood of a crack
nucleating elsewhere away from any pre-existing flaw is negligible.

Step 3:

proceed with fracture mechanics calculation to establish a safe allowable
flaw size, then base a new inspection criterion on this calculation. Since the
fatigue life is 30 years (more than 10 billion cycles), pre-existing cracks must
have a near zero crack growth rate and not be allowed to grow. This implies that
AK level must be less than the threshold value AK (hreshola). An estimate
of the K threshold for this material is obtained by experiment. The figure below
defines AK(thresholdy and Kjc.

da/dN (m/cycle) ]
(crack growth rate) |
|
|
4 |
10 -
|
|
|
| |
6L |
10 -
|
|
|
N
sl ||
10 -
||
|
|
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|
| | ] ] L1
2 5 10 20 40 TGO 80 AK (MPam?2)

Kthreshold KiC
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The value of AK (threshold) is 6 MPam!/2; that of Kic 50 MPaml/2,
approximately; the former denotes the limit level below which crack
growth is effectively zero (it is undetectable) and the latter is the
value of K at which fast (unstable) crack growth occurs.

Step 4:

insert Ac = 50 MPa and AK hresholdy = 6 MPam!/2 into the FM equation and
solve for "a" which turns out to be 3.65mm. Hence flaws that are 3.5 times
deeper than used in the current inspection criterion (Imm) will not
lead to failures of the shaft. Since defects have never been known to exceed
2mm (given), the calculation shows not only that all rejected shafts would be
acceptable but also that there is no need to inspect all the shafts. The
recommendation should be to inspect only one shaft out of several to
ensure that some checks are maintained on the process and to accept
all shafts that have cracks up to 3mm deep. The machining allowance of
Imm ensures that an initial 3mm crack will never be larger than 2 mm deep after
machining. This provides additional safety against service failures.

9 (a) When a moving dislocation encounters precipitates it will not in general cut
through them because precipitates are generally stronger than the matrix.
Consequently, the dislocation bows between neighbouring precipitates and around
them. This creates dislocation loops around precipitates and effectively shortens
the distance between them with the passage of successive dislocations. This is a
source of work hardening. The stress for dislocation bowing is inversely
dependent on the spacing between precipitates. High stresses can be involved in
dislocation bowing and the material exhibits a high yield strength.

The growth of a precipitate at elevated temperature is a diffusion-controlled
process and hence is time and temperature sensitive. (An example is the age
hardening of Al alloys). Coarsening of precipitates is accompanied by an increase
in spacing between neighbouring precipitates and the yield strength can fall with
time and increasing temperature. Rogue (much larger) spacings can result in parts
of the microstructure allowing a dislocation to "escape” more easily and the yield
strength is therefore less than might have been expected assuming a uniform
distribution of precipitate spacings. A sketch showing dislocation bowing and the
formation of loops around precipitates would be useful.

9 (b) Oy = 0o + 2(2Gb/l) (2ty = Oy, approximately)
<I>=1+d orl=<I>-d;  therefore 1 =0.5 x 10°m.

Oy = (175 x 10%) +2 (2 x 105 x10°x 3 x 109
(0.5 x 10°%)

=175 + 2(123)
= (175 + 246) MPa.

oy =_421 MPa
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9 (c) (i) Service temperature is an important variable for many steels and bcc
materials. For example, a particular steel at moderate temperature where the
fracture load is greater than the yield load, it exhibits some ductility. At low
temperature, the fracture load can be much less than the yield load because the
steel has become notch-sensitive and any small discontinuity (and associated stress
concentration) can trigger catastrophic (elastic) fracture with little or no ductility.
The steel can be extremely brittle. Below a ductile-brittle transition
temperature (in practice, a narrow band), the steel can be unsafe and
above that temperature they may be safely used.

(ii) The stress at which the low C steel fractures in a brittle manner increases
linearly with temperature and at 200 K is given by:
1190 = A + 200B.

Now by definition, of = oy @ TD and oy varies with temperature according

to:
oy = (1400 - 3.6 T) (given).

For this particular steel the TD =100 K (which is also given).
ie., Oy = Of = 1400 - 3.6 (100) = 1040 MPa,
Thus: 1190 = A + 200B and 1040 = A + 100B.

Solving for A and B gives A =890 and B = 1.5.

Therefore: of = 890 + 1.5T.

By precipitation strengthenming, if Gy is raised by 245 MPa, then
oy = 1645 - 3.6T.

Therefore the new Tp is where 1645 - 3.6T = 890 +1.5T which is 148 K.
Alternatively, a graphical construction of oy and of versus T and the intersection
of these 2 straight lines at oy = of gives the Tp.

10 (a) Basically, there are 2 types: low temperature creep (less than
0.5Tmelting poiny) in Which the plastic strain varies with time logarithmically and
high temperature creep (above 0.5Tmelting point) OF steady state creep in which the
plastic strain varies linearly with time after an initial transient stage. (A sketch
could be shown). In high temperature creep, as plastic flow occurs, dislocations
move and multiply (dislocation density goes up) and through interactions cause
work or strain hardening. This causes the creep rate to diminish. Recovery
processes such as dislocation annihilation and rearrangements counteract the
effects of strain hardening, i.e., recovery mechanisms cause the creep rate to
accelerate. In steady state creep, strain hardening effects and softening effects of
recovery are exactly compensated.
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Dislocation rearragements and a decrease in dislocation density involves
mechanisms like dislocation climb around, for example, precipitates which is
diffusion controlled and involves an activation energy Q for the steady state creep
process. Because steady state creep is proportional to the diffusion coefficient D,
it follows that the variation in creep rate with temperature is dictated by the
temperature dependence of D by an Arrhenius type of relation involving Q.

Creep resistant alloys are those materials for which the coefficient of diffusion D
is small. Examples include: high melting point materials (oxides, refractory
metals, Ni and Co based superalloys). Precipitation and dispersion strengthened
alloys are creep resistant. All dislocation strengthening mechanisms can
contribute to high temperature strength; solid solution strengthening, grain
boundary strengthening. Specifically this means that when the material is
strengthened by, for example, a precipitation process, the spacing between the
dislocation defects must remain small if the process is to remain effective.
Dispersed second phase particles of high melting point that are insoluble in the
matrix do not coarsen and are most effective in reducing creep.

In addition, grain boundary (sliding) creep and diffusional creep (at T greater
than 0.9Tm and at stresses below the critical value for dislocation motion)
contribute to high temperature creep. In the case of the former, deformation is
inhomogeneous since it is all concentrated at the grain boundaries and can lead to
cracking and rupture. The contribution of grain boundary sliding increases as the
grain size decreases. Dislocation motion within the grains also can occur which
prevents microvoids opening up. At very high temperature, the directional
diffusion of vacancies (net flow or migration in one direction) can cause a
macroscopic shape change. Sketches showing microstructural changes during
creep would be useful.

10 (b) Given: oo =70 MPa To = 1000 C (1273 K)
61=80MPa. Tl =?

For new process:
€1 = Ao’ exp(-AQ/RTo) = Ao’ exp(—AQ/RT)

5ln (61/00) = (AQ/R)[(1/To) - (1/T1)]
Rearranging and solving for Tj:
{(1/To) - (1/T1)} = (SR/AQ) In (61/50)
(1/Ty) = (1/To) - (SR/AQ) In (61/00)
Hence: Tp = 1308 K = 1035 C, an increase in 35 C.
END
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