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Chapter 16 | |
Case studies in fast fracture and fatigue failure

Iniroduciion

In this third set of Case Studies we examine three instances in which failure by crack-
propagation was, or could have become, a problem. The first is the analysis of an
ammonia tank that failed by fast fracture. The second concerns a common problem: the
checking, for safety reasons, of cylinders designed to hold gas at high pressure. The last
is a fatigue problem: the safe life of a reciprocating engine known to contain a large
crack. ‘ :

Case sTuby 1: FAST FRACTURE OF AN AMMONIA TANK

Figure 16.1 shows part of a steel tank which came from a road tank vehicle. The tank
consisted of a cylindrical shell about 6 m long. A hemispherical cap was welded to each
end of the shell with a circumferential weld. The tank was used to transport liquid
ammonia. In order to contain the liquid ammonia the pressure had to be equal to the

" saturation pressure (the pressure at which a mixture of liquid and vapour is in

equilibriitm). The saturation pressure increases rapidly with temperature: at 20°C the
absolute pressure is 8.57 bar; at 50°C it is 20.33 bar. The gauge pressure at 50°C is 19.33
bar, or 1.9MNm . Because of this the tank had to function as a pressure vessel. The
maximum operating pressure was 2.07 MN m gauge. This allowed the tank to be used
safely to 50°C, above the maximum temperature expected in even a hot climate.
While liquid was being unloaded from the tank a fast fracture occurred in one of the
circumnferential welds and the cap was blown off the end of the shell. In order to decant

8heil t=7.0 -Circumferentiai
weld

Fig; 16.1. The weld betwesn the shell and the end cap of the pressure vessel. Dimensions in mm.
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the liquid the space above the Equid had been pressurised with ammonia gas using a
compressor. The normal operating pressure ‘of the compressor was 1.83 MIN m™2; the
maximum pressure (set by a safety valve) was 2.07 MN m 2. One can imagine the effect
on nearby people of this explosive discharge of 2 large volume of highly toxic

vapour.

Details .of the failure

The geometry of the failure is shown in Fig, 16.2. The initial crack, 2.5mm deep, had
formed in the heat-affected zone between the shell and the ci_rcum_ferenﬁal weld. The
defect went some way around the circumference of the vessel. The cracking was

" . intergranular, and had occurred by a process called stress corrosion cracking: (see

Chapter 23). The final fast fracture occurred by transgranular cleavage (see Chapter 14).
This indicates that the heat-affected zone must have had a very low fracture toughness.
In this case study we predict the critical crack size for fast fracture using the fast
fracture equation. : e
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Fig. 16.2. The geometry of the failure. Dimensions in mm.
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¢ a Material properties

ot The tank was made from high-strength low-alloy steel with a yeild strength of

f(ic _' 712 MN 2 and. a fracture toughness of 80MNm /2 The heat from the welding
: process had altered the structure of the steel in the heat-affected zone to give a much

greater yield strength (940MNm™2) but a much lower fracture toughness
ok (39 MNm /). - :

ad Caleulation of critical stress for fast fracture

rr\};i i The longitudinal stress o in the wall of a cylindrical pressure vessel containing gas at
see pressure p is given by

14). pr

€58, 3 - Zf 7

fast

provided that the wallis thin (¢ << 7). p = 1.88 MNm?, 7 = 1067 mm and £ = 7mm, 50
o = 140 MN m 2. The fast fracture equation is

Yoim = K.

Because the crack penetrates a long way into the wall of the vessel, it is necessary to

take into account the correction factor Y (see Chapter 13). Figure 16.3 shows that ¥ =
1.92 for our crack. The critical stress for fast fracture is given by ‘

K. 39
- = 229MNm™.

Yma  1.92yw.0.0025

g =

1 1
0 0.1 02 03 04 0B

Fig. 18.3. Y value for the crack. Dimensicns in mm.
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The critical stress is 64% greater than the longitudinal stress. However, the change in
section from a cylinder to a sphere produces something akin to a stress concentration;
when this is taken into account the failure is accurately predicted.

Conclusions and recommendations

This case study provides a good example of the consequences of having an inadequate
fracture toughness. However, even if the heat-affected zone had a high toughness, the
crack would have continued to grow through the wall of the tank by stress-corrosion
cracking until fast fracture occurred. The critical crack size would have been greater,
but failure would have occurred eventually. The only way of avoiding failures of this
type is to prevent stress corrosion cracking in the first place.

Y

CASE STUDY 2: COMPRESSED AIR TANKS FOR A SUPERSONIC WIND TUNNEL

The supersonic wind tunnels in the Aerodymnarnic Laboratory at Cambridge University

are powered by a bank of twenty large cylindrical -pressure vessels. Each time the
runnels are used, the vessels are slowly charged by compressors, and then quickly
discharged through a tunnel. How should we go about designing and checking
pressure vessels of this type to make sure they are safe? ' S

Criteria for design of safe pressure vessels

First, the pressure vessel must be safe from plastic collapse: that is, the stresses must
everywhere be below general yield. Second, it must not fail by fast fracture: if the
largest cracks it could contain have length 24 (Fig. 16.4), then the stress infensity K =
/w2 must everywhere be less than K.. Finally, it must not fail by fatigue: the slow
growth of a crack to the critical size at which it runs.

_ Fig. 16.4. Cracks in the wall of o pressure vessel.
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The hoop stress o in the wall of a cylindrical pressure vessel contéu‘ning- gas at
. pressure p is given by '

pIY"

Pr

o = —
t

!

. provided that the wall is thin t <),
For general yielding,

For fast fracture,
oyma = K.

Failure by generdl yield or fast fracture

Figure 16.5 shows the loci of general yielding and fast fracture plotted against crack
size. The yield locus is obviously independent of crack size, and is simply given by &
= Oy The locus of fast fracture can be written as :

o= — |,
=\
which gives a curved relationship between o and 4. I we pressurise our vessel at point
A on the graph, the material will yield before fast fracture; this yielding can be detected
by strain gauges and disaster avoided. If we pressurise at point B, fast fracture will
occur at a stress less than oy, without warning and with catastrophic consequences; the
-5 |+ pointwhere the two curves cross defines a critical flaw size at which fracture by general
- ..i7 yield and by fast fracture coincide. Obviously, if we know that the size of the largest
“ flaw in our vessel is less than this critical value, our vessel will be safe (although we

<
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‘ Minimum flaw size for fracture - Criterion for leak before break
before yield (with factor of safety of 2)

Fig. 16.5. Fracture modes. for a cylindrical pressure vessel.



160  Engineering Materidls 1 )

1400 - - Pressure vessel steel M gree
C . \ o= 1000 MN m e
1200 L pT- = (}‘y \\ ) K‘ic = 1?[} MN m—312 {"
1000 - ' 2 R
£ 800 N o \/E _ Ke A T The
= - N Alurninium alloy \#t =Voa e
P2 - & o, = A00 MN m~ '
o OF "\ K = 25 MN m™?
- G -
400 | So—— T sot
200 |-
O L1 TIFIHI 11 bl 1[1I!I| 1 I I'Ei[rl-l 1 [ R 1 1 )lJ_LLL‘ .
0.01 cA i 10 1090 000

Crack size, a/mm

Fig. 16.6. Design against yield and fast fracture for a oylindrical pressure vessel.

should also, of course, build in an appropriate safety factor S as well — as shown by the
dash — dot line on Fig. 16.5). C- . o

Figure 16.6 shows the general yield and fast fracture loci for a pressure-vessel steel
and an aluminium alloy. The critical flaw size in the steel is =9mm; that in the
aluminium alloy is =1 mm. It is easy to detect flaws of size 9 mm by ulirasonic testing,
and pressure-vessel steels can thus be accurately tested non-destructively for safety —
vessels with cracks larger than 9 mm would not be passed for service. Flaws of 1 mm
size cannot be measured so easily or accurately, and thus aluminium is less safe to -

use.

Failure by fatigue

In the case of a pressure vessel subjected to cyclic loading (as here) cracks can grow by
fatigue and a vessel initially passed as safe may subsequently become unsafe due to
this crack growth. The probable extent of crack growth can be determined by making
fatigue tests on pre-cracked pieces of steel of the same type as that used in the pressure
vessel and the safe veéssel lifetime can be estimated by the method illustrated in Case

Study 3.

Exira safety: leak before break

Tt is worrying that a vessel which is safe when it enters service may become unsafe by
slow crack growth - either by fatigue or by stress corrosion. If the consequences of
catastrophic failure are very serious, then additional safety-can be gained by designing
the vessel so that it will leak before it breaks (like the partly. inflated balloon of Chapter
13). Leaks are easy to detect, and a leaking vessel can be taken out of service and
repaired. How do we formulate this leak-before-break condition?

T the critical flaw size for fast fracture is less than the wall thickness (£} of the vessel, R
then fast fracture can occur with no wamning. But suppose the critical size (28) 15 gk

187¢
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3 greater than ¢ — then gas will leak out through the crack before the crack is big enough
: to run. To be on the safe side we shall take * ) :

The stress is defined by

o\Tdy = Ko
so that the permissible stress is
Ke
ywt

as illustrated on Fig. 16.5. ,
There is, of course, a penalty to be paid for this extra safety: either the pressure must
be lowered, or the section of the pressure vessel increased — often substantially.

O =

he Pressure testing

I many applications a pressure vessel may be tested for safety simply by hydraulic
he- testing to a pressure that is higher — typically 1.5 to 2 times higher - than the normal
operating pressure. Steam boilers (Fig. 16.7) are tested in this way, usually once a year.

£ failure does not occur at twice the working pressure, then the normal operating stress
is at most one-half that required to produce fast fracture. If failure does occur under

to i-f ‘ L

ure
ase

s, s it L

sel, ~ Fig. 167, A pressure vessel in action — the boiler of the articulated steam locomotive Merddin Emrys, built in
} is “* 1879 and siill hauling passengers on the Festiniog narrow-gauge raitway in Norih Wales.



162 Engineering Materials 1

" hydraulic test nobody will get hurt because the stored energy in compressed water is

small. Periodic testing is vital because cracks in a steam boiler will grow by fatigue,
corrosion, siress corrosion and so on. ’ -

CASE STUDY 3: THE SAFETY OF THE STRETHAM ENGINE |

The Stretham steam pumping engine (Fig. 16.8) was builtin 1 831 as paJ:t of an extensive

project to drain the Fens for agricultural use. In its day it was one of the largest beam
engines in the Fens, having a maximum power of 105 horsepower at 15 rpmn (it could

v

Fig. 16.8. Part of the Strefham steam pumping engine. In the foreground are the crank and the lower end of the
connecting rod. Also visible are the flywhee! (with separate spokes and rim segments, ol pegged fogether}, the
accenttic drive to the valve-gear and, in the background, an early treadle-driven lathe for on-the-spot repairs.
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1ift 30 tons of water per revolution, or 450 tons per minute); it is now the sole surviving
steam purnp of its type in Hast Anglia® '

The engine could still be run for demonstration purposes. Suppose that you are
called in to assess its safety. We will suppose that a crack 2cm deep has been found in
the connecting rod — a cast-iron rod, 21 feet long, with a section of 0.04 m* Will the
crack grow under the cyclic loads to which the connecting rod is subjected? And what

. is the likely life of the structure?

Mechanics

The stress in the crank shaft is calculated approximately from the power and speed as
follows. Bear in mind that approximate calculations of this sort may be in error by up
to a factor of 2 — but this makes no difference to the conclusions reached below.

Referring to Fig. 16.9: -

105 horsepower

7.8 X 10457,

Speed = 15rpm = 025 revs”,
Siroke = 8 feet = 2.44m,

1!

Power

il

Force X 2 X stroke X speed = power,

. 7.8 x 10%
.. Force = =64 X 10*N.

2 X 244 X 0.25

Nominal stress in the connecting rod = F/A = 64 X 10¢/0.04 = 16MNm™
approximately. B ‘ :

Fig. 16.9. Schematic of the Stretham engine.

*Until a coupl€ of centuries ago much of the eastern part of England which is now called Hast Anglia was a
vast area of desolate marshes, or fens, which stretched from the North Sea as far inland as Cambridge.
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Failure by fast fracture

For cast iron, K = 18 MNm ™.

Tirst, could the rod fail by fast fracture? The stress intensity is:
X = ofma = 16ym 002 MNm™ = 040MNm™.

Tt is so much less than K, that fhere is no risk of fast fracture,

' Failure by fatigue 7
The growth of a fatigue crack is described by
da .
— = AAK™.
dN

For cast iron,

A =43 X 108m (MNm %)™,

m = 4.
We have that
AK = Aoyma

where Ao is the range of the tensile stress (Fig. 16.
constant power and speed), AK increases as the crack

gives
da .
— = AAg*n?d
dN
and |
1 da
dN = —_.
(AAc??) a*
Tk

1.60 MN m 2 [
Ao

0 —-

Fig. 16.10. Crack growtn by fatigue in the Stretham engine.

K4

10). Although Ao is constant (at ..
grows. Substituting in eqn. (16.1) .

AKincreases
as crack
exiends
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even at peak load.
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Integration gives the number of cycles to grow the crack from #; to a4y}

N 1 {1 1}'
T (AAGE D) o &

for a range of # small enough that the crack geomefry does not change appreciably. Let
us work out how long it would take our crack to grow from 2.cm to 3 cm. Then

N 1 { 1 1
T 43 % 108 (1.e)* 7% (002 003
~ 55 x 10¢ cycles.

This is sufficient for the engine fo run for 8 hours on each of 832 open days for
demonstration purposes, i.e. to give 8 hours of demonstration each weekend for 16
years. A crack of 3cm length is still far too small to go critical, and thus the engine will
be perfectly safe after the 5.9 X 105 cycles. Under demonstration the power delivered
will be far less than the full 105 horsepower, and because of the Ac? dependence of N,
the number of cycles required to make the crack grow to 3 cm might be as much as 30
times the one we have calculated.

The estimation of the total lifetime of the structure is more complex ~ substantial
crack growth will make the crack geometry change significantly; this will have to be
Jllowed for in the calculations by incorporating a correction factor, Y.

Conclusion and recommendation

A simple analysis shows that the engine is likely to be safe for limited demonstration
use for a considerable period. After this period, continued use can only be sanctioned
by regular inspection of the growing crack, or by using a more sophisticated
analysis. ' .
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