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THE INVESTIGATION OF A DUCTILE FRACTURE OF A LOW ALLOY STEEL

C.Q. ZHENG* and J.C. RADON*

The relation of two parameters, J-integral and CTOD,
characterising fracture toughness is analysed and the results
applied in the evaluation of the toughness of a low alloy
steel used in the construction of North Sea 0il platforms.

It is shown that the value of the parameter M in the
equation J = M 0,6 decreases with temperature, but is not
substantially in%luenced by the ratio a/W. Suitable
expressions to estimate the value of M are discussed.

ANALYSIS OF THE J-INTEGRAL AND CTOD RELATIONSHIP

The characterisation of the fracture process by means of the J-integral
and the crack tip opening displacement CTOD is well established. Suitable
solutions exist for linear-elastic (using K-factor) and rigid-plastic
materials.

However, only approximations are at present available for strain
hardening elastic-plastic materials. The soluticns reported in the
literature so far were normally arrived at by using the linear-elastic
approach together with appropriate numerical correction factors. In the
present paper, the experimental evaluation of some mechanical properties
(ch, COD) obtained on a low alloy steel BS4360-50D is compared with
investigations using other methods on steels of similar compositions
(la). There is a considerable shortage of information on the correlation
of fracture toughness properties with the micromechanics processes
controlling ductile fractures. On the micromechanics scale fracture
occurs by the initiation, growth and coalescence of voids (lb) formed
at inclusions and second phase particles. Unfortunately, the relation-
ship between these microscopic processes and the macroscopic behaviour of
the material is not well understood.

In the following section on the deformation of a rigid-plastic and
elastic-plastic material the process involving static homogeneous strain
hardening is considered (1lb). Cyclic hardening and fatigue crack
propagation are described elsewhere (1c, 14d).
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Rigid Plasticity

In Figure 1, AOB is the opening displacement of the crack tip.
CTOD, which increases with the increasing load. At the crack tip
Oyy = 0. According to the definition of J-integral

- _zdu
J = SFEDC (W dy T % ds) (1.1)
=1 (W dy - T éé ds)
AoB ax
= f ‘
aos p I

where W = plastic strain energy density. Along the line AOB, T = 0.
Assuming that:

The effective stress g =a (Ep)n (1.2)
. g = s . 4 — Z = Z
where: o l loy 02) + (02 03) + (o3 cﬁ (1.3)

and the effective plastic strain is

- _2 — 2 — pl K 2
€& =3 % |(ep_1 ep.z) + (sp'2 ep_3) * (59.3 ep‘l) ] (1,4)

It is usual to express the strain energy density as follows:

aw_ = g de (1.5)
P P
Therefore:
W = /o de (1.6)
P P
- e i O = A X 1 =
= fo (ap) dep =1 (sp) g o EP
and:
g = —L_f GE dy (1.7

n+1AOB p

A free surface near the notch root'(Figures 1 and 2) should be noted.
As shown in Fig. 2 the three principal stresses are :

a (Y and O
tt’ nn zz'

where © = 0.
nn
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{a) For plane strain conditions:

Vo2 " Bott v €22 T O/ &t~ "®m
- 3 - 2/3
- =23 1.8
therefore: O > Ot and Ep T St ( )

(b) For plane stress conditions:

gy =0,€ =€ = -he
2z ! Tzz nn h tt

: .5 = 2 1.9
therefore: 0 = 0., and ep et ( )

fn both plane strain and plane stress conditions, along the free surface
of the notch root:

g€ = 1.10
3 Ep Sow Bhp ( )
This relation applies to any free surface of arbitrary shape. Therefore:

1 g 1
T — 3 =
p ¥ ST+ 1a0B vy ey ¥ T+n

J = g€ g 6 (1.11)
P

_r 7
n+ 1 AOB

where 0 =0 and § = [ ¢ dy, is the plastic part of the CTOD. Neitlhier

a specific ggape ofpthe plastic zone, nor the distribution of stress were
taken into account in equation 1.11.

ﬁlasticity—?lasticitx

Strain energy, U, consists of elastic part Ue and plastic part U_,
as follows: p

Uu=U0U_+1U (2.1)

similarly, it is convenient to express J as J_ plus J, and § as 8
i . e e
plus Gp. Using eq, (2.1), the expression for J-integral is:

(3u U
-1 t_flq _1 (_Ja) (2.2)
B da A B \da A
_ 1
= G + P g ép

This equation has also been derived by Chen et al (2), as described later.
In the elastic range:

J =G (2.3)
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In the large plastic strain range:

J = T+ 59 dp (2.4)
At the critical point when ¢ increases to fracture, o = Gf (fracture
stress) :
3 6]
X 1 f
J = — 8 2.5
c l+n°f6c l+n [cy]cyc X }
e 1 %
o " 1l+n o
Y ¢ Yy

Thus J_ is dependent on the strain hardening exponent n and on the ratio
of fracture stress and yield stress cf/oy.

The direct proportionality of the J-integral and CTOD, (§), as
discussed above, is well known. A simple relationship describing this
Proportionality may be expressed conveniently in the form:

J=Mo 6
Yy

(2.6)

where M is an empirical coefficient, which, according to analytical and
experimental investigations, lies between 1 and 2. It will be shown in
the following paragraphs that these limits are highly approximate. Large
discrepancies between these analytical and experimental values of M
reported in the literature advocate the need for better research methods
than those presently used. The value of the yield stress, o ,
corresponding to the strain rate and the temperature appliedyin the
testing process are particularly relevant. Other, more complicated
relations than egn.2.6 may be found in the literature. For example,
Chen et al (2) derived the expression (gsee eqn. 2.2).

J

]
@
+

o é (2:7)

for power-law hardening materials, where o denotes the value of stress 9.

at the root of the blunted crack tip, and 5,J is the plastic part of
CTOD at the crack initiation. 1In eqn. 2.7,Ln is the static strain hard-
ening exponent. The discrete value of the yield stress in egn. 3.1 is
replaced here by ¢ which represents o_ = flow stress at fracture.
Equation 2.7 may be rearranged as:

1
F. = + 2.8)
c Gc 1 +n 0f (Gp)c (
and considering only plastic deformation we obtain
1
J = g, (8) (2.9)

pc l+n f p'c

where Jpc denotes the plastic part of Jc- The terms G, (or Joc) is the
elastic part of Jo and, similarly, (Ge)c is the elastic part of CTOD.
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ror high toughness materials Egqn. 2.9 will change to:

s 2.10
[+ Of Bp)e >> G ( )]
in this case:
1
—— 2.11
o ™ I +n °f (5p)c ( )
ar,
o
3 a2 £ 5 45 (2.12)
e l+n o y c
Y
‘onsequently, using Eqn. 2.6
o]
ot £ (2.13)
I1+n o
b4
Pxperimental

According to Bridgman (3), the flow stress at fracture, af, can be
calculated from:

g # g !
by T W+ 2%/a) 1n (1 * a/2R 3.1
where oy = P¢/(Na?) = average tension in the neck of the specimen at

fracture, Fig. 3. The values experimentally determined (1) for
154360-50D steel (Table 1) are:

Po = 40.11 kN (Figure 1)
cy = 383 MPa

R = 3.30 mm (Figure 2)
a = 3.32 mm (Figure 2)

and applying egn. 3.1 we obtain: 0f = 951 MPa. These results were obtained
using cylindrical specimens, 11.28 mm in diameter, as described in (1a) .
Other tensile properties are shown in Table 4.

Table 2 shows the values of M calculated from eqn. 2.13, together with
the relevant experiment results. Using n = 0.27, which corresponds to the
condition of large strain immediately after necking (1), we obtain:

M = 1.96 (3:2)
for the steel 50D at room temperature, and this is not very different from
the values quoted in Table 2. Chen (6) also considered a hyperbolic
rather than circular profile of the necked section, Fig. 4. 1In this case,

the relevant equation differs only slightly from eqn. 3.1. It can be
shown that it takes the form:

a

£ 2

9y L1+ (1+R/a) In (1 + a/R) 530
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In the present work, the necked profile was approximated t:b2¥§§i;al
bolic, parabolic and circular shapes. For t?e same steelL gosiape
difference was noted and the detailed analysis of the nec its PR s
indicated only a very small deviation of the r;leviét iisuspeCimen ey

i i ter of a tensile
1.5%). However the strain €p 1B the cen )
not Lorrespond ;ith that measgred close to the blpnted crack tip of
three-point pend specimen.

TE is.interesting to note that castro (4) obtai:ed a :e:gaiﬁﬁi:;-
. Although his results wer
mental value of M equal to 1.80 . e
it i i a substantially change Wl
-10vCc, it 1s unlikely that M woul : A
i:mperat;re range of 30°C. pisarski (5) reported experlmental value

(3.4)
M = 2.25

. ts
which are 20% higher than Castro's results. Nevertheless, poth resul

based on standard instrumentation agree reasonably well w1t2t§22ted b
predicted values. Note that a mean value of M i 2.25 waidethe B 02
i pa =0 % 1.6 mm, @
8 and Figure 9 in Ref. (5) for > T ‘ . .
Zigugel + 2.4; an exact M value has not been specified in this work

Another equation originally developed by Lautridou et al. (9) is:

a -n

1 2 ;1) (3.5)
M o e (1 +n)

M=35754 (1L +n ((3‘ (L + v nE

Lautridou reported the calculated values close to the expegiii:;athe
results on A508 steel. Equations 2.13 and 3.? are compagethat gl
experimental data (10,5,9,4) in Table 3; it will be notelzth Sl
of M calculated by formula 2.13 is in gzzd agreeyznzu;:tantial o
i i difference 1 .
results, while 1n eqn. 3.5 the :
t;zt;irm of thé eqn. 3.5 may require further adjustment, such as a
suitable reduction of the size factor.
s gy are pre-
- The reported experimental resu%ts, cf/cY vs oZ 222 2 Zoooympa). e
sented in Figure 5 for medium strength.steels (oy = 0 .2 962 3 e
value of M estimated using edn. 2.13 lies between 7 o téd 2 e
coincides well with a number of experimental values repor o e b
1jterature. Some recent results from Refs. iia, 42) ings;360-5on
i the low-alloy S ee ’
lotted in Fig. 6. The data for / :
;;zained on three-point bend specimens are partlcularly relevant here

d ase
It has been suggested (4) and (10) that.the value gttxataihZeziives
with decreasing temperature, Figure 6. It will be nzf:f R eilE:
are.similar in shape. although they represent thfeg ‘1 1erincreaseS -
With the increasing temperature, the value of M ;ntgza;aierial A e
i i the quality ©
uickly. This trend is related to . .
3radua¥ levelling at higher temperatures 18 probably dgeMtztthiqh
proximity of the transition temperature. The values © b en 4
iemperatures are very similar to those of othez steels. szzantially
ted to decrease S ’
v low temperatures, where M is expec 1
aizynow in pgeparation and additional tests on other structural stee
would be of particular interest.

The influence of the geometrical size of the test piecetgzrzhisvzlue
of M has also been investigated. It was reported (10) that
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4. In the range of 0.45 a/W

distinct effect of specimen dimensions on the J-CTOD relationship for
materials such as BS4360-50D steel, according to the equation:

W= 3.32 (a/i - (a/W2)” (3.6)
and at a/W = 0.5, the value of M may reach the maximum, Mmax = 1.66.
However, according to the subsequent experimental results (4) it was
suggested that at Jeast for BS4360-50D steel, M was insensitive to the
value of a/W. Hence it seems possible that results in (4)' and (10)
should be reanalysed. As indicated, the approximate expression for the
factor M yields correct values within * 10% for a/W between 0.4 and 0.6
and this is adequate for many practical applications. Beyond this
range, the margin of error may be unacceptably large.

Using egn. 3.6, the value of M varies between 1.626 and 1.66; this
is only a 2% difference in the value of a/W for the whole range of 0.4
to 0.6. Thus (4) and (10) support the evidence that there is no direct

influence of a/W on the value of M. Again, further tests using widely
different geometries would be helpful.

It is expected that some other properties, such as E, and also Oy,
n and the strain rate may influence the value of M. A relationship
including these factors may well be more complicated than, for example,
that incorporated in the eqn. 3.5. The effect of the strain hardening
exponent, as a function of loading history is likely to lead to higher .
M values; this investigation is now in progréss. On the other hand,
with the increasing strain or loading rate the value of M will probably

Jecrease. Similarly, the general trend for steels is that as the yield
increases, the M value decreases.

~ONCLUSIONS

1t is suggested that the relationship of the J-integral and CTOD requires
further investigation. Some convenient estimates should be used in the
meantime. In summary, for the low-alloy steel BS4360-50D:

1. Evidence is presented showing that the experimental results now
available and the egns. 2.2 and 3.2 give a good general estimat
of the J-integral. Also this J-value agrees well with the
experimental results recently reported in the literature.

2 Bridgman's functions may be used to closely describe the neck
profile in the ductile fracture of a tensile specimen. These
functions would not influence parameters R, Of and M.

on the basis of the data at present available, it seems that the
value og M decreases with decreasing temperature. Between 200°K
and 300 K, M is nearly constant and for BS4360-50D steel is 1.80.

< 0.6, there is practically no influence
of a/W on the paramater M. However, outside this range the value
of M may be suspect and the results should be used with care.
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TABLE 1

Chemical Composition (Weight) of BS4360-50D Steel

Element| cC Si Mn | Ni Cr | Mo, P S Cu | Nb Al

+  ]0.180[0.36{1.40]0.095|0.11| 0.020| 0.018|0.003| 0.16]0.039]0.035

TABLE 2

The Values of M

Hardening M from Equations M from Equations | M
Exponent (8) and (9) (8) and (11) experimental
n
0.174 2.12 2.15 1.80 54]
0.22 2.04 2.08 2.25 5)
0.27 1.96 2.00 =
TABLE 3
Estimated and Experimental Values of M
Hardening { cy M M from M from
et Expotient (MPa) experimental | Equation 8) |Equation 12)
n
BS4360- 0.27 383 1.80 -{4} 1.96 4.74
50D to 2.26 {5)
En32B 0.28 290 2.52 {9} 2.73 5.29
En32 0.289 275 2.60 (10} 2.72 5.60
0.221 275 2.60 l10] 2.87 4.09
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TABLE 4
I
Yield stress, oy 4_——1 383 MPa
Ultimate tensile strength, cu 543 MPa
Young's moduls., E 213 GPa
Elongation, A 33%
Reduction in area, | 4 65.5%

Gauge length = 5.65 ¥ " where so is the

cross-sectional area of the specimen.
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Pi : .
igure 1 Crack opening displacement. Figure 2 : Crack tip

Schematic Schematic

Figure 3 : Steel BS4360-50D. Load—displacement curve.

Loading rate 0.0025 in/min at 21°C.
Ref. [1a].
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Figure 4 : Necking of a tensile specimen. Schematic.
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Figure 5 : Mild steels (reference [2])
(a) O"/cy versus cy (b) n versus @
BS4360-50p
M A
|Sot— % °
loo- SHIP BUUDNG STEEL
,{' Mn -vsresL
o8- a
| | J
° 100 200 300 °K
Figure 6 Variation of M with temperature

Results from three-point bend
tests [4,10]) and [1b].

300

i


User
Rettangolo


