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1 Introduction

It is known that the presence of tensile residual stress meked structure can re-
sult in the load carrying capacity of the structure being miesver than that of an

identical structure with no residual stress. Various redess [1, 2, 3] have carried
out tests to assess the influence of residual stress on thteraf cracked compo-
nents. Others [4, 5] have considered the problem of how &t tesidual stresses in
the fracture assessment of these components.

However, in engineering practice, a component is combinddather components
to form astructure. This raises the possibility of long-range residual seedeing
introduced in the structure as a result of misfits betweenpmorants. In order to
assess how the strength of a structure containing a crackedanent is influenced
by these long-range residual stresses, a whole-struaweedpproach (rather than
a component-level approach) is required. The degree ofgeh@rload carrying ca-
pacity of such a structure depends not just on the initialle¥long-range residual
stress but also on how the residual stress changes as ple&iieation occurs in
the structure prior to fracture.

This paper explores the influence of these long-range rakgdtesses on fracture
from a whole-structure perspective. An idealised striectsidescribed and results
from whole-structure experiments, based on the idealisedeinare presented. It
is shown that the change in the load carrying capacity of theture depends not
only on the level of initial residual stress but also on thiatree stiffness of the
uncracked and cracked parts of the structure, as well asede\thl of plastic crack
mouth opening displacement (CMOD) prior to fracture.

2 Benchmark fracture tests
The work presented in this paper is based on fracture tegigada@ut on BS EN

10025 S355 J2G3 structural steel specimens [6] below thel@tw brittle transi-
tion temperature. Table 1 below gives the chemical comipostif this steel, which
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has a nominal minimum yield strength of 355MPa at room teipee.

Twenty compact tension C(T) fracture specimens were matwid from a 75mm
thick BS EN 10025 S355 J2G3 plate for the purpose of carryirtgasset of initial
benchmark fracture tests. These specimens were 25mm wiitka 25mm crack
length and a crack length to specimen width ratio of 0.50. §feximens were ori-
ented such that the direction of crack growth correspondebd short-transverse
direction (the through thickness direction) and the logdiirection corresponded
to the long-transverse direction. In order to avoid the rfeethtigue pre-cracking,
the drawings specified that a 5mm long by 0.10mm wide notchievas introduced
in each specimen using a spark erosion prdcess

Ten of these C(T) specimens were tested at *C2®f this set of ten specimens,
specimen S030 fractured at the lowest load while the highasture load cor-
responded to specimen S047. Crack mouth opening displatemss measured
during these tests using a clip gauge, which was attachedite &dges mounted
on the specimen. Force versus CMOD plots for each of thes#nspas are shown
in Figure 1 a) and b).

The remaining ten specimens were tested at a lower temperatul40C. The
force versus CMOD plots corresponding to the specimens théHowest and the
highest failure loads, specimens S034 and S027 respggtivelshown in Figure 1
c) and d).

3 The whole-structure approach

In order to determine how the load carrying ability of a cedlstructure is influ-
enced by the presence of long-range residual stress it essary to consider the
response of the whole-structure as load is applied.

For example, consider the behaviour of an idealised streatansisting of two
elements: a cracked element and an uncracked elastic aleémparallel. Fig-
ure 2 a) shows the force versus displacement behaviour bf@structure for the
case with no initial preload. The cracked element is label&T)’, and is an
elastic-perfectly-plastic idealisation of specimen S84dwn in Figure 1 b). The
uncracked elastic element is labelled ‘Jig’ and has a st#$none half that of the
cracked element. The load required to bring the structutbeqoint of fracture
(point A) is 151kN. For the purpose of the following discuss, we definex as the
ratio of the stiffness of the uncracked elastic element ¢cstiffness of the cracked
element, so that in this case= 0.5.

IHowever, on inspection it was found that the notch widthsemeloser to 0.20mm than to
0.10mm.



Figure 2 b) shows the force versus displacement behaviotireofame structure
with an initial preload of 25kN (rather than zero preload igufe 2 a)). This ini-
tial preload is essentially an initial tensile long-rangsidual stress introduced into
the cracked element, with balancing compressive residiedses in the uncracked
part. In this case the load required to bring the structurhéopoint of fracture
(point A) is 113kN. Therefore, the presence of the initi&k®l preload has re-
duced the load carrying capacity of the structure to 0.7®$ifL13kN/151kN =
0.75) that of the structure with no preload.

However, this reduction in load carrying capacity is a fimctof the amount of
plastic deformation prior to failure. To illustrate thigyrsider the case where the
cracked element fails at the point at which plastic deforomalbegins (rather than
after 0.70mm of plastic deformation). With no plastic defiation prior to failure,
the failure load for the non-preloaded case is 97.5kN (pBintwhile the failure
load for the preloaded case is 60kN (point B’). This givesaloarrying capacity
of 0.62 times (60kN/97.5kN = 0.62) that of the non-preloastedcture.

Figure 3 shows how the load carrying capacity of the strecutaries with the
amount of plastic deformation prior to fracture. The y-abdbel, ‘Normalised
force’ refers to the force corresponding to the preloadesa chvided by the force
corresponding to the case with no initial preload. Valueselto one therefore cor-
respond to conditions where the difference between falhads for the preloaded
and non-preloaded cases are small. Conversely, valuestdagro correspond to
conditions where the initial preload (or long-range reaidiress) has reduced the
load carrying capacity of the structure a great deal. P@ihsd B” correspond to
the 0.75 and 0.62 values calculated above.

Figure 3 also shows that, for a given initial preload, therdegf change in the
load carrying capacity of the structure depends on theivelatiffness of the two
components. The line labelled = 0 corresponds to the extreme case where the
uncracked elastic element has negligible stiffness coetpaith the cracked ele-
ment. In this case, the load carrying capacity of the streasiindependent of the
amount of plastic deformation in the cracked element padracture.

The line labelledy = oo corresponds to the opposite extreme where the uncracked
element has infinite stiffness compared with the crackechete. In this case, the
load carrying capacity of the structure increases withaasing plastic deformation

in the cracked element prior to fracture.

4 Whole-structure experiments

In order to explore the influence of residual stress on fracftom this whole-
structure perspective experimentally, sixteen C(T) speos were machined from



the steel plate used for the baseline tests described abodea bespoke test jig
was designed. Results from preliminary trials using thgsifi conjunction with
aluminium C(T) specimens at room temperature were pred@mi@n earlier paper
[7].

The jig was designed so that the relative stiffness of theigpen to the jig could be
modified by using either stiff 250-maraging steel side-lmarkess stiff Ti-6Al-4V
side-bars in parallel with the C(T) specimen. The followprgcedure was used:

1. Insert either a pair of 250-maraging steel side-bars caingd Ti-6Al-4V
side-bars.

2. Insert C(T) specimen.

3. Apply preload to assembly such that C(T) specimen cateiesile load and
the side-bars carry a balancing compressive load.

4. Cool preloaded assembly to -T25

5. Increase applied load from OkN up to load at which C(T) spea fails by
fast fracture. (Note that at this point the side-bars atleistact and only the
cracked part of the structure has failed.)

Eight specimens were tested at -1€5using the jig in conjunction with the stiff
250-maraging steel side-bars. The remaining eight spedmvere tested at -126
using the jig in conjunction with the less stiff Ti-6Al-4Vde-bars.

5 Results and discussion

Of the eight specimens tested in conjunction with the séfi-Znaraging steel side-
bars, specimen S102 showed the least plastic deformation tprfracture, and

specimen S103 the most. The force versus CMOD results frasetlests are
shown in Figure 4 a) and b) respectively.

In the case of the eight tests carried out using the lessTstfAl-4V side-bars, the
least plastic deformation was shown by specimen S115, anohtist by specimen
S118. The force versus CMOD results from these tests arershowigure 5 a)
and b) respectively. Note that the gradient of the ‘Jig’ iméess steep than that of
Figure 4, since the stiffness of the jig is determined by tifness of the side-bars
used.

For the purpose of constructing normalised force plotsi(aimo that of Figure 3)
for tests S103 and S118, the following calculations wereenad

e First, the amount of plastic CMOD was estimated for eachlggtssuming
that plastic deformation begins to accumulate in each spEtivhen the load
reaches 40kN.



e Second, an equivalent linear jig stiffness was calculategé#ch test between
the points A and B marked on Figures 4 b) and 5 b). (Figure 4\®sga
Jig stiffness for the test of specimen S103 of 244kN/mm. Feghib) gives a
stiffness of 127kN/mm for the test of specimen S118.)

Figure 6 shows the normalised force for test S103 calculaséty the equivalent
linear jig stiffness value of 244kN/mm mentioned above susrthe plastic com-
ponent of CMOD. As in the case of the idealised model, uppdrlawer bound
lines corresponding ta = co anda = 0 extremes are also shown. The point la-
belled S103 corresponds to the failure of specimen S103.pohe labelled S102
corresponds to the failure of specimen S102. Failure pdantthe remaining six
specimens lie on the S103 line between these two pointsré-igshows the equiv-
alent plot for test S118 using the corresponding lineartjihess of 127kN/mm.

Comparing these figures with Figure 3 (the equivalent plottie idealised elastic-
perfectly-plastic case described above) raises the faligwoint. Thea = 0 line

in Figure 3 is horizontal whereas the equivalent lines iruFég 6 and 7 are not.
These lines have an initial positive gradient which de@esas a horizontal asymp-
tote is approached with increasing plastic deformationis @ifference stems from
specimens S103 and S118 showing a smooth transition frasticela increasingly
perfectly-plastic like behaviour as opposed to the suddsrodtinuous transition
of the elastic-perfectly-plastic element.

Comparing Figures 6 and 7 with each other is also instrucfliee main point to
note is that the difference between the S103 line and therdppend line in Figure

6 is less than the difference between the S118 line and therdggund line in
Figure 7. This stems from the different stiffness ratiooasged with the two tests.
The stiffness ratiax for test S103, which used the stiff 250-maraging steel side-
bars, is 1.50. However, in the case of test S118, which useleds stiff Ti-6AI-4V
side-bars, the stiffness ratiois 0.87.

6 Concluding remarks

Both the idealised model and the results of the whole-sirediests have shown
that when plastic CMOD precedes fracture, the reductionan lcarrying capacity

of the structure depends not only on the level of initial loagge residual stress but
also on the stiffness ratio, as well as the amount of plastic CMOD. This is because
long-range residual stresses result from misfits betweearpooaents. Any plastic
CMOD which acts to reduce the misfit will therefore have thieetfof reducing
the residual stress. By how much the residual stress redocagyiven amount of
plastic CMOD depends in turn on the stiffness ratio.

However, when linear elastic conditions apply, such thailastic CMOD precedes
fracture, the reduction in load carrying capacity of theatre depends only on the



level of initial residual stress.

Finally, from the point of view of structural integrity assenents, the main impli-
cation of the work presented in this paper is that, where-l@mge residual stresses
exist in a structure and plastic CMOD precedes failure,nbisenough to know the
fracture properties of a cracked component in isolationowdedge of the whole-
structure is required, since the boundary conditions aatsatwith the component
are governed by the surrounding structure.
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C Si Mn P S
0.22] 0.55| 1.60]| 0.035| 0.035

Table 1. Chemical composition (by % weight) of BS EN 10025%533G3 steel
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Figure 1: Force versus crack mouth opening displacemer2Somm thick BS EN
10025 S355 J2G3 steel C(T) specimens at 2C2&nd -140C
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Figure 2: Force versus crack mouth opening displacemerstifocture a) without
and b) with preload
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Figure 3: Normalised force versus plastic component ofkcracuth opening dis-
placement for structure of Figure 2



a) $102, -125°C b) S103, -125°C

200 . . 200
cm — e
150 [-Jig == 150 e
= Total === = -
< 100 < 100 _-
3 3 et
= 50 = 50 = 3
2 - 2 e
0 ;,‘ 0 f.-"
-50 -50 fA
0 0.1 02 0.3 04 05 0.6 0 01 02 03 04 05 0.6
CMOD (mm) CMOD (mm)

Figure 4. Force versus crack mouth opening displacemerd)fepecimen S102
and b) specimen S103 in jig with 250-maraging steel side &iatk25C
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Figure 5: Force versus crack mouth opening displacemerd)fepecimen S115
and b) specimen S118 in jig with Ti-6Al-4V side bars at -125
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Figure 6: Normalised force versus plastic component ofkcracuth opening dis-
placement for specimen S103 in jig with 250-maraging stielel sars at -125C
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Figure 7: Normalised force versus plastic component ofkcracuth opening dis-
placement for specimen S118 in jig with Ti-6Al-4V side barsl®25C
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