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CTO D TESTING OF WELD METALS: THE IMPORTANCE OF POP-INS

J.E.C.SALDANHA PERES*
J.H.Rogerson™*

~ The CTOD test is used to assess fracture initiation properti
es and its value on weld metal is dependent not only on
the factors which affect the results on plate material,
but also on welding procedure and on the specimen geometry.
Furthermore several difficulties have been observed when
testing weld metals. A mjor difficulty is related with
the assessment of the significance of pop-ins, which are
frequently observed in tests on weld metal. This paper
describes an investigation into CTOD testing of weld metals
in C-lMn steels partly to see to what extent pop-ins should
be considered as significant events and generally to consider
the uncertainties in the interpretation of CTOD tests
of weld metal.

INTRODUCTION

It is well known that if there is a risk of a welded structure suffering
from fracture, such a failure will most probably arise from a crack initia-
ted by a weld defect.Hence the need to use fracture mechanics methods which aim

to establish a relationship between the applied stress, the fracture
toughness of the weldment and the existence of weld defects. With
the use of such a relationship it is possible to determine the maximum
allowable defect size for a given touchness level or the minimum required
toughness level for a given defect size. The measurement of the toughness
of weldments, and particularly weld metals, is not straight-forward but
a frequently used small scale test for ductile materials (which includes
most steels used in welded constructions) is the CTOD test carried out
according to BS 5762:1979 (1).

The CTOD is used to assess fracture initiation properties and its value
on the plate material is affected byseveral factors Harison(2), such as strain r‘ate’
temperature, thickness, type of testing machine and testing technique.

The CTOD test was designed for measuring the toughness of steel plate
and the standard gives some guidance to |imit the variations caused by

such factors by requiring the testing of full thickness 'specimens at
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the temperature of interest within certain limits of strain rate. Much
more variation occurs when testing weld metals as the fracture toughness
is dependent not only on those factors Pisarski et al(3), Marshal [(4)put also on the welding
procedure (e.g.welding process, consumables, preheat, interpass temperature,
heat input, welding position and welding technique, joint configuration,
degree of restraint, post weld heat treatment, root treatment and level
of hydrogen present), and on the specimen geometry. Furthermore, several
difficulties have been observed when testing weld metals. It is difficult
to obtain an acceptable crack shape Leqgatt et al(5), due to the presence of residual
stresses and to the inhomogeneity of weld metals. A major difficulty
in interpreting the CTOD test results is related to the occurrence of
pop—ins which are transient instabilities on the load/clip gauge displace-
ment curves, wusually associated with arrested short brittle cracks.
These pop-ins are frequently abserved, Dawes et al(0)in tests on weldretal e to
its inhomogeneity and correspond to the lower values of toughness obtained.
Their significance in the assessment of structural behaviour has been
questioned by several authors Pisarski (7 )amth(8)kamath et al (9)since their ocaurence cbpends
not only on thematerial toughness but also on the testing techniques. These
factors make it sometimes difficult to assign correct toughness values
to weldmetals.

This paper describes an investigation into CTOD testing of weldmetals
in carbon-manganese steels partly to see to what extent pop-ins should
be considered as significant events and define the fracture propertics
of the weld and partly to what extent they are merely characteristics
of the test procedure which is not primarily designed for testing weldme-
tals and generally to consider the ucertainties . in the interpretation
of CTOD testing of weldmetals.

EXPER IMENTAL PROCEDURE
Materials
Welds were made on 25mm thick C-Mn steel plate to BS 4300 Grade 50D(see

Table | for composition) with 4mm diameter manual metal arc electrodes
to AWS E7016.

We lding Procedures

Vertical up welds were made in an equal Double-V 60° included angle
pr"eparation' on pairs of plates 900 x 600mm. The details of the procedure
are given in Table 2, and the geometry of the joint is shown in Figurel
Two of these welded panels were ’‘repaired’ over a length of [00mm at

their mid section, using the same welding procedure. Details of the
repair groove are given in Figure 2.
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Fracture Testi ng

The reinforcement was taken off and full thickness specimens with a

notch perpendicular to the plate surface were used, manufactured and
tested in accordance with BS 5762 (]) Most specimens contained some

degree of distortion.
To ensure sétisf:actor‘y fatigue crack shape, Dames (10)
weres- plastically strained in compression at strains between 0.7% and

17

> The fatigue cracks were grown at a stress ratio of 0.1 with a maximum

the uncracked specimens

stress intensity factor less than 800 N/mm-3/2. The crack growth was
carefully monitored and allowed to grow to a length of 25mm (an a/W
ratio of 0.5). Specimens were fractured in a 50 ton Universal Testing
YMachine at a temperature of -]0°C. Following testing the specimens were
broken open after being cooled in liquid nitrogen and all the fatigue
cracks (except one whose result was then discounted) were found to be

regular and within the limits al lowed by the standard.

CTOD Results

CTOD results from the three welded testplates are given in Table 3.
Various types of traces were obtained and the corresponding CTOD types
were assigned and are also given in Table 3. A very small number of
specimens (5 out of 35) failed at maximum load. A large number of specimens
suffered pop-ins (I8 out of 35) which were mainly of two types designated
on this study by Type A and Type B (see Figures 3 and 4 for examp les
of load/clip gauge traces and associated fracture surfaces). With the
Type A pop-ins there was no decrease in load the discontinuity on the
trace was very small (17 to 58 um in terms of clip gauge displacement)
and the pop~ins (there were sometimes up to six on one specimen) always
occurred near the linear range of the load/displacement curve. The Type
B pop-in did cause a decrease in load and the discontinuity was larger.
The occurrence of pop—ins Type: A is not described i'n the BS 5762,
It should be noted when considering Table 3 that some of the test spec imens
were purposely selected from areas where weld ‘repairs’ had been made.
All but one of the specimens from the repair area gave values at the
lower bound for the results, displaying pop-in Type A behaviour. As
well as reporting the CTOD values strictly as defined in BS 5762, alterna-
tive estimates of CTOD were made. In the specimens where Type A pop-
-ins occurred, CTOD was recorded (Table 4) ignoring the first pop~in.
Maximum load value of CTOD was also recorded (Table 5) when an. increass

in load occurred after the Ffirst instability (which gave the valid
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CTOD reading). As can be seen, the ratio between these maximum load’

CTOD and the valid CTOD range from 2.2 to 20.9.

Fracture Examination

Visual examination of fracture surfaces was made after final scparation
of the specimens in liquid nitrogen. Typical fracture surfaces are shown
in Figures 4, 5 and 6. In .gener‘al the fatigue crack was of regular shape
which was expected due to the precompression given. The existence of
arrested short brittle cracks could also be seen on the fracture surfaces
of most specimens which displayed pop-in behaviour (Figure 4).

Fracture initiated (except for the repaired we ldmetals) in the mid thicknes
of the specimen, i.e. in the root regions of the double-sided we lds
and sometimes the fracture was confined to a very restricted area. In
welds which had been repaired the fracture initiation was not in the
mid thickness and the fracture was confined to an even smaller region,
see Figure 6. In a number of specimens ther:a were small defects (porosity
and solid inclusions) in the final fracture surface.

lardness surveys across the weld, Table 6, showed that fracture initiated
at the regions of highest hardhess vhich was in the roct in the as—welded specimens

but away from the root in specimens which had been repaired.

DISCUSSION OF THE RESULTS

The results of the CTOD testing and the subsequent analysis of the fracture
patterns clearly indicate that fracture initiated at, and was confined
to, small areas at or near the root of the weld. Also, in many cases,
small brittle cracks occurred which were arrested before final fracture,
leading to pop-ins. Small weld defects were also observed on or near
the fracture surface in some cases. At the same time the reported, valid
CTOD results (according to BS 5762) are low compared to what might be
expected from modern E7016 weldmetals and, when a repair weld had taken
place, the reported toughness tended to be lower and with more arrested
cracks. '

The analysis of the fracture surfaces together with the results of the
hardness survey is consistent with the existence of a narrow area of
lower toughness at the root r‘egibn leading, in some cases, to the initia=-
tion of brittle cracks which were subsequently arrested when growing
co areas of higher toughness either as a result(9) of such higher toughness

or as a result of the change in crack front shape reducing the stress
intensity factor or even as a result of insufficient elastic stored
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energy within the testpiece/machine system.

|t has been wel dejli#ed'CIaket al (11) Rbinson(12) that there is frequently a change
in weldmetal toughness through the cross-section of double—éided welds
in C-Mn steels. In the case of MMA welds the thoughness in the root
is normally lower than in the subsurface regions. This is a function
of the welding procedure (12) and is attributed either to dynamic strain
ageing or to dilution effects occurring at the root or even to the presence
of résidual stresses. The evidence of the hardness measurements indicates,
in the case of the welds currently studied, that there is a microstructural
or compositional variation through the thickness. The fracture is confined
to the high hardness (assumed low toughness) regions in or near the
mid section. In fact there is some evidence Dawson et al (13) Parlere et al(I4)that the use
of full weave tedhniques and/or of asmall degree of restraint as in the present
experiment leads to a reduction in the root toughness. Therefore, it
seems that the CTOD result in an inhomogeneous material reflects the
toughness of the least tough region, particularly if it is near the
area of higher constraint.

The residual stress effect is not likely to be significant because of
the precompression of the specimens (5) and the evidence of the shape
of the crack fronts.

The significance of weld defects at or near the fracture is not clear.
Certainly they existed in some cases and, on a microscale, we could
expect that they might affect the shape of the load/displacement curve
via their effect on the compliance and might be the cause of mp-ins.

It was not possible to match individual defects with paticular @ pop-
-ins, so their effect is unknown but merits further study.

The fact that the fracture in these weldments was restricted to a particu-
lar region, presumably as a result of composition or microstructural
factors, means that the importance of welding process and procedure
is very great as it determines the pattern of the metallurgical inhomoge-
neity. It also emphasises that the preferred geometry specimen as used
here (through thickness notch with W = 2B) which samples the whole range
of weldmetal microstructure is more conservative than the subsidiary
geometry specimen as the lowest toughness region is automatically sampled.
Furthermore the preferred geometry has a higher degree of constraint
which is over enmphasised by the joint geometry used (double-V) due to
the coincidence of the area of presuned lower toughness and the area
of higher constraint (mid centre of the specimen).

The occurrence of the many pop-ins could therefore be explained: in that

S5 \
they are a ‘consequence of the presence of small, low toughness regions
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in the weldment at the area of higher constraint) which result in brittle,
arrested cracks. The detection of a vop-ins, and its size, in a given
circunstance is a function of the type of test machine which governs
the dynamic response of the specimens and testing machine and of the

response of the load/displacement recording system. There is certainly

evidence in the literature (8),(9) that pop—in behaviour is affected by
such factors and that when extra energy is available in the testing
systems pop-ins become more extensive and in some cases complete Ffailure
occurs. It may be, therefore, that the distinction between Type A and
Type 3 made in this series of tests would be different under a different
testing arrangement (e.g.use of softer or load control machines instead
of the displacement control testing machine used here).

Inplications for the CTOD Testing of ‘leld ietals

It is clear from the foregoing discussion that the interpretation of
the results of CTOD testing of weld metal is subject to some uncertainty

be made

which means that for prudence a conservative assessment iust

; 5 ; ) i
of weld metal fracture properties. The important implications can be
summarised as fol lows:

The fact that the CTCD is strongly dependent upon the welding procedure

and specimen geometry used, lcads to the present practice of performing
the tests on weldments representative of the worst conditions that
are likely to occur on a given structure, using the specimen geometry

which gives lower toughness results. This fact together with the use
of the CTOD design curve which has been found highly conservative SURDEKIN
(15) introduces an unknown degree of conservatism on the assessment
of structures and makes difficult the attainment of the specified levels
of toughness required in some design and manufacturing specifications.

The problem involved with the occurrence of pop—ins is to determine
whether this crack arrest would occur in an actual structure or not.
The usual argument is that the stored energy available in a structure
is considerably larger than that existing on CTOD specinens. lowever
pop-ins have been observed (9) even in large scale tests. It is then
reasonable to suppose that some pop-ins may be ignored as they are
not significant events, but the definition of rules to determine which
to ignore is not yet feasible. The importance of the subject is very
evicent since, for example, the results presented here show that the

CTOD ratio at final fracture to CTOD at pop-in varied from 2 to 20.
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CONCLUSION

To be used for welding procedure qualification the CTOD testing must
be improved particularly on those aspects related to the establishment

of welding procedures for test plates, the choice of specimen geometry,
the inter‘pr‘etatiqn of discontinuities occuring on the load versus clip
gauge displacerne;;t, the preparation of specimens and the presence of
weld defects on the CTOD specimens. More knowledge is required on the
significance of these variables.

The toughness of the weld metal as measured by the current CTOD test
is significantly Sensitiv‘e to details of the welding procedure and
testing technique. This is mainly due to three factors. Firstly weld
metal is relatively inhomogeneous in terms of composition and micros—
tructure compared with steel plate. Secondly the welding operation
introduces variables such as residual stresses and weld defects and
thirdly the precise we lding procedure causes variation on the toughness
of the weld metal through the thickness affecting the choice of the
specimen georetry and the importance of the testing technique, i.e.
the complexity and sensitivity of the system.

Because the CTOD result js dependent on the toughness of the material
sampled by the notch tip, the specimen geometry and notch location
are particularly important for tests of weld metals. The arbitrary use
of the two different geometries allowed by the standard can lead to
conpletely different results,the lowest ones being more likely with
the preferred geometry.

The occurrence of pop-ins is associated with the lowest CTOD values
obtained being one of the major causes of the large scatter observed-
on CTOD tests.

The study of the post pop=in behaviour revealed that. most of the specimens
had higher resistance to fracture than that displayed by the pop-in,
with the ratio CTOD at Ffinal fracture to CTOD at pop—in varying from
2 to 20. The scatter reduces significantly for the CTOD results at
final fracture. More effort should be expanded in assessing the signifi-
cance of pop-ins as critical events. In order to reduce the differences
in CTOD results obtained by different laboratories, more precise require—
ments for testing machines and sensitivity of dispiacement measurements
should be establ ished.

Finally, the preparation of specimens from welded plates can lead to
the use of distorted specimens and specimens which contain weld defects
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in the fracture path. There is no data on the effect upon the CTOD
results that the presence of such discontibuities and weld defects
can have. More effort should be expended to determine their influence

and to establish limits for those defects on test panels.
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o -
CTOD Values for Weld Metal (E7016) at -10 C (B=25mn; W=50mn)

Table 3:
(23 v . . o
Specimen a/w P c max CTw Type
No. (zm) ) (N) (um)
AWl 0.524 | 0.086 | 37770 | 44uso | o.051 | 8.
AvZ 0.519 |>0.143 | 43450 | 51820 | 0.077
AW3 0.523 | 0.443 | 49260 | 49260 | 0.163 | &
AWG 0.53 | 0.079 | 33520 | 43930 | o0.044t &,
AUS 0.525 | 0.108 | 40860 - 0.063" | &,
ARG 0.527 | 0.088 | 38670 - 0.053" | &,
AWT 0.525 | 0.188 | 44650 | 44650 | 0.089 | S,
AW8 0.526 | 0.067 | 37210 | 47080 | o.086% | &
AW9 0.533 | 0.113 | 38800 | 45050 | o0.061'| &
AW10 0.517 | 0.203 | 48730 | 48730 | o0.123 | &,
AWL2 0.514 | 0.256 | 48720 | 48720 | 0.112 | &,

1) The CTOD Values Marked With 'i' Correspond to Pop-ins Type B.
The CTOD Values Marked With 'ii' Correspond to Pop-ins Type A.

) The Specimens Marked With
HMarked with '**'

'#' are from a Repaired Area and those

are from i Double Repaired Area of the Test Pane!
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(2) v P P o
Specimen alw P & max 1ype
No. (mm) ) o)
RR1 0521 0.117 37010 45840 0.0mww mn
RR2 0.524 | 0.058 | 31490 | 48040 | 0.035%% | &
RR3 0.525 | 0.113 | 38350 | 47730 | 0.059" S
RR4 0.524 0.348 48930 48930 0.138 ma o
. . (=]
RRS ** 0.530 | 0.046 | 29370 46740 | 0.030" [ 8,
RR6 ** 0.519 | 0.033 22600 50030 | 0.0197" | &,
RR7 ** 0.520 0.279 488330 48830 0.116 &:
RR8 0.524 0.367 48040 48040 0.136 &c
RR9 0.524 0.185 43350 43250 0.0838 &c
RR10 0.513 0.3%4 489390 48930 0.152 mB
RR11 0.533 0.154 42360 423060 0.077 @c
RR12 0.5°21 0.137 41000 41660 0.069 a:




Table 5: Values of CTOD At Mamiows Loed { 2 Fax) For
Speciregs which Displaved Pop-ins
Specimen No. ?ff P ) v (1) 5 (%) 5 5néx/’5

No. pop-ins max Py inax

AWl 1 44450 0.613 C.197 0.051 3.9
AW4 2 43930 1.225 0.347 0.044 7.¢
AWB 1 47080 0.963 0.290 0.046 6.3
AW9 1 45050 0.942 0.278 0.061 4.6
R2 2 47640 0.347 G.134 0.027 5.0
R3 2 47640 0.275 0.116 0.0¢4 2.4
R4 1 41660 0.267 0.103 0.036 2.9
RS 4 48040 1.025 0.308 0.038 8.1
R6 6 45840 0.816 0.250 0.024 10.4
R7 1 44650 0..317 0.121 0.038 3.2
RS 1 51430 0.958 0.3060 0.033 i
R10 1 45050 0.564 0.285% 0.070 4.1
RR1 1 45840 0.658 0.211 0.057 3.7
RR2 1 48040 0.592 0.198 0.035 s.7
RR3 1 46730 1.533 0.434 0.039 7.4
RRS 2 46740 0.675 C.215 0.030 7.2
RR6 5 50030 1.342 0.397 0.019 20.9
RR12 2 41660 0.446 0.150 0.069 2.2
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Table 6 - Hardness Data From A
Thickness Direction.

Survey Over The VWeld Metal in the Through

(1) The Values

Marked With '=*!
The Repair Weld Metai.

Those Marked With '*='

Taken Cver The Double Repair Weld Metal,

945

Depth below Hardness Hv
plate surface 10
(mm)
As-veld Cross Repair Weld Cruss Double Repair Weld
Section Section(1) Cross Section (1)
1.2 234 218* 234x*
2.4 222 213* 220%*
3.6 204 179%* 223%*
1.8 194 207* 202%%
6.0 210 207* 209%*
7.2 230 195% 202, 5%
5.4 225 198 229%
9.6 228 204 213
10.8 253 241 239
12,0 243 258 237
13.2 240 281 244
14.4 224 255 246
i5.6 245 251 244
16.8 202 233 213
18.¢ 137 201 192
19,2 228 175 190
20.4 213 202 188
21.6 220 208 197
22.8 225 217 220
24,0 231 225 208

Correspond to Hardness Values Obtained Over
Correspond To Hardness



a) Joint Preparation and
Run Sequence.

b) Macrograph of the Welded
Joint

Figure 1. Details of Welded Joint Geometry and Run Sequence

13
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25

a) Repair b) Double repair

Fig. 2 Typical groove cross section used
on the repair and the double
repair operation.
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Load

Cip gauge displacement -

G Yartous bop=ins fype

Load

Clip gauge displacement

b) Pop=in type 3
Fig. 3 Types of pop-in more often observed
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= Practre ayograee of s bers edadnt e oio-re,

Fia.5 = Fracture gpearace of a speciren which did

et disnlay  pop-in (AW2]
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