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CHAPTER FIVE

WELD CLASSIFICATION - MECHANICAL TESTING

5.1 THE REQUIREMENTS SET BY CLASSIFICATION SOCIETIES

Virtually all ships are designed and constructed to rules set by a
particular classification society or authoritative " organisation, thus
assuring the owner of a particular quality of design, materials and
equipment used and workmanship. If any process or procedure used in the
construction is changed, the new method must produce a product that is
either of comparable or superior quality to the "conventional" product

already accepted by the classification society.

Occasionally & change will be so radical that existing classification
specifications are unable to accommodate the new process. In order for

the procedural acceptance to be gained the properties of the new process

must be compared against reliable source data for the conventional
processes, classification rules where applicable or results of control

sample tests for direct comparison.

Worldwide, one of the most recognised classification society is Lloyds

Register of Shipping (Lloyds) based in London. Their ship design and
construction rules were chosen as a basis for comparison for established
merchant vessel welding standards not only because of their British

origin but also for the ease of communication with their design
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engineers. In addition there could be an early opportunity to
familiarise shipyard based overseers with the process in anticipation of
future formal procedural acceptance. A similar situation pertains for
the Ministry of Defence (Navy) -(MOD(N)) with respect to British designed
and built warships. Therefore the rules and representatives of both

organisations were consulted in establishing a basis for classification

of the welds.

Whilst Lloyds rules are essentially compiled within one document,
"Rules and regulations for the classification of ships" [101] , those for
the MOD(N) are assembled within relevant "Naval Engineering Standards"
(NES) [102] [103] [104] . These are at present superceding and
supplementing earlier standards published by Director General Ships (DG
Ships) [124]). They refer in turn to relevant documents published by the

British Standards Institution.

5.1.1 Standards for conventional testing of fillet welds

The majority of rules set by Lloyds and MOD(N) concentrate on the

testing of butt welds either "as produced” or as wide "V" joints from

which "all weld metal” test specimens may be extracted to test the

welding consumables.

Apart from macrographic and hardness examination, acceptance for
fillet welds is dependent on the use of recognised and listed

consumables, employing labour with recognised qualifications. In
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addition there are requirementé for the deposition of welds with the

required throat thickness, leg length and radius at the weld toe for a

particular joint configuration and preparation.

The sizes quoted in the rules are stated to be required in order to
help control distortion, reduce shrinkage, facilitate good workmanship
and to provide a sound joint capable of withstanding all the likely
service loading for the ship's 1life [102]). In addition to the normal
dynamic and cyclic 1loading, in some instances "one shot" explosive
loading needs consideration when post weld treatment such as mechanical

grinding of the weld toe may be required.

As a narrow fully penetrating weld which has been designed to replace
conventional twin fillet welds, the laser skid weld does not meet the
conventional requirements with regard to weld profile and dependence on
the "all weld metal” test for classification of the consumable material
itself. Therefore the Author designed sets of alternative tests in order

to ensure the compatibility, if not superiority, of the laser skid weld.

5.1.2 Alternative test procedure ratification by classification

societies

Meetings were held with both LLoyds [105] and the MOD(N) [106] in

order to discuss the applicability of existing rules and alternative test
procedures to the laser skid weld. Whilst maintaining that their

established rules should be adhered to whereever possible, they accepted
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the then stated inconsistencies both with all-weld metal sample testing
and Charpy impact testing when problems arose from the fracture deviating

out of the weld zone.

Initially, for MOD(N), the Crack Tip Opening Displacement (CTOD) test
was advised as an alternative. However, during later discussions [125]
it was appreciated that CTOD testing remains a relatively expensive test
to replace Charpy testing as a procedural'hethod ( £300 for a CTOD test
compared with £30 for three Charpy specimens), so Charpy testing of

‘samples extracted from the skid weld itself was proposed.

The laser skid weld (a fully penetrating joint with small reinforcing
or "smoothing” beads) has been designed to replace twin fillet weld
comprising fillets o©f regulated sizes, therefore concern was shown for
the fatigue characteristics of the joint. However the existing rules do
not state specific design 1limits with regard to fatigue properties.
Therefore in the absence of any specific criteria reference was made to

the design rules set by the British Standard Institution.

Normal process acceptance would also depend on showing that weld
properties could be maintained for material chemical composition ranges

within specified grades and for all joint configurations

After witnessing the production of samples for the first set of
.fatigue trials, Lloyds presented a set of discussion notes concerning

testing for procedural acceptance [125] (Appendix C-1). They noted the
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likely influence of practical process variables, assessed parameters
affecting the joint properties, denoted limits for smoothing bead sizes
and extent of defects. Concern was also shown with regard to joints

containing reduced penetration, namely the effect of feducing transverse

bending strength.

Although both Lloyds and MOD(N) made reference to the examination of
metallurgical properties, hardness testing and micro examination, in
order to gain direct comparison with conventional welds emphasis was
placed on proving structural properties. Therefore a set of mechanical
tests was designed in order to test weld tensile strength, ductility,

toughness and fatigue resistance all described in this chapter.

Where acceptance criteria are not provided directly in  the
classification society rules, reference is made to the requirements
placed on parent plate and for butt welds, table 5.01, and to the

relevant British Standard.

5.1.3 Non-Destructive Testing

Prior to testing the welds to destruction, the Author used ultrasonic
testing as a means of initial identification of any defects.
Non-destructive testing (NDT) of conventional fillet welds 1is not

normally required by classification rules due to difficulties in

interpretation. It is possible to use radiography for examining the

integrity of fillet welds by photographing from ac ute angles but
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BS4360 MD
43A material
mild steel
- (plate)

Yield stress 245 245
(N/m¢) min. -

Ultimate tensile 430/510 430/510
stress (N/mm<)

Charpy V-notch - -
(°C/T)

NOTES

material grade A
mild steel (plate)
(all weld)

310 235
430/600 400/490
22 22
+20°/47 -

Lloyds Lloyds
grade A grade A
(all weld) (all weld)

covered wire flux
" electrodes
305 305

400/560 400/560

22 22

1:420°/47 1:420°/34
2:0°/47 2:0°/34
3:=20°/47 3:~20°/34

Ilqwk;dhm;y”@qrmdntestvmlwﬂ;anegﬁxenikmﬁBgﬁada;ofeﬂﬁcumfbssndtdﬂﬁ:ﬂm:the
respective working tamperature limitations.

Table 5.01 - Material mechanica}iprggquy specification as defined by

classification bodies for an
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resulting X-ray contrasts vary continually due to the radiused shape of

the fillets. A similar situation exists for the other dominant shipyard

NDT method, ultrasonic testing.

For fully penetrating tee joints the situation is slightly better when
testing in way of the web plate. The best radiograph results are gained
when the web can be cut off, just above the the weld, so that contrast
within this region is consistent. However, this necess itates a

u

"destructive” test procedure. A few laser skid welds were tested by this
method which proved successful in showing any pores in the weld, but as a
first method of establishing weld quality, the test was destructive and

expensive,

Therefore, being relatively simple and inexpensive, ultrasonic testing

was used as an initial test after first producing the weld to identify

any potential defects in way of the web plate.

Samples were up—turnea and gel brushed on the plate face plate
surface. Using a narrow Smm probe unit, the system was calibrated to the
plate thickness prior to traversing the probe along the jént line. The
position and depth of defects were identified from peaks on an
oscilloscope trace. Large areas and isolated zones of "lack of fusion”

could be identified. However, confirmation of the type of defect could

usually only be made through subsequent destructive testing.
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Evenso, this test enabled the Author to make an initial assessment of

a weld's integrity prior to further, more expensive destructive testing.
5.2 CRUCIFORM TEST

The cruciform tensile test to destruction was designed to determine
the relative tensile strength of joints subject to a static tensile load.

After the test the fracture surfaces, whether in the weld or the parent

plate, may be examined for flaws.

Although the test is not normally required by Lloyds or the MOD for
conventional weld procedure acceptance the test is recommended by BS
4870:Part 1:1981: Approval testing of welding proceduresﬂ [126]). Minimum
acceptance level is that the ultimate tensile strength (UTS) should be no
less than that required for the parent material. The UTS requirements
for both parent plate and all weld metal samples are summarised in table

5.01 for Lloyds and MOD(N).

5.2.1 Preparation of Test pieces for Cruciform Tests

Test pieces were cold cut from welds in each plate thickness to sizes
defined by BS 709:1971 "Methods of testing fusion welded joints and weld
metal in steel"”, [127] as shown in fiqure 5.01. For the first two
samples tested one of the webs was produced by fillet welding using the

MMA, process to weld the web on the opposite side of the face plate to

the laser welded joint. However, as the MMA weld failed rather than the
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Figure 5.01 - Dimensions of test samples used for tensile testing
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laser weld, all subsequent welds were produced with laser welds joining

both webs to the face plate.

5.2.2 Cruciform Test Results

For the first test, when a laser weld was positioned opposite an MMA
weld (4mm leg length), the MMA weld failed at the weld throat, the laser
weld remaining intact. For the next sample the leg 1lengths of the
opposing MMA weld were increased in size, with thicker plate and a
prepared joint with a double bevel of 60 degrees and 5mm nose. This time
the joint failed in the parent plate on the side of the laser weld.
Therefore it was evident that, provided any possible heat treating effect
as a result of welding the conventional joint had not affected the laser

weld joint strength, the tensile strength of the laser skid was superior

to that of the parent plate.

In order to ensure no heat tréating effect of the secondary weld, all
subsequent welds were produced by laser. Table C5.01 (Appendix C-2)
shows a listing of each test detailing the point and type of failure
Flgure 5.02 summarises these results. Ultimate tensile stress has been
plotted against carbon equivalent showing a proportional relationship for
those welds failing in the parent plate. Figure 5.03 shows typical

examples of the failed cruciform sections.

Of those that failed 4in the weld due to defects 50% reached stress

levels above the minimum requirement set by classification societies.
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Figure 5.02 - Ultimate tensile strength of laser skid welds compared
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Figure 5.03 - Laser skid welded cruciform samples failed in the parent
plate during tensile testing

Figure 5.04 - Defect (lack of fusion) identified in the skid weld during
tensile testing
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Where defects were suspected in the joints prior to testing, the test has

also enabled the fault types to be confirmed and subsequntly identified.

For example, a laser weld in 8mm plate, whilst wvisually sound but
showing zones of lack of fusion by ultrasonic scanning, tensile testing
showed this fault in the weld centre where the incident beam has been set
too high. Build-up of molten material has fused the joint both at the

incident and emergent side but failed to fuse in the weld centre, figure

5.04.

The present tests on skid welded samples have shown the superior
quality of the skid weld in tension over the minimum requirements as set

by classification societies.
5.3 FILLET WELD FRACTURE TEST

The fillet weld fracture test as defined by B.S 709:1971 [127]
requires that a weld fillet is broken open to permit examination of the

fracture surfaces. The test is designed to ensure that fracture is most

likely to occur through any flaws present e.g. cracks or porosity.

The test is normally conducted on a single fillet weld run made on
either a tee or 1lap joint. If necessary, in order to promote failure

through the weld material, a saw cut may be made on the £fillet surface.
A force 1is then applied perpendicularly to the upper edge of the web

plate or attachment in order to fracture the weld through bending.
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Unlike the single fillet, the fully penetrating laser skid weld shape
does not provide any inherent points of discontinuity for a static load
to initiate fracture. Therefore, either flaws in the weld material
structure will form a discontinuity or the test will operate as a "bend”
test similar to that used on plane butt welds [127] to reveal the

ductility of the joint.

5.3.1 Fracture test specimen manufacture

Test specimens were c¢old cut from laser skid welded and MMA welded
samples to dimensions as detailed in B.S. 709, figure 5.05. Initial
tests were carried out on laser welds in 8mm thick plate, with the
incident bead removed (by grinding) and with the emergent bead intact,
also with the emergent bead removed and the incident bead intact.
Further tests were conducted for each plate thickness as follows:

l. As welded; weld known to be sound from previous test;.
2. Saw cut placed in emergent bead.
3. Saw cut placed in incident bead.

4. As welded, but with suspected flaws.
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Figure 5.05 - Dimensions of the samples used for fillet fracture type
testing
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Figure 5.06 - Loading of the fracture test samples
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5.3.2 Fracture testing details

Test specimens were placed in a hydraulically operated compressive
testing machine (Amsler, 35t maximum capacity) with the load applied as
shown 1in figure 5.06. The applied load was increased until the joint
vielded, and then maintained until either the weld fractured or the web

had been folded parallel to the face plate. The specimen was then

removed for examination.

5.3.3 Fracture testing results and discussion

A summary of fracture and bend surfaces is detailed in table 5.02.

In every joint specimen, the web was forced over parallel to the face
pPlate without the two parts becoming fully separating. No failure was
Observed in the welds shown to be satisfactory by previous visual and
ultrasonic scanning (type 1 above). This emphasised both the overall

strength and ductility of the fully penetrating joints, figure 5.07.

In the other, rather less satisfactory type 4 samples some failures
occurred. The fallure path either followed the track of a defect in the
weld material or, if no defect was present, followed a principle shear
stress failure path by ductile cleavage into the web plate material.
Placing of a saw cut to provide failure initiation, by ensuring a stress
concentration within the weld metal, helped to expose a number of

occasional defects previously located but not identified by ultrasonic
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No visual
failure

NO visual
failure

NoO wvisual
failure

NoO visual
failure

NoO visual
failure

NO visual
failure

Partial ductile
failure into
web; partial
lack of fusion
to face plate

Saw cut in
pores at
failure
initiation then

ductile into web

No visual
failure

Small crack..
Three zones of

centre line cra-

cking opened

Ductile
failure into
web plate

NO visual
failure

Slight crack
on surface

Mainly ductile
failure into
web plate. Two
zones of lack
of fusion.

Ductile failure
into web plate-
part lack of

fusion visable

Brittle failure
five areas of
centre line
crack

Partial ductile
failure into
web; partial
ductile/brittle
failure in weld

Ductile failure
into web plate

No wvisual
failure

No visual °
failure

Cracks
formed at
pores-rest
intact

Gross
porosity
and
ductile
failure.

Slight
cracking
at weld
toe

Lack of
fusion;
ductile
failure to
web.,

Table 5.02 ~ Fillet fracture test results
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Figure 5.07 - Acceptable skid welds after a fillet fracture type test

Figure 5.08a - Failure in a fillet fracture from a saw cut notch into
the web plate
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Figure 5.08b - Initial failure during fillet fracture testing due to
zones of hot cracking

Figure 5.08c - Initial failure during fillet fracture testing due to
porosity
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scanning. However, without such a c¢ut notch, some o©of the defects

previously found did not necessarily cause failure.

The various types of failure observed are shown in figure 5.08 a to c.

The tests have shown that by applying an adapted fillet weld fracture
test weld flaws, may be identified. Firstly a lmm deep saw cut is made
in the incident bead surface and a force applied in the web plate
directed away from the cut position perpendicular to the web. Secondly
the process is repeated on a different ‘sample with a notch in ther
emergent bead. Then by repeating the process for the unnotched weld, the

integrity of the weld beads and the ductility of the complete weld can be

assessed.

Use of the test has emphasised the advantages to be gained from laser
welding not only as a fully penetrating joint but also from the refined
weld structure as discussed later in the chapter. This creates a strong
Yet ductile joint to give structural performance in excess of the twin

fillet joint conventionally employed in shipbuilding.
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2.4 IMPACT 'EIZ'ESTING

For structural steels the usual reason for using an impact or
toughness test is to provide data and checks to ensure that the material
will not suffer from brittle fracture in service life [128] . In order to
maintain total structural integrity the same criteria must be applied to
the welds that 3join the steel piece parts. The toughness test most
widely used in shipbuilding is the Charpy V-notch test as described by
BS131 : Part 2 : 1972 [129] and Lloyds Rules [101]. The test determines
the energy absorbed at a specific temperature in breaking a specimen,

notched 1in the middle and supported at each end, from a single blow of a

pendulum.

Normal procedural impact testing of arc welded butt joints for
shipbuilding classification requires that triplicate~test specimens- are
taken from a welded butt joint (or all-weld-metal sample in the case of
welding consumables acceptance trials), with the average toughness value

for a specific test temperature meeting a specified minimum. The values

specified by MOD(N) and Lloyds are summarised in table 5.01l.

However for fillet welded joints, sO long as the weld fillets are of
the correct size and the consumable material has been tested in an
"all-weld-metal" test to the acceptance of classification societies, no

direct testing of the actual joint configuration is normally required.
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5.4.1 Use of Sub-sized Charpy specimens

The recommended c¢ross section size of Charpy test specimens is
10x10mm, but if this cannot be achieved e.g. for welds in 6mm plate,
"sub-size"” specimens may be used. Various authors have provided factors
to correlate the toughness values provided from full size and sub-size
specimens [130] [128]. Generally the use of smaller specimens has the
effect of lowering both the absorbed energy for any one test temperature
and the transition temperature (the temperature at which the mode of
failure changes from ductile to brittle). Towers [131] has recently
summarised and assessed the adequacy of various classification codes for
the use of sub-size Charpy specimens. For standards in the United
Kingdom there 1s no modification to test temperature fof sub-size

specimens, this being taken into account when specifying the "modified

energy”.

The requirements for sub-size specimens are summarised, table 5.03 :

Whilst these correlation factors may be used to provide a reference
for minimum acceptance standards, cross reference between results of
varying sized specimens could be misleading when comparing detailed
transition curves. Therefore in order that the results from nearly all
the thicknesses of plate being skid welded could be tested, sub-sized

specimens of 5x10mm were used throughout the present trials.
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Code Energy requirement as a
function of that for a full
size specimen (10x10Omm)

7.5x%x10,0mm 5.0x10.0mm
BS4360 : 1979 0.77-0.78 0.66-0.68
Lloyd's Register 1981 0.77-0.78 0.66-0.68

---—---———h-_I-“__-—----——----—------.----—_-—_-—-—-_-_-““_—_“-__—--_ﬂ—

Table 5.03 - Guidelines for sub-sized Charpy specimen impact
requirements - after Towers [131]
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Temperature Standard size Sub-sized (half)
enerqgy absorption specimen absorption
(-*C) (J) (J)
20 47 33
0 34 23
=20 27 18

Table 5.04 -~ Charpy acceptance criteria for skid weld toughness testing
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The MOD(N) specify that for welds in mild steel plate of 1less than
25mm thick, the energy absorbed during Charpy testing at 20 °C should not
be less than 473 (33J for half size specimens). Lloyds give no toughness
requirement for joint acceptance in Grade A plate. However normal
shipbuilding practice is to accept the guidance of BS4870:198£ using
BS5500:1982:"Specification for the design of unfired fusion welded
pressure vessels" [132] to provide minimum requirements. Therefore, for

the purpose of the test programme, acceptance levels specified using

sub-sized specimens were adopted, table 5.04.

5.4.2 Alternative procedures to all-weld-metal conhsumable testing

For normal arc welding consumable classification, weld runs are

deposited in a wide "V" prepared plane butt joint and\“all-weld-metal"

test specimens extracted. The welding consumable may then be classified

to varying standards depending on the Charpy values achieved at a

particular temperature for a certain welding process.

For the high aspect ratio single p;ss laser weld such a test would be
misleading. Insufficient consumable material is run into a normal joint
space during a single pass run to ensure that an "all-weld-metal"” sample
may be extracted. If a multi-run technique was employed not only would
the weld material cooling rates far exceed those normally experienced in

the single pass welds, but also " subsequent runs would have a heat

treating effect changing the weld properties.
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All-weld-metal testing is conventionally highly relevant to the tee
section joint. So long as the tests conducted on such samples give
satisfactory results and fillet shapes are to the required size, no
Charpy testing of the fillet joint material is required. 1In the absence
of an immediate alternative to the "all-weld-metal” test of the
consumable material, a programme o¢of trials was designed, f£firstly to

examine Charpy properties of skid welds themselves and secondly to show

how properties of the weld metal could be improved.

In order that Charpy specimens could be removed from skid joints
themselves, a secondary web plate was welded directly opposite to the
first web joint to form cruciform samples. A small jig was designed and
produced to ensure alignment of the two webs. Charpy test specimens were

then machined from the two webs, containing two welds with the flange |

plate sandwiched in the middle, figure 5.09.

After testing the acceptability of welds taken from the skid welding
configuration, comparative trials on butt type welds were then conducted

to assess the effect of using various filler wires to improve potential

weld toughness properties.

The latter butt welded tests were in keeping with the classification
society dependence on butt joints for the setting of consumable
acceptance standards for conventional weld classification. Also they
were more akin to the requirements placed on the testing of fully

penetrating tee joints as described by BS5400:1980,Part6 " Steel,
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Figure 5.09 - Charpy test specimen extraction from a cruciform welded
sample
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Figure 5.10 - Rotation of the face plate for an alternative
configuration to Charpy test tee section joints
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concrete and composite bridges[ specification for materials and

workmanship, steel” [133] . This describes how, instead of the direct
toughness testing of tee joints, the flange plate may be rotated by 90°
and butted to the web plate, figure 5.10. The web plate edge is prepared
in the normal way for the tee joint. As there 1is no preparation
necessary . for a normal fsingie pass laser skid weld, by following the

guidance of BS5400 a butt joint configuration may be used instead for

comparative experiments.

Although no specified acceptance criterion is defined for these tests
by Lloyds or the MOD,(N) the results were compared against the toughness
values stipulated for butt weld procedural acceptance. . For each joint
parent plate specimens were also tested in order that comparisons could

be made between plate properties and those of the weld.

5.4.3 Charpy testing of narrow weld sections.

The problem of applying the Charpy V notch test to welds with narrow
fusion zones, both of laser and EB welds when there is a tendency for the
fracture path to deviate out of the fusion zone into the HAZ or parent
metal, has been noted by various authors, [134] [135] [3] [121] [136]
[137]. However, this problem gives rise to misleading results
unrepresentative of the weld metal itself and was first highlighted by
Goldak and Ngquyan [138] using the analogy of a "plastic hinge" (failure

mechanism.
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They suggest that the problem is due to the stress field aroun@ the
crack tip extending beyond the fusion line of the narrow weld 1into the
parent plate. When the yield strength of the weld material is greater
than that of the parent plate and the yield strength of the parent plate
s reached before brittle or ductile fracture occurs in the weld, the
parent plate will yield first thereby easing the strain around the crack
tip. At the outside o©of the sample where stress concentrations are
highest, the materiaf then tears so deviating the fracture Path into the
parent plate. Because o0f this deviation, toughness values are often

higher than would normally be expected, however this does not necessarily

show that the weld metal has a higher toughness.

In practical service situations, with a larger structure (compared to

the size of a Charpy specimen) it could be arqued that the deviation

mechanism would dominate because the applied stress fields would extend
over a larger area compared with the normal striker geometry so that

failure actually through the weld would only occur at a temperature low

enough for brittle failure. -

An indication of the validity of this argument is shown in some of the
results of Metzbower . [37)] [140] [39] . Metzbower's tests were
conducted to ASTM standards [141] where the striker geometry is notably
flatter compared with the ISO striker geometry, figure 5.l1l1, used for the
Britisﬁ Standard measurements. The impact force will be distributed over
a larger area similar to any impact on a larger structure. Not only are

the weld toughness values in the apparently ductile section higher than
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those for the parent plate, but also he describes how in nearly all

samples the fracture path deviated into the base material.

However, authors using ISO Charpy test equipment, in addition. to
showing deviating fracture zones, have shown results where ductile
fractures have stayed in the weld 2zone and occasionally, when from
previous results a ductile failure was expected, a brittle fracture has
occurred. Obviously if this type of failure is possible, results must be
assessed with caution. 7To avoid confusion, only energy levels for
fractures staying in the weld should be compared. However by examining

~

the fracture properties further, the temperature and toughness noting of

""-."“-

when fracture deviation actually occurred may enable the deviating

specimens to be used in judging weld acceptance.

In addition alternative forms of Charpy samples have been proposed
recently [142] where additional slots are made down the sides of the
specimen. However, insufficient results are available to correlate

standard and slotted samples for procedural classification.

5.4.4 Charpy specimen manufacture

Three sets ¢of welds were produced for toughness testing.‘ The initial
tests were conducted on a butt sample produced during trial 1 to ensure
compatibility of weld toughness properties to <classification

requirements, using the 10kW laser compared with Martyr's [3] results
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using the S5kW laser. The second set of tests were conducted on cruciform
sections which were produced during trials 7 and 8 in each plate
thickness, 6-15mm, at the "optimum"” speeds to produce balanced beads
using an alloyed double deoxidised, C-Mn-Si-Mo, wire to BS2901:1983:
"Filler rods and wire for gas shielded arc welding, Part 1, ferritic

steels” :A31 (Bostrand 20).

The toughness values for the cruciform samples showed a gimilar range
to those for the butt welded sample when compared against classification
requirements. Whilst, in the majority of cases, values were marginally
above the minimum requirements, some were below minimum and therefore a
set of trials to assess the effect of using various filler wire types on

Charpy properties was designed.

Five different filler wires were used for the butt weld comparative
trials. 1In addition to the C-Mn-Si-Mo wire (the molybdenum normally
assoé&ated with good tensile properties) another wire used in general
structural applications for MIG welding an unalloyed double deoxident,

C-Mn-Si wire to BS.2901(1983) Ptl:Al18 (Bostrand LWl) was used.

The A3l and Al8 wires had been used for the previous parameter
assessment trials, being wires typically used in the shipyard for the MIG
weldlng of mild steel plate and also used by Martyr for laser welding
without any obvious difficulties. Watson [120] [135] , investigating the
laser welding of niobium microalloyed structural steel showed

improvements to impact properties by reducing the weld carbon content.
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Therefore two SAW wires, to BS4165:1984:"Electrodes, wire and fluxes for
submerged arc welding of carbon steel and medium tensile steel”, an S2
and an SD3 wire were used. These wires had to be drawn from an initial
diameter of 2.5mm to l.6mm for the trial. Finally the use of an alloyed
triple deoxidant, C-Mn-Si-Ti wire (Thyssen K-Nova) found to give improved
toughness qualities in narrow welds made in pipe girth welds using the
MIG welding process [143)] and used for limited laser welding trials on an

API 5L x 65 pipeline steel [144] .

In controlled amounts the presence of titanium di-oxide in the weld
has been shown to aid the nucleation of acicular ferrite with a
consequential 1increase 1in toughness, without any increase in weld

hardness [145] [146] . A comparative compositional analysis of each wire

is presented in table 5.05.

Butt welds were produced using each of the five wires in plate
thickness of 6,10, and 15mm. A power of 9kW(WP) and the same traverse
speed as used to produce balanced skid welds were used to produce the
butt welds so that for each plate thickness the heat input would be the

Sallle .,

Where possible a set o©f nine test specimens was machined from each
sample as detailed by BS13l:Part 2, 1972 [129] with the notch placed
longitudinally to the welding direction in the weld metal. The first
three test pieces of each batch were tested at =20, O and 20 degree

Centigrade. Having obtained an indication of the transition temperature
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Bostrand Bostrand S2 3 Thyssen
20 871 B
CHEMICAL QOMPOSITION
C 0.1 0.08 0.09 0.09 0.09
Mn 1.1 0.90 1,05 1.7 1.48
Si 0.2 0.6 0.22 0.25 0.76
S 0.02 0.02 0.014 0.006
P 0.03 0.02 C.011 0.007 0.013
Ti 0.059
m 0.3
Al 0.025
MECHANICAL PRCPERTIES
Yield Strength 550 530 410 490 440
(N/rm2)
Tensile Strength 690 620 520 550 570-630
(N/fm)
Elagation (%) 25 22 28% 27% 30~ 25
Charpy V notch
(J) at +20°C 120 80 110
0°C 50 60 40 &5

-20°C 50 50

-30°C 40

=50°C 60
NOTES

Analysis taken fram all weld metal test sarple

Table 5.05 - Specification composition and mechanical properties of
filler wires used during the skid welding trial
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from these samples, test temperatures for the following 6 specimens were

selected within the range =70 to +70 degree Centigrade to complete a

transition curve and identify upper and lower shelf energy levels.

For procedural testing to classification society requirements, three
samples should be tested at one temperature and the results averaged. At
the most, results from only three set temperatures (-20, 0 and 20 degrees

C) are required.

For research and development purposes this small number of results
fail to provide enough information_about the nature of the transition
between ductile and brittle fracture, when at least six points are
needed. However, within the project budget, provision of average values
at each point was going to severely restrict the number of weld variables
that could be tested. Therefore, following the convention of other
recent authors [122] [121] [120] , tests have been made at up to nine
separate temperatureé with the transition curve drawn to form a visually
averaged plot within any scatter of individual points. To clarify the
graphs further the present Author has used solid points (as opposed to
open points) to denote when fractures deviated and a dotted line (as
opposed to a solid line) to show the continuation of the transition curve

at temperatures above that at which fracture deviation was first

identified (Tdv).
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5.4.5 Charpy test results and discussion

Figure 5,12 shows the toughness transition curve obtained after
testing the 8mm thick butt welded sample. NO fracture deviation was
visible and absorbed energy values were in excess of both the minimum
values as detailed by classification societies and obtained from the
parent plate. A surprisingly low value was found at a test temperature
of +50 C. However the fracture face showed large pores which will have

reduced the sample's resistance to failure, reducing the absorbed energy.

Initially the results from the cruciform test samples, shown
graphically in Appendix C-3 (figure C5.01 a-l) and summarised in table
5.06, appeared less clear than gained from the first butt welded sample
results, .as the onset of fracture deviation increased the amount of
scatter in the measured energy levels. However, by plotting a curve and

noting the temperature at which fracture deviation commenced, an

assessment of the weld properties still could be made.

Plots for Charpy tests of the butt welds produced in the same material
as the skid welds using the same filler wire and traverse speed are shown

for plates of 6,10 and 15mm thickness, together with parent plate

results.

In addition, for each specimen, the percentage area of crystallinity

as detailed by BS1l3l:PartS5:"Notch Bar Tests" [129] has been determined

and plotted in order to accurately calculate the Fracture Appearance
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Figure 5.12a - Charpy transition curve for a laser butt weld : 8mm
plate, S9kW laser power, A3l filler wire
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Figure 5.12b - Fracture appearanée transition curve for the same weld as
Fig. 12a
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Figure 5.12c - Charpy transition curves for laser butt weld metal; 1Omm
plate, 9kW laser power, A3l filler wire
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Figure 5.12d - Fracture appearance curves for welds detailed in Fig.
5.12c
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FATT
PIATE °C
THICKNESS
(mm) BUTT
6 6
8 -
10 9
12 -
15 (14)
AVERAGE 10.3
NOIES: FAIT =
Tdv =

( )

Table 5.06 - Summary of Charpy transition data for a comparison of the

18T TRANSITION 347 TRANSITICN UPPER SHELF
ENERGY (J)

SKID BUTT SKID BUTT SKID BUIT SKID BUTT &KID

(-35) 20 (=50) (=20) (-20) 9 (>20) (50) (>20) .
-8 - 0 - -0 - ( 16) - (40)
4 20 50 -19 -33 0 ~4 (65) (50)
-10 - 20 - - -16 - 10 - (40)
-20 20 20 -40 -34 =23 2 (85) (60)
-13.8  20.0 22.5 =26.3 ~24.6 =5 12.8 65 42

Fracture Appearance Transition Temperature (50% transition)
Terperature at which fracture deviation initiates
Values directly influenced by fracture deviation

result for testing similar skid and butt weld metal.
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\

Transition Temperature (FATT) ie the temperature at which the (fracture

§urface shows 50% brittle failure.

For each graph, fracture deviation in a specimen has been noted by
"solid" points and for results where subsequent inspection of the

fracture face shows excessive defects eg large pores, the point plotted

has been ringed.

Assessment of the transition éurves produced for 8,10,12 and 15mm
thick plate on the basis of non-deviating fracture specimens only, shows
that the minimum requirements set by the classification societies were
met. However, with the exception o¢f welds in 1lOmm thick plate when
values well in excess of the minimum have been achieved, acceptance

margins were minimal.

The pattern of notch toughness and crystallinity results for émm plate
is different. As noted in Table 5.06, fracture deviation started at a

temperature of -60 °C, significantly lower than the average value found

for the other plate thicknesses of -14 degrees C.

Visual examination of the fracture surfaces in the 6mm specimens

showed that the fracture path had diverted to the fusion line which

itself failed by brittle fracture as opposed to the the tearing action
normally associated with the "plastic hinge” mechanism. This mode of

failure continued to test temperature of +20 C, so that a transition

curve could not be produced.
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Hardness traverses on these samples showed hardness in the HAZ
adjacent to the fusion line in excess of 450Hv together with grain
growth. This grain growth will have created a line of low cleavage
resistance which, with the stress field at the notch tip extending into
the HAZ and paren£ plate, failed before the weld material. Joint cooling
rates for the butt welds are lower than for the cruciform joint due to
the reduced Icombined thickness, so0o that the excessive fusion line
hardness values were not encountered. Therefore, for the butt welds
brittle fracture within the weld dominated until fracture deviation to

the parent plate occurred.

The comparative results from the butt welded samples in 6, 10 and. 15mm

plate also showed higher apparent -upper shelf energy 1levels where

fracture deviation influenced results.

The third set of Charpy tests on samples produced using various filler
wires was designed to investigate if the wire filler technique could be
used for improving the laser weld toughness qualities. The prime
objective was to reduce the 50% crystallinity transition temperature
whilst maintaining or increasing the upper shelf energy level of the weld

metal.

The individual curves produced are contained in Appendix C-4 (figure
C5.02a-£f) summarised in table 5.07 and show notch toughness and
percentage crystallinity curves for the three plate thicknesses tested.

No conclusion could be drawn to the general effect of each wire on upper
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shelf energy 1levels as the results varied for each plate thickness,
notably influenced by the effects of fracture diversion. Whilst the
upper shelf toughness values for the émm plate show little variation for
each wire the values for 10mm thick plate show improvements on the values
found using the A3l wire. However by using the alternative wires the
15mm plate energy levels are reduced. These variations are possibly due
to the joint effect of differing compositions and heat inputs for each
plate thickness. Even so, all values are maintained well above the

minimum set by classification societies.

However, the FATT results are more consistent for each wire used.
While the transition temperature for welds produced using the A3l wire is
maintained at an average Of 10 degrees C welds produced using the other

wires show lower values; the K-Nova wire showing an average transition

temperature of as low as -35 C. A similar trend is found when assessing
the temperature at which fracture deviation commences (Tdv). Fracture

deviation appears to commence at or below the 50% transition level for

the butt welds in the normally ductile range.

Once the Tdv value was reached and the "plastic hinge" failure
mechanism dominated, no single sample showed excessively low energy
values. When unexpected low absorbed energy values were obtained below
the FATT (1% of samples tested), sample macro examination showed a
predominantly columnar weld structure grain growth, with grains
interlocking in the weld centre as opposed to having a centre line zone

of equiaxed grains for good welds. The interlocking structure provides a
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centre-line cleavage path for the fracture to follow resulting in the low

values.

The occurrence of such centre-line grain structures emphasises the
need for special care to be taken in conducting Charpy testing of narrow
welds. In order that potential crack initiation points are highlighted,
the machined notch needs to be positioned directly on the weld

centre-line.

The -experiments using different wire filler types have shown that

toughness properties can be improved by using alternative filler wires.

The molybdenum containéd in the A3l wire for improving the tensile
strength properties probably contributed to -the marginal toughness values
found in the second set of trials. Use of the non alloyed Al8 wire wire
would prove a better wire if a double deoxidant MIG wire is required.
The 52 and SD3 wires showed similar properties for  temperature
transitions at 18J and 337 (273 and 47J for full size specimens) as the

Al8 wire.

Of greatest significance was the use of the C-Mn-S5i-Ti wire. While
upper shelf energy levels were similar to those experienced for the other
wires, significantly lower transition temperatures were obtained. 1In
addition to having a lower carbon level than the Al8 and A3l wires the Ti
acts as a grain refining agent thereby increasing the cleavage resistance

without increasing the hardness.
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5.4.6 Recommendations for Charpy value assessment

While Charpy testing remains a recognised and cost-effective method of
assessing material toughness during procedure testing, an acceptance

standard will need to be set by classification societies.

The results of the present study have shown that, while analysis of
non-deviating fracture specimens would be preferred, if todghness
properties well in excess of classification minimum requirements are to
be produced, fracture deviation may start at test temperatures below
those normally specified for procedural testing before classification
societies formulate an alternative standard. Therefore, in order to
accommodate such occurrences into acceptance standards the Author has

proposed a revised procedure. This takes account of the fracture
appearance 1in assessing the 1likelihood of brittle fracture. The

procedure activities are shown in figure 5.13.

From a purely mechanical testing viewpoint the results obtained during
the present trial have shown how the toughness of the laser skid welds

tested by the Charpy V-notch test, will satisfy the existing requirements

of classification societies.

By careful selection of the filler wire addition the weld properties
may be improved also to give weld toughnesses associated with weld

' ®
specifications required for service conditions to temperature of =20 C

whilst maintaining absorbed energies of 27J (full scale specimens) as
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Figure 5.13 - Flow diagram for the proposed revised charpy testing
schedule
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defined by Lloyds to Grade 3Y.

Further analysis of the weld microstructure relating the weld

mechanical properties to weld microstructure is conducted in Chapter 6.
The present trials give enough evidence to show that further trials using
a flux-cored type wire may be also of great value, to produce controlled

additions of elements to control the weld microstructure and give the

required mechanical properties [a3s].

9.5 FATIGUE TESTING

Fatigue failures in structures or components classified in a survey

conducted by the International Institute of Welding [147] shows how,
apart from failures in rotating shafts (36% of all failures) fatigue

failures within ship structures had the next highest occurrence over the

other, if somewhat subjective classes (engine parts, fatigue frames,

cranes, pressure vessels, road vehicle axles, fans, bridges).

Yamagquchi [148& has categorised the various repeated loads acting on a
ship's structure likely to cause fatigue failure:
l. Loads due to waves.
2. Loads due to the motion of liquid in tanks.

3. Loads due to vibration.

4. Other loads.
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Most of the fatigue cracks observed in ship structures are caused by
loading due to waves causing longitudinal bending of the ship and from
repeated stress placed on transverse members due to changes in draught
causing loading to side tanks. In addition there will be other repeated
loads due to slamming and green seas. Under high frequency vibration the
stress in the vicinity of the welded joint between stiffener and plate
may be very high, creating a hazard for fatigue crack occurrence. Other
loads could be due to changes of atmospheric temperature creating thermal

Stresses or for warships, recoil forces due to the firing of weapons.

Fatigue cracking will always initiate at a point of maximum stress
concentration. Within a welded structure it 1is the geometric
discontinuity caused by the presence of the weld itself which creates a
stress concentration. Then, in the absence of any gross weld defects e.g
cracks, lack of fusion, inclusions or porosity when crack initiation can
take ,little time [149] the principal factors influencihg the fatigue
strength of the joint itself are the joint macro-geometry and the small
slag inclusions at the weld toe which are inherent to most welding
processes [150]. It is not surprising therefore that due to their shape
and placing in a structure that the largest number of fatigue failures

occur at fillet welds.

Appreciation of the consequences and necessary design considerations
to minimise the likelihood of fatigue failure of marine structures has
increased during the last decade. This is mainly due to the requirements

being placed on the designers of structures for use in hostile offshore
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environments: Joints or "nodes" in tubular constructed "jacket" type
production and semi-submersibles platforms may give rise to particular
problems of stress concentrations. These can result in dramatic failures
and loss of 1life if undetected as occurred in the collapse of the

accommodation platform Alexander L Kielland [85] in 1980.

Whilst the fatigue analysis of a tubular joint requires careful
consideration in overall design, particularly for offshore operation,
[151] fatigue resisting properties of welds themselves in a particular
joint configuration, may be assessed in two ways - firstly by comparison
with statistics of weld fatigue properties collected from various sources

or secondly by conducting controlled tests to assess the specific joint

in question.

As noted in the previous sections of this chapter, normal
classification society rules concerning the testing of welds for surface
vessels, require only the use of non-destructive or single cycle
destructive tests. Therefore, to ensure minimal stress concentrations at
the weld, the rules dictate shape and size criteria for the joint
preparation and the weld material deposited. Ironically, structural
failures often start from an unexpected discontinuity which can 1include
slight faults from which a crack can easily propagate. The rules can

only protect against such situations by ensuring good working practices.

As already stated the shape of the single-sided, skid weld does not

conform to normal classification requirements. The leg length and throat
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thickness of the smoothing beads is far smaller than a conventional

fillet and the joint is in fact fully penetrating. This immediately

reduces the potential number of crack initiation points.

" With this background, discussions with classification societies [105]
[106] [2] confirmed a need for some comparative fatigue testing of skid

welded joints even though an exact ship-based, comparative specification

was not available.

There have been only a few investigations of laser weld fatigue
strength [32] [24] [25] [152] [70] [153] [154] [155] [156] , the majority
being for laser butt welds. They all show the potential for forming

compatible, if not superior joints when compared with coventional arc

welded Jjoints. Investigations have also been conducted on electron beam

welds of similar shape [157] [20] [20] although again only on butt weld

sections.

The only pubiished reports of fatigue tests on laser weldedr tee
section joints were conducted on twin fillet type welds by Hakansson [24]
[25] . He reports such tests on double-sided weld joints to show the
effect of varying edge preparation and parent plate composition on laser
tee fillet joints. Fatigue experiments were conducted at a stress ratio

of 1.3 for a loaded stiffener joint configuration, the joint being placed
in plane tension. The results gained from the laser welds were compared

against those found for twin fillet MMA welded control samples.

Generally the laser weld fatique 1life was greater than the control
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samples. However shorter life resulted for joints made on primed plate
or where the web edge had been flame cut as opposed to the shot blasted

rolled flat stiffener type edges.

Fatigue strengths of steel 3joints made by conventional arc welding
practice have been investigated by many organisations. A survey and
statistical analysis of the results conducted by The Welding Institute
[158] enabled design rules to be established in which joints are
categorised according to their fatigue strengths [1591 Subsequently these
rules have been incorporated into the BS5400:1980:"Steel, concrete and

composite bridges; Part 10 Code of Practice for Fatigue" [160] .

The standard presents a number of design "S-N" curves (of design
stress against number of cycles fatique life on a logarithmic scale)
designated by the classifications B8,¢C,S,D,E,F,F2,G and W. Each s
representative of a "family"” of joint types of reducing fatigue life.
Therefore for a particular joint with an estimated number of cyclic

loadings a limiting design stress range can be calculated.

The design curves correspond to the mean of the accummulated data
minus two standard deviations and represent approximately 98% probability
of survival. However for experimental com?arison used in the present

work the source data itself was used.
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5.5.1 Tee Joint Classification within B.S.5400

The fatigue strength classification appropriate to a conventionally
welded T-butt joint is shown in figure 5.14. Designated Modes 1 to 3 for
the purpose 0of the experiments are as follows:

l. Mode 1‘- Nonload-carrying stiffener; the oscillating forcé applied
within the face plate perpendicular to the stiffener. Failure
normally involves crack propagation_from the weld toe through the
face plate perpendicular to the applied stress. Consequently any
undercutting in the weld toe will help to initiate the fatigue crack.
Class "F" is assigned to this particular configuration.

2. Mode 2 - Load-carrying stiffener; the oscillating force being applied
through the web perpendicular to the face plate. Classification \{is

dependent on the source of crack initiation and the extent of weld

penetration.

For the non-penetrating fillet weld, failure will occur either in
the stiffener weld toe when class F2 applies, or, if the fillet size
is too small, failure will initiate from the weld throat when class

W, the lowest fatigue strength, applies.

For fully penetrating tee butt ("K" butt) welds there is no

discontinuity in the middle of the joint from fillet roots so that

the most 1likely failure position is again at the web toe and

classified as class F.

3. Mode 3 - Load-carrying stiffener; the oscillating force was applied
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Mode 1 loading - failure at
weld toe in load carrying
plate, Class F.

Mode 2 loading - failure at
weld toe in stiffener for
non-penetrating joint,
Class F2; for fully
penetrating joint, Class F;
for failure at weld throat,
Class W.

Mode 3 loading - failure
from ripple on weld face,
Class C or D,

\

Figure 5.14 - Three principal  modes of fatigue loading for tee section
joints and respective modes of failure
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parallel to the joint within the face plate. Crack initiation would
be at a surface discontinuity such as weld surface ripples or from an
internal defect. The classification of C or D is the highest class
of fatigue strength for the three modes and is therefore 1less

critical to a design.

Because 0f the lower levels of the predicted failure strength for
conventional welds, Modes 1 and 2 were selected as being the most

suitable for a study of the laser weld fatigue strength properties.,

The programme Of fatigue trials was executed by The Welding Institute
to ensure consistency of experimental standards between the present
trials and those reported for the British Standard data base. Two sets
of trials were commissioned and conducted to the requirements and using
specimens provided by the Author. The first set of tests was conducted
in Mode 1 and has subsequently been reported by Tubby [161] - Appendix

C"'5 .

This mode was chosen because the most common defect in laser skid weld
production had been the tendency for &a small amount of undercutting
(<0.5mm) at the emergent bead toe in the face plate. For conventional
welds the maximum allowable depth of undercut as defined by British
Shipbuilders Steelwork Standards [162] for fillet welds is 0.8mm and by
BS4870:Partl:1981~"Approval testing of welding procedures"” [126] is
O.5mm. Therefore in accepting some undercut in the skid welded samples

to be fatigued to a maximum depth of 0.5mm and by firstly testing in the
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Mode 1 configuration it was ensured that the weld profile would give

practical weld fatigue properties.

Improvements in fatigue life compared with conventional fillet welds

would be expected as a consequence of micro-geometry. Slag inclusions at

the fillet toe, often extend 0.4mm into the weld surface [30] for
conventional flux welding processes. This has a detrimental effect on
fatigue 1life. The inclusions act as pre-existing cracks which start to
propagate as soon as the cyclic loading commences, thereby shortening or
eliminating the crack initiation period. 1In order to reduce this effect,
processes such as grinding, shot peening [163] or plasma dressing [164]
are often used. The laser skid weld should not require such post-welding
treatments as the use of the inert gas shrouding precludes the

possibility of ingress of any slag inclusions from the shielding

mechanism.

After successful completion of the Mode 1 tests, comparing the results
not only against the British Standard but also against control sample

(MMA) results, tests were designed for Mode 2 testing.

Two alternative methods of testing were available as shown 1in Method

w_..n

a”, figure 5.15 a-b; applying an oscillating force to the web of a
tee-shaped sample simply supported at the face plate surface, appeared to
reproduce the types of loading expected of a ship's panel structure with

bending stresses generated in the transverse plate, creating stress

concentrations at the weld toe. However, in addition to the lack of
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comparative information for testing conventional welds by this method,
analysis of the distancing of the kpife edge supports away from the web
to ensure failure in the web (Appendix C-6) showed that they would have
to be placed to within 2.6mm of the web centreline i.e. very little

bending would actually occur.

Method "b"; applying an oscillating force between opposite webs in a
cruciform configuration, while ensuring failure in the web als®o enabled
direct comparisons with standard design data, mode 1 tests and fatigue
tests conducted on double-sided laser tee welds [24] Therefore this

method of testing was chosen for the second set of trials.

5.5.2 Fatigue test specimen manufacture

Test specimens were extracted from a number of weld samples produced
in consecutive runs; firstly for the tee section mode 1 tests and
secondly in a cruciform configquration for Mode 2 tests as shown in figure
5.16. The specimens were cold sawn from the parent samples then machined
parallel and square. Sharp corners of the specimens were ground by hand

to ensure cracking initiated within the joint zone.

During the welding of each parent sample, care was taken tO ensure

that distortion was minimised in the load carrying member.

Angular deflections of one and three degrees to the face plate member

were pre-set in the mode 1 samples by cold flanging prior to laser and
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a) Tee section bending about simple supports

/i r,/flfflfl 7>

PFErasmnrdyn

...........

/

b) Cruciform section in tensile loading

Figure 5.15 - Two alternative arrangements for applying a fatigue load
for the Mode 2 failure and associated stress flow lines
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Figure 5.16 - Dimensions of fatigue test specimens
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MMA welding respectively, in order to minimise distortion in the finished
joint. These angles had been calculated from measurements taken on
previous samples (Trial 5) to assess weld distortion. However, even
though some samples still had small angular misalignment, no attempt was
made to straighten the specimens so as to avoid modifying the residual
stress distribution. Instead, 3mm gauge length foll resistance strain
gauges were bonded on the sample centre-line close to the. weld toe to
measure the tensile stress at that point. This practice not only is
sensible for research purposes but has also been advised in order to get

an accurate measurement of ship loadings actually at a joint [149] .

Alignment of the cruciform web plates was assured by producing the

pre-tacked sample 1in a specially designed jig and attaching this again

during the final welding process. During the multi-run MMA welding of
later control samples a conventional welding procedure was devised to
ensure that the webs remained in line. Even so, strain gauges were again

positioned to ensure consistency of results.

5.5.3 Fatigue Testing Detalils

All tests were conducted in laboratory air at room temperature. Test
loads were varied between specimens to achieve fatigue lives in the range
105 to 107 cycles. The majority of tests were conducted in an
electro-magnetic resonant test machine (Amsler Vibrophone) at a fredquency
of 100Hz. However, during Mode 1 testing at stress ranges above 240

N/mm2 a servo-hydraulic testing machine (Mayes) was used with frequencies
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of 11Hz in order to achieve higher loads. This machine was used because
the 1load that had to be applied in order to achieve the required tensile
stress at the joint, was higher than expected due to the straightening

necessary for the remaining slight distortion.

Compared with normal ship loadings the frequency of loading 1is very
high, but it is consistent with the frequency used to produce data for
the design codes. In comparison, Galsworthy [165] reports low frequency
(0.008HZz) corrosion fatigque trials on narrow EB welds in marine
environments. Satisfactory results'have been obtained when compared with
the properties of the parent plate. With the similarity of EB and laser
welding processes, the present Author would expect the higher (£frequency

results to be consistent with classification society requirements.

Compatibility between the -electro-magnetic and hydraulic machines
operation was checked by running both at similar stress ranges (223, 225
N/mm ) resulting in similar fatigue lives (9.6 x 10® ; 9.68 x 105N/mm‘).-
For both machines the stress ratio (i.e. minimum stress divided by

maximum stress) while designed to be nominally 0 was maintained in the

range 0 to 0.1l.

Tests were continued until fracture sections either completely

separated (in the hydraulic machine) or when failure through the major
part of the test section led to an unstable running condition of the

resonant testing machine. A life of 10? cycles was selected as the upper

limit when machines were stopped.
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5.5.4 Fatigue Testing Results

Mode 1

Figure 5.17 shows S-N curves produced from both laser and MMA control
sample fatigue tests in mode 1 configuration. The 95% confidence limits

for similar joints made by conventional arc welding practice [158] are

also shown.

All the samples, both laser and control failed in the weld toe across
the load-carrying flange member, figure 5.18a. From the laser samples,

only one failed in the joint incident side; all the others failed in the

emergent side

Fatigue fracture surfaces, figure 5.18b show similar crack development
paths: multiple crack initiation at the weld toe followed by a

semi~elliptical crack development through the plate thickness

Comparison of the experimental results show marginally superior laser
results within the scatter of the test lives. Comparison with the

confidence 1limits of the data used as a basis for the British Standard

design curves show how all the results, including those for MMA welds,

lie near the upper confidence limit in a band of shallower slope.

Three possible factors could contribute to this situation. Firstly,

the standard data is taken from joints of a thickness range from 1l2.5 toO
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Figure 5.17 - Fatigque S-N curves results for Mode 1 loading - non-loaded
stiffener
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Figure 5.18a - Fatigue failure in the weld toe for non-loaded
stiffeners, laser skid and MMA twin fillet welds

Figure 5.18b - Fatigue crack surface
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16 mm while the Authors tests reported here were conducted using 8mm
thick plate. Gurney [166] in studying fatigue in offshore structures,
notes how higher fatigue strengths can be expected in thinner plates as a
result of the reducing effect of stress concentrations at plate edges. A
recent investigation into the effect of geometry changes upon predicted
fatigue strength of welded joints [167] also concluded that increasing
plate thickness decreased fatigue strength in geometrically similar

joints, confirming the above views.

A second factor is the influence of bending. Figure 5.19 shows a
comparison of the mode 1 data against S-N curves produced by The Welding
Institute for joints in 6mm plate subject to both tensile and bending
forces. The curve for bending is higher and slightly shallower than that .
for the axially loaded joint. However, the fact that the present data,
for thicker plate, 1lies in a higher band and not, as predicted by the
discussion above, in a lower band, 1leads to a need for further

explanation.

Joint geometry is finally considered as a contributing factor. Gurney
[168] notes how specimens with attachments on one side, as used for the
present experiment, have often given higher fatigue strengths than those
with attachments on both sides, as used for the comparative S-N curves.
The difference in stress concentrations at the weld toe have been further
demonstrated by Gurney by reference to photo elastic tests showing
greater stress concentrations at the web toe for attachments on both

sides.
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results in bending and tension
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Notwithstanding the above discussion the testing of both laser welds
and MMA samples under similar conditions has established comparability,

if not marginal superiority, of the laser welded joint on the same basis

as required by conventional design rules.
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Mode 2

Figure 5.20 shows S-N curves produced from both laser and MMA control
sample fatique tests in the Mode 2 configuration. As detailed for the

Mode 1 experiments, 95% confidence limits for similar joints (F and F2

design class) have been superimposed.

Out of three laser welds tested, two failed from the weld toe in the
loaded plate and one, previously suspected of containing crack type
defects found after dye penetrant checks, failed within the weld metal.
The MMA samples produced with fillets as prescribed by the classification
society rules (6mm leqg) failgd at the weld throat which under normal

circumstances would place the weld within the lowest "W" design class.

The Author was concerned to find that, contrary to fatigue test evidence,
dynamically loaded ship structures are, often by default, being designed
to this lowest class where failure is most likely to occur in the weld
throat. Clearly this would be overcome by using the fully penetrating
skid weld. To ensure failure in the weld toe as for class F or F2, a
calculation, appendix D, showed that a leg length of greater than 8.5mm
was required. The subsequent welds, using a 3-run welding procedure

producing a l0mm leg joint, failed in the the weld toe as expected.

Fatigue fracture surfaces show characteristic semi-elliptical crack
development. The (fracture surface of the laser weld suspected of

containing a crack defect showed a surface band of non affected fine

granular structure adjacent to the weld edge. Interestingly, the other
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Figure 5.20 - Fatigue results for Mode 2 fatigue testing - loaded
stiffener

Figure 5.21 - Fatigue crack surface showling areas of weld defects
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laser welds fatigued in Mode 2 show similar, although 1less extensive

features, as shown in figure 5.21.

Comparison of the test results show, not only the significant
difference in the higher strength of the fully penetrating laser weld
over the twin fillet standard joint but also other evidence of
superiority, even when compared with a joint failing from a similar

initiation point giving a similar design classification.

Comparison with the source data for the British Standard design rules
shows the laser weld results lie on the upper 95% confidence 1limit for
the twin fillet loaded stiffener and above that for the fully penetrating

joint configuration even though defects were found within the same welds.

In view of the discussion about the high overall values obtained
during Mode 1 testing, it should be noted that the results of the control
MMA samples for Mode 2 (1lOmm leg) lie nearer the mean than the upper
bounq;y. While both specimens had some undercut at the weld toe, which
would have contributed to early crack initiation, the Mode 2 comparison
compares the results of experiments on similar joints (i.e. both test and
source data were for a cruciform joint configuration), increasing the
probability that the joint configurations have a more significant
relation with the fatigue strength in this particular case as opposed to

any effect of thickness variations.
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5.5.5 Alternative method for assessment of comparative fatique
properties

The use of conventional fatigue testing techniques have been described
for tests in the Mode 1 and 2 stiffener loading configurations. However,
such tests are expensive and time-consuming. Therefore, an alternative
method of comparative assessment was selected for Mode 3 examination.

Just as weld surface and toe profiles have been considered as major
contributing factors affecting the fatigue 1life of transverse loaded
joints, so for continuous welds, loaded parallel to the joint line, it is
ripples on the weld face or defects at the weld root which are most

likely to initiate a fatigque crack. Therefore, for fully penetrating

laser skid welds with the problems associated with root defects of twin

fillet welds removed, a method of quantitatively comparing surface

profiles was required to make a comparative assessment of the potential

fatigue characteristics.

A direct comparison of surface roughness with fatigue strength was
made by Goldberg [169] when assessing the effects of varying cut quality
on fatigue strength for flat plate samples. He used a vertically-mounted
needle, tip radius 0.25mm, resting on a sample which was traversed on the

bed of a milling machine. The needle movements were transmitted from a

transponder to a calibrated pen plotter. Measurements could then be made

from the plot produced.
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Although this method appeared to give roughness data that could be
related to fatigue strength for cut edges, examination of Goldberg's
profile measurements showed how the recording of the trough bottom shape
could have been restricted by the size of the probe tip 1i.e. trough

bottom profile is limited to a 0.25mm radius shape.

However, fatique cracks are more likely to be initiated from sharp
tipped discontinuities which will create a greater likelihood Of stress
concentration. Therefore, in the present experiments the Author has used
a more sensitive device, with a stylus type probe (tip radius 0.3 um),

figqure 5.22, often employed for measuring the roughness of ship's hull

surfaces [170] .

In order that this test could also be considered as a "non-destructive
test”, a replica was first made of the weld profile, figure 5.23.
Firstly a 100mm length of weld in the horizontal position was 1solated
using plasticine "dams". Silicon rubber was then poured in between the
dams to cover the weld surface. Once set this "male" plug was removed
from the weld and placed in a compound of Solventless Flexible

Polyurethane Elastomer. After 12 hours the plug was removed to leave a

accurately cast replica of the weld surface.

Replicas of both laser skid weld incident and emergent beads were
produced together with control replicas from MMA fillet welds. A number

of traverses were made on each sample using a “"Ferranti Surfcom” stylus

machine incorporating a three micron truncated pyramid stylus. Each
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Figure 5.22 - Surface roughness measuring equipment - 1.Stylus
unit,2.Weld mould, 3&5. hart recorder, 4.Stylus, 6&7.Microcomputer,
8&9.Control units
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Figure 5.23 - Male replicas of the weld profile made in silicon rubber
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traverse was controlled using the "Varicut 84" surface metrology program.
Outputs were produced in the form of a direct pen plot profile or as a

a statistical analysis of the surface roughness characteristics.

After a number of runs on each sample, the programme finally averages
the data produced for each individual sample. A summary of these results

is provided in table 5.08. They show not only similarity between the
profile characteristics of the MMA and laser emergent bead surfaces, but

also a reduqtion of 50% for the roughness of the incident bead surface

compared with MMA.

The roughness values are within the range of maximum roughness found

by Goldberg for cut edges (5um ﬁor high quality cut to 350um for low
quality cut). However, while the more sensitive instrument used for
these trials has shown mean valley radii of less than 0.25mm (i.e. the
cut quality roughness is greater when measured with a reduced diameter

probe) a direct comparison with Goldberg's results cannot be made.

Nevertheless the surface profile results indicate that if fatigue
tests were conducted on laser welds in the Mode 3 locading it is likely
that they wdﬁld show similar, if not marginally better fatigue strengths
compared with MMA fillet weld control samples. Similarly for twin fillet

welds when the outside profile of both beads is characteristic of the
incident bead profile, a far superior quality would be expected for the

fully penetrating skid weld.
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Weld surface Average RMS Peak-valley Mean valley

type roughness roughness height radius
(mm) (mm) (mm) (mm)
MMA fillet 19.6 24.6 93.1 0.080
(4mm leqg) . |
Laser skid
incident
bead (8mm
plate) 8.1 12.1 49.5 0.10
Laser skid
emergent
bead (8mm
plate) 19.9 23.9 81.9 0.07

el e bl R g g T YT . T L .l T LT T T r :r x> o o1 Y %

Table 5.08 - Summary of the surface topography measurements of weld
surfaces measured on 8mm plate joints
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CHAPTER SIX

METALLURGICAL EXAMINATION AND CLASSIFICATION

In order that a definitive specification may be set for Soth design
engineers and production engineers, classification rules state fixed
requirements for the results of mechanical testing. The only traditicnal
knowledge that may be gained by engineers of the weld structure and its
composition i.e. the basis of -the weld that actually determine the

mechanical properties, 1is from hardness testing and examination of

macrographic sections. However diagnosis is often very subjective.

Within this chapter the author has not only examined the ha;dness and
macrographic characteristics of the laser skid weld but also, by the use
of statistical evaluation of the weld microstructure, used a phase
counting method to quantitatively compare welds and thelr

characteristics.

For the present study such a method was used only on a selective basis
but the results confirmed its potential as a diagnostic procedure. The
author would therefore advise that, while at the outset shipyard weld
procedure testing would be marginally more expensive, if statistical
microstructure data was stored as part of a procedure data base then much

more basic infermation could be collected. This would enable more

effective and efficient procedure judgments and thus raise welding 1in

- shipyards from its often "black art" status to a more scientific one.
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6.1 HARDNESS TESTING

Hardness testing provides a measure of a material's resistance tO

indentation from a ﬁbecifically sized indenter, applied with a set force

and is usually conducted at room temperature.

There are various alternative methods of hardness testing, but the

most coﬁmonly used is the "Vickers Hardness Test" as defined by B.S5.427:

Part 1l: 196l:"Method for Vickers Hardness Test", [171] which has a

pyramid shaped diamond indenter applied with loads of from 1 to 100

kilogrammes force. A measure of the hardness is given by the "Vickers

Hardness Value"(Hv), a ratio of the applied force in kilogrammes force

and the sloping surface area of the indentation in millimetres square.
In practice the ratio is interpolated from tables detailed for each

applied 1load, given the mean of the diagonals across the top of the

indentation.

Hardness in steels is related to the material's microstructure, which

depends on chemical composition, cooling rate and any subsequent heat

Therefore hardness values are used as an initial indicator

Also,

treatments.

to the types of properties which can be expected from a material.

if excessive e.g. above 350Hv for welding, it provides a warning to

likely consequential properties such as a susceptibility to hydrogen

cracking.
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The difference between hardenability and hardness should be noted.
For steel of "low hardenability" a rapid cooling rate will be required to
produce a hardened microstructure - whereas a material with high

hardenability will give a hardened microstructure even at slow cooling

rates.

Generally mild steels used in ship structures are of low hardenability
but, with fast cooling rates found in 1laser welding, a change in
"weldability"” may have to be considered. Therefore the first section of
this chapter studies the actual. hardness found in the welds compared with
classification requirements and in the second section an assessment of
the "weldability", in terms of obtaining acceptable levels of weld

hardness, 1s made for the skid welding process.

6.1.1 Classification Requirement for Hardness Testing

Hardness testing requirements of plate and weld material as specified
by MOD(N) and Lloyds are rather subjective although each prescribe
maximum limits for chemical composition and related equations for Carbon
Equivalent (CE). Lloyds detail hardness test requirements for fillet
weld test assemblies when examining welding consumables but then request

"hardness of the weld metal, heat affected zone and base metal 1s to be

reported” for an actual weld procedure test.
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Although no upper limit is specified in the rules, a value of 350Hv
was accepted as the nominal maximum - particularly with respect to the

HAZ - by Lloyds and MOD(N) during discussions [105] [106] .

There are four areas of congcern pertaining to criteria specified for

the assessment of conventional welds when used with laser welds for

shipyard classification:

l. Weld size - the narrowness of the weld and particularly the
narrowness of the HAZ restrict the placing of hardness 1indentatlons
especlally when a gap of at 1least 2.5 times the diagonal of the
indentation must be left between indentations. Figqure 6.01 shows

hardness traverse distribution to ensure non-interaction as detailed
by Lloyds together with the author's proposed revised 1layout for
laser skid welds.

2. Indentation size - Usually a 10kg load is applied to the indenter for
weld hardness testing on conventional welds. For the most narrow
laser welds it 1is 1likely that an indentation could be affected by
more than one weld zone. However, use of microhardness testing would
give an equally false indication of general hardness levels by only
showing the hardness of individual grains. Therefore if there 1is
concern for this situation occurring‘a smaller'indenter load e.g.5kqg,
should be used.

3. HAZ sub~-zone size - Within the HAZ the sub-zones may be very close
together providing differing hardness values within a small width of
material. If an "overheated"” sub-zone (characterised by grain

growth) has formed next to the weld fusion line, with rapid cooling a
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b - Proposed hardness test positions for laser skid weld assemblies

Figure 6.01 - Hardness traverse test positions for fillep and laser skid
welds
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very narrow zone of potentially martensitic microstructure may result
giving the potential for hardness values well in excess of 350Hv.
Within the "refining"” sub-zone (characterised by a recrystallised
microstructure) another characteristic hardness will result and
similarly for the "transition" sub-zone characterised by partial

recystallisation of the microstructure as shown in figqure 6.02.

Therefore there is the potential for three distinct hardness
values in a very small width, the one nearest the fusion line
potentially being the highest. The proposed hardness mapping, figure
6.01 takes this into consideration, requiring greater precision on
the part of the operator but giving a more accurate representation of
potential effects of microstructural differences.

Use of micro-hardness testing - this method may be advised for
analysing the hardness of individual grains using a spring 1loaded
indenter with a load of between 1 and 100 grams. Although the Author
has used this method as a means of confifming the hardness value of
individual grains for microstructural characterisation, comparison
for classification against conventional welds was made by using the
Vickers Pyramid Hardness test using test 1loads of 5 and 10kgs.
Although at times wvalues will have been "averaged”, as one
indentation crossed a number of grain boundaries, the test not only
enables direct comparison with classification requirements but also
enables the use o0f equations relating to such tests. Of most

importance is that it is satisfactory to the 1level required for

shipyard approval testing if the above considerations are taken into
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(4) Parent metal - Transition zone; partial recrystallisation
(5) Parent metal - Unaffected structure.

Figure 6.02 - Hardness traverse test positions for fillet
‘and laser skid welds
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account.

6.1.2 Hardness test specimen manufacture and testing

Sections were cut from the welds, mounted, polished and etched 1in 2%
Nital as for macrographic samples. Hardness traverses were taken
diagonally within the incident sector and again in the emergent sector.
Three indentations were made in each parent plate, HAZ and weld material.
Within the HAZ every care was taken in ensuring that one indentation was

made as near as possible to the fusion line using the Vickers test.

6.1.3 Hardness Test Results and Discussion

Data from hardness tests is presented in figures 6.03 to 6.04 showing
variations in hardness for welds in each plate thickness and their
respective trial traverse speed ranges(at the "optimum™ welding spot
height). The effect of power changes for one particular plate thickness

for two various plate compositions (plates P6/1/CS and P6/2/SHS), is also

shown.

In order to simplify comparative interpretation of hardness traverses
the three values measured in each sector were averaged, as were those
between the incident and emergent sections. Typically hardness in the
incident sectors was found to be 5% higher than that in the emergent side

due to slightly higher cooling rates. Whilst appreciating the large
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variation of results found in the HAZ the lowest found, usually
associated with the structure nearest the parent plate, and the highest
found, associated with the zone nearest the fusion line are plotted at

respective positions (positions 1 and 2 on the diagrams).

Clearly these diagrams show that, while the power is kept constant at
9kW(WP), as plate thickness increased (using the speed range to actually
form a satisfactory joint) or the traverse speed for any one plate
thickness decreased, ie the heat input increased, so the resulting

hardness both in the weld material and HAZ reduced.

It should be noted that a direct interpolation of results could not be
made at this stage because of the variances .in plate compositions for
each plate thickness. This factor became particularly relevant when the
first welds were made in 6mm plate (plate P6/1/CS) when traverse speeds
of up to 23mm/second were combined with a plate composition of carbon
content >0.19%. Hardness values in excess of 350Hv were measured in the

HAZ adjacent to the fusion line.

The effect of material composition may also be observed by comparing
the hardness measured in the weld metal to that in the HAZ. Whilst the
variation in plate composition is reflected by a large variance in the
HAZ hardness from 200 to 450Hv a smaller variance, from 200Hv to 350Hv,
is noted in the weld material as the same wire composition is used for
each thickness of weld. Consequently for fast welding speeds coupled

with high carbon levels in the parent plate, HAZ hardness has shown
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higher levels than that of the weld e.g for émm plate P6/1/CS, although
for welds in plates of lower carbon levels e.g for 10mm plate P10/1/SHS,
the weld material has the highest hardness. Whilst this ¢trend s
expected, hardness levels in the weld will be influenced by the dilution

factor which will vary for each plate thickness and joint configuration.

Therefore to control the hardness in the weld material different
filler wire compositions may be used. However for a set plate
composition the only change that could be made to adjust the hardness of
the HAZ would be to change the weld cooling rate. Variations 1in HAZ
hardness for various hea£ inputs using various traverse speeds for laser
powers of 9,8,7 and 6kW(WP) are shown in figqure 6.04a-d. In each case,
as heat 1input reduces and therefore cooling rate increases, so hardness
values increase. Although, if heat input were to be increased (without
changing the focal characteristics of the beam) whilst the hardness would

reduce, unsatisfactory weld profiles would result.

Reductions in HAZ hardness were made by using a plate with a lower

carbon equivalent (CE) i.e. increasing it's hardenability. The welds
/qgf\f“ﬁuf\-

were repeated using the plate of C=0.13. The resulting hardness curves

are shown in figure 6.05a-d. These show how control of plate composition

had the effect of lowering the overall hardness levels within the joint

to an acceptable level. Whilst this shows the result for one specific

case, the concept of "weldability"” is examined in more detail in the next
section in order to derive general rules for the control of plate

composition for the skid welding process.
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6.2 WELDABILITY OF SHIP STEEL FOR LASER SKID WELDING

An essential requirement of any structural material to be welded is
that it has good "weldability”. 1In terms of microstructure and hence
mechanical properties this means that the post welding properties of the
material will not adversely affect structural integrity. 1In this context
the weldability of steel may be. expressed in terms of a carbon-equivalent

(CE) wvalue. For conventiocnal welding processes a mild steel \is

considered weldable if CE(IIW)<0.4 [172] .

Practically the CE values provide an indication of the type of
microstructure to be expected in the weld heat affected zone as a
function o©of the weld cooliﬂg rate. More specifically it provides an
indication of whether or not martensite will form and consequently
provides a basis for determining the hardness of the weld. In turn this

*
provides an important measure for evaluating the susceptibility to cold

cracking and stress corrosion cracking.

Various authors have proposed different equations to calculate CE each
emphasising the affect of wvarious alloying elements correlating
specifically to certain structural properties. Cross reference to

different CE values without kncwledge of the source equation can often

lead to confusion.

Lloyds use a calculation as defined by the International Institute of

Welding (IIW) equation 6.0l primarily derived for use with C-Mn steels
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but the MOD(N) use an alternative formulae directed more towards
low-alloy steels, equation 6.02. Another similar formulae defining "Pcm"
popular in Japan was proposed by Ito-Bessyo [173] , equation 6.03, and is

able to reflect the use of micro-alloying agents typically found in

modern steels.

C.E.(IIW)= C + Mn + Cu+Ni + Cr+Mo+V (6.01)
6 15 5
C.E.(MOD)= C + Mn + Ni + Cr + Mo + Si (6.02)

6 40 .5 4 24

Pcm = C + Si + Mn+Cu+Cr + Ni + Mo + V + 5B (6.03)
30 20 60 15 10

A useful comparison of both the IIW, Ito-Bessyo formula and others by
Dueren has been compiled by Suzuki [174] . Using equations from this
paper and by relating hardness found in sets of "standard"™ skid welding
joints the present author has made estimates of weld cooling rates for
the particular welds produced in order to predict HAZ characteristics,

and determine "weldability"” for the laser skid welding process.

For a given welding process, weld geometry and material, it is
normally accepted that the coooling time through the range 800-500

degrees Centigrade (Dt8/5) 1is constant within the heat affected base

metal and may therefore be used as a comparative cooling time indicator.
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Suzuki [174] relates maximum hardness, (Hmax) measured by Vickers
Pyramid indentation with 10kg 1load, carbon equivalent (Pcm), carbon

content "C" to the cooling time in seconds Dt8/5 by the following

equations:

Hmax = g - (g, x arctanX) (6.04)
where: X = log Dt8/5 +-E& (6.05)
2,

2,= (187 + 64.C + 485.Pcm)
Zy= (97 + 680.C - 441.Pcm)
g,= (0-501 + 7:901C - 11-01.PCIII)

gﬁ= (0-543 + 0-55.C - 0-76-Pcm)

A formulae for cooling time may therefore be equated:

[(9'4 X tan((ﬁ. - Hmax) / ﬁ;) - ﬁ)] '
Dt8/5 = 10 (6.06)

Using equation 6.06 a computer program, "SKIDCOOL", Appendix D-l, was
written to calculate the cooling times for each family of welds produced
during trials using Hmax as measured in each weld. The results are
summarised figqure 6.06 with the cooling times plotted against welding

speed for welds in each plate thickness made using SkW (WP).

For 6,8, and 10mm thick joints the curves follow a similar base level
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