Effects of Welding Parameters on Weld Zone
Toughness and Hardness in 690 MPa Steel

Optimum preheat and interpass temperatures, as well as heat input,
are established for welding 690-MPa quenched and tempered steel

ABSTRACT. Specifications for the weld-
ing of high-strength steels are generally
intended to control hydrogen cracking
and provide adequate weld zone tough-
ness for resistance to fatigue cracking and
shock loading. The specifications should
also allow welding to he undertaken
safely and profitably.

The work described here was de-
signed to identify the optimum match of
welding parameters, notably preheat, in-
terpass temperature and heat input, for
the welding of a 690 MPa (100 ksi) mi-
croalloy quench and tempered steel.

The paper covers investigations into
two aspects of weldability: toughness
and hardness. The first part involved
shielded metal arc (SMA) hutt joint weld-
ing of carefully designed plates at a range
of prebeat and interpass temperatures
and heat input values, ta identify weld-
ing procedures that give maximum HAZ
and weld metal toughness. The second is
a lahoratary study of bead-an-plate sub-
merged arc welds to clearly identify the
relationship between hardness and weld-
ing parameters.

The test procedure for the first inves-
tigation involved SMA welding at pre-
heat and interpass {P and |) temperatures
from —20°C to 220°C (—4° to 428°F) using
heat input values of (approximately) 1.3,
2.9 and 4 kjfmm {33, 74 and 102 K{/in.}
Charpy V-notch energy and fracture ap-
pearance iransition curves were then
generated with the Charpy notches being
carefully located to give the Jowest
toughness values.

Results showed that the minimum
preheat and interpass temperature for
cantrol of weld metal hydrogen cracking
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was 60°C {140°F} and that low values ol
toughness in hoth weld and heat-aftected
zone consistently accurred in the weld
root region. Low preheat techniques and
one-sided welding should therefore be
avaided for critical applications.

For weld metal, greatest toughness
occurred at high preheat and interpass
temperatures (160°C; 320°F) combined
with low welding heat input (1.2 k)/mm;
30 Klfin). For high heat input welding,
preheat and interpass femperature had
little influence on toughness over the
range of temperatures examined.

For heat-affected zone regions, levels
of toughness obtained when using the
high preheat/low heat input and low pre-
heat/high heat input techniques were
similar. It was found, however, that care-
ful control of preheat and interpass tem-
perature was essential, for each heat
input value, hecause toughness can drop
off rapidly on either side of the optimum
interpass temperature. For some applica-
tions, optimum preheat and interpass
ternperatures were found to lie between
60° and 90°C (140° and 194°F}.

In the second study, a series of head-
on-plate submerged arc welds was de-
posited using a wide range of preheat and
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interpass temperaturcs, voltages, cur-
rents and travel speeds. In each case, the
welding parameters were chosen so that
the welding power input (V x 1) could be
held constant while varying heat input,
or vice versa. For each weld, hardness
readings were taken in hath the weld de-
pasit and HAZ at approximately 1 mm
(0.04 in.) from the weld interface.

It was found that:

1) HAZ hardness readings (390-430
HV 30 for heat input values up to 2
kl/mm) were consistently higher than
weld metal hardness readings.

2} Heat input has a marginal effect on
HAZ hardness up to about 2 kJ/mm {51
k)/in.), however, ahove 2 k)/mm the hard-
ness drops off al a ratc of approximately
HY 30 for each increase of 1 kl/mm (25
kl/in.).

3) Weld metal hardness dropped con-
tinuously over the range of 0.5 to 4.5
k)/mm (13 to 114 k)fin.).

4) Both HAZ and weld metal hardness
drops approximately 1 HV 30 for cvery
4°C {7.2°F) increase in preheat and inter-
pass termnperature.

The results of this work have heen
used to develop an optimized weld de-
sign for butt joint welding of 35-50 mm
{1.4-2in.) plate. This uses high heat input
for all but the weld capping passes,
where high interpass temperatures and
low heat input technigues are employed.

Introduction

Preheat of weld preparations in high-
strength steel is necessary for the control
of hydrogen (cold) cracking, to avoid ex-
cessive hardness in weld heat-affected
zones, and to provide adequate lough-
ness for shack resistance, The required
levels of preheat may be determined by
any of a number of techniques, most of
which are hased upon empirical rela-
tionships between base metal composi-
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tion, weld restraint, microstructure and
cooling rate. The WTIA Technical Note 1
(Ref.1), far example, provides a mini-
mum preheat requirement to control
cracking from a computation involving
weld composition, plate thickness, hy-
drogen levels and heat inputs (HI).

One problem with these established
relationships is that they were generally
developed hetween 1950 and 1980, and
therefore, relate to the more popular
steels available during that period. For
example, the influence of compasition is
cammonly measured by calculating a
carhon equivalent (CF) value according
to a formula such as the International In-
stitute of Welding (1IW) formula (Ref, 2):

YaMn

CE = %C + +

YaCr + %V + %Mo N
5
YalNI + U
15 ()

This simple formula does not take into
account the influence of small quantities
of the highly potent alloying elements
such as Nb, B and N, which may he used
in modern steels. Furthermore, the sensi-
tivity of a steel to cracking may be influ-
enced by factors other than compaosition,
thickness and heat input. For example,
the level of restraint across a weldment is
influenced by the base metal strength,
which may be dependent upon the prior
thermal and mechanical treatments in
addition to the chemical campasition.
Other factors that can have a significant
influence over hardness and sensitivity to
hydrogen cracking include the joint de-
sign, electrode hydrogen content and dif-
fusible hydrogen in the hase plate.

The carbon equivalent formulas were
strictly developed for determining the
hardenahility of HAZs. Their adaptation to
hydrogen cracking in welds and HAZ s has
developed out of engineering practice.
Furthermore, these formulas are also defi-
cient in that they apply anly to the base
metals for which they were developed.

With the introduction of modern mi-
croalloyed steels, the problem of HAZ
cold cracking has been virtually elimi-
nated, and now the weld deposits are
critical because these are the regions of
weldments mast prone to cracking and
embyrittlement.

For these reasons, established rules
for control of hydrogen cracking may he
inappropriate for a new application, and
it becomes highly desirable to undertake
new qualification trials. Furthermaore,
control of cracking may not be the only
requirement of a given welding proce-
dure. In the fabrication of naval vessels,
it is essential that the hull has adequate

Table 1— Typical Composition of Steel and All-Weld-Metal Deposits

Typical Compaosition (wt-%)

8IS 812

Element EMA OXB812EM
C 0.13 0.1
Si 0.29 0.28
Mn 0.87 0.93
P 0.013 Q.011
S 0.002 0.0004
Cr 0.45 0.52
Ni 1.20 1.23
Mo 0.35 0.4
v 0.015 0.030
Th 0.009 0.005
Cu 0.19 0.22
Al 0.077 (0.045
N 0.01 0.015
B Q.0015 0.002
N - 0.006
Ca =3 ppm -
O 0.009 -
Fe Bal Bal

120-51 SA Filler

SMAW Filler Metal Metal and OP
[ 12018-M2 1271 TT# Flux
0.04 0.08
0.20 0.34
1.55 1.74
0.010 0.009
0.008 0.004

0.03 .31
3.67 2.72
0.26 Q.62
0.0 <0.01
— 0.01
NH 0.02
- <0.01
- 0.0081
— <3 ppm
Bal Bal

toughness to withstand shock loading,
such as that which might be caused by
exploding mines or lorpedoes. This
paper describes some of the background
experimental work which was under-
taken to develop welding procedures far
use on a submarine, where toughness is
essential.

Hulls of the new Australian Collins
class of submarine are fabricated from a
steel developed from the Swedish
OX812EM formulation {composition and
mechanical properties in Table 1). The
welding procedures being used are de-
veloped from the high preheat/interpass
temperature and low welding energy
input techniques that were used for qual-
ification of the high-strength steel plate
(Ref. 3). These in turn were based upon
recoghized sound welding practice for
the more highly alloyed HY100 steel. In
the light of subseqguent experience, it has
become clear that these procedures
should be reviewed hecause:

1} For some situations it is essential to
use reduced preheat and interpass tem-
peratures for the safety and comfort of
welders. This includes certain areas

where space is confined and preheat
temperatures greater than 100°C (21 2°F)
are specified.

2) Reductions in preheat, of increases
in the allowable heat input, can lead to
considerable savings in hoth time and
money. The commonly accepted cost of
preheating to levels appropriate for
HY 100 steel in submarines is of the order
of $A 20,000 ( =$U.5. 14,000) per 1000
kg (2200 Iby of hull constructed.

3) In some circumstances, reductions
in the level of preheat applied to a joint
can actually improve the performance of
that joint. This occurs, forexample, when
a combination ol excessive preheat and
heat input leads to a wide zone of soft-
ening or overtempering. By choosing an
appropriate combination of preheat and
interpass (P and ) temperature and weld-
ing heat input, the weld zone toughness
can be maximized.

It is therefore essential to determine
the effect of preheat an weld zone prop-
erlies,

The first part of this paper therefore
describes a study inte the cffect of pre-
heat and interpass lemperature on the

Table 2 — Typical Mechanical Properties

0.2% proof
stress (MPa) 750 780 800 760
UTS (MPa) 840 B25 850 850
Elongation 18 18 19 21
(A5, %
Charpy impact energy (J)
at —18°C 180 148 100 120
—60°C 160 80 — -
~84°C 120 - — -
—=51°C — — 73 a7
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Fig. 1 — Location of weld metal Charpy specimens.
Notehes are perpendicular ta plate surface, amd lovated
in a region considered to give the lowest values for each
of the three zanes.

Fig. 2 — Location of basc metal Charpy specimens.
These are co-planer with the weld metal specimens and
have notches just outside the fusion line,

Low Heal Input,
Aeld Top
High heal Input;

53Tmm S Weld Middie
t2mm VT wop === =~JHigh Dilution]
¥ et L N Veld Roat
L} D:I—}-l 2-4 mm
Pasition: Uphill

Hectrodes: Atom arc 12018-M2, 1.15 ar 4.0 mm Dia.
Welding parameters:
(All welds: Voltage: 23 V)
Weltdl roat:
Travel Speed: | mm/s
Current: 127 A
Heat Input: 2.9 k}/mm
weld middle:
Travel Speed: 0.9 mm/s
Current: 150 A
Heat Inpul: 3.8 ki/mm
Weld Top:
Travel Speed: 1.9mm/s
Current: 109 A
Heat Input: 1.3kl/mm

Tig. 3 — Welding procedure for vach plate showing the
approximate location of weld beads and the weld
Charpy specinens.
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toughness of critical shielded
metal arc (SMA)Y weld zone re-
gions (both weld metal and
HAZ). The approach adopted
in this work differs from that
used by other experimenters,
who use cooling rate as a pri-
mary measure of thermal
cycle. Two measures of cool-
ing rate have been used: cool-
ing rate at a given temperature
[Ref. 4), or the time taken to
cool from 800° to 500°C
{1472°10932°F) (Atgss, Ref. 5).
For welding of thick plate,
these equalions are approxi-
mately proportional to the
welding heat input (HI} (Ref,
6):

Algys = k(HI) (2)

In fact, the toughness of
any weld zone may depend
upon a large number of addi-
tional factors, such as the full
thermal cvcle (Ref, &), the
grain structure {equiaxcd,
columnar, etc., Ref. 7), weld
restraint and the extent of weld
dilution.

In this work, three values
of heat input are uscd to un-
dertake groove welding on a
50-mm {2-in.) thick plate and
the preheat and interpass tem-
peraturcs are varied. This ap-
proach provides data that can
be directly translated to weld-
ing specifications, and it can
be readily understoad by the
fabricator, who is familiar with
the use of minimum preheal
and interpass lemperature to
control hydrogen cracking.

An additional investiga-
tion was undertaken in order
to study the effect of welding
parameters on the hardness of
various weld regions and on
the concomitant weld dilution
and depth of penetration. In
this work a series of sub-
merged arc welds was de-
posited an BIS 812 EMA steel
{compasition and mechanical
properiies in Tables 1 and 2)
using a wide range of preheat
and interpass {P and I} temper-
atures, voltages, currents and
travel speeds. The submerged
arc welding process was cho-
sen for this work because it of-
fers good control over all
welding parameters, and is be-
lieved to be a mare cost-effec-
tive process than SMA for

welding in the flat (1G) position. Sub-
merged arc welding is extensively used
for welding of the Collins submarines.

Experimental

For the first investigation, the tough-
ness of various regions in a series of
weldments was assessed using the
Charpy test with an 18O striker (Ref. 8). In
all cases the exact location of the notch
was chasen to coincide with the mi-
crostructure that was estimated by the
aulhors to give the lowest Charpy energy.
In the case of weld deposits, the notch
was generally parallel 1o coarse colum-
nar grains. In the case of heat-affecred
zones, the notches were generally lo-
cated close to the fusion boundary so that
reheated, coarse-grained HAZ was
tested. With the irregular shape of the fu-
sion boundary and the relatively small
volume taken up by each of the various
reheated coarse-grained zones (Ref. 6),
each Charpy notch generally coincided
with a range ol microstructures.

The range of preheat and interpass (P
and |} temperatures under investigation
extended fram -20° to 220°C (-4° to
428°F), The explanation for this range is
that -20°C lies well below the lowest
temperature at which any practical weld-
ing is performed and 220°C is more than
the maximum P and | temperature likely
to be used. It was anticipated that crack-
ing might occur at lower Pand 1 temper-
atures (below 20°C; 68°F) and that some
reduction in mechanical properties will
begin to occur at temperatures ap-
proaching 220°C.

The Charpy test specimens had
notches located perpendicular to the
plate surface and oricnted so that crack-
ing was forced to travel in a direction par-
allel to the welding direction. Before cut-
ting any notches, all specimens were
lightly etched so that the exact location
for each notch could be delermined. The
location of nolches in weld metal Charpy
specimens is shown in Fig. 1. The base
metal Charpy specimens (Fig. 2) were
parallel to the weld metal specimens and
co-planer with them. These had notches
close to the weld inferface.

The design of each test plate (Fig. 3)
has been carcfully contrived to give ex-
amples of the broad range of weld de-
posits that may occur in real welds. For
example, the all-weld-metal Charpy V-
notch specimens are bocated at examples
of low heat input, high heat input and
high dilution regions of the weld deposit.
The corresponding base metal Charpy
specimens are located at examples of
(approximately} 5, 1 and 2 thermal cy-
cles, respectively.

The identification code for each test
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Fig. 6 — Technique for analvzing Charpy test resuits. The transi-
tion ternperature (in this case FATT) is measured from the Charpy
transition curve and plotted against preheat. The greatest tough-
ness occurs at the lowest point on the curve {in this case at a
slightly lower preheat temperature than that used for Al.

middle results in Fig. 7
are inconsistent in that
the energy results also
show that best tough-
ness can be obtained by
using 100°C preheat;
whereas, the two frac-
ture appearance curves
give the lowest temper-
atures (i.e., best results)
at 60°C P and | temper-
ature, Results for the
HAZ root region are
also inconsistent with 5
of the & curves! show-
ing a significant de-
crease in toughness at
100°C P and 1. The
100°C P and | tempera-
ture work should there-
fore he repeated to
check for consistency,
Results for weld metal
{Fig. 8) showed less pro-
nounced changes in
toughness as a conse-
quence of varying Pand
I temperature. The
‘weld tap’ results show
that best resulis are ob-
tainahle at 180°C while
the ‘weld middle’ re-
sults show very little
change in the transition

Fig. 7 — Charpy
encrgy and fibrosity
values for the three
HAZ regions. Deiin-
itinns of the various
codes are provided
in the text.
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curves as a consequence of changing
preheat temperature. The ‘weld raot’ re-
sults showed a slight toughness improve-
ment at 60-100°C.

In order to identify more clearly the
trends indicated with abl of these results,
they have heen replotted in Figs. 9to 13
using third-order polynomial regression
analysis to produce smooth, best-fit
curves for each location (weld top, HAZ
middle, etc.). This approach is approxi-
mate only and the results of this work
would need to be verified experimen-
tally, using the same welding procedures.

The 28 | energy results (Fig. 9) showed
considerable scatter and the regression
coefficients were generally low (of the
order of 0.6-0.8). This indicates that the
measure of toughness is unreliable and
low confidence should be given to the re-
sults. It is noteworthy, however, that the
hest results were aobtained at the weld
surface when about 165°C (329°F) pre-
heat was applied.

The results far 47 | and W47 ] (Figs. 10
and 11) gave higher levels of confidence
(regression caoefficients about 0.7-0.95)
and were self consistent. It is thus con-
cluded that these measures give an im-
proved indication of the relative tough-
ness of the various welding procedures.
The results show that hest toughness in
the HM, HR and WR positions may be
obtained by using about 8¢°C (176°F) P
and | temperature.

The FATT results {Figs. 12, 13) gave
high confidence levels (coefficient of
(.85-0.95), and the results were also rea-
sonably consistent. Best toughness in the
HR, HM and HT positions was obtained
at about 70°C (158°F), while the best
toughness overall was again obtained at
the weld top with a P and | temperature
of about 150°C (302°F).

The 100 | results were inconclusive
due to the shartage of data and the wide
scatter of results,

The best loughness results for each re-
gion are presented in Figure 14, The tem-
peratures given here are the lowest points
on the preheat vs. temperature graphs
presented in Figs. 9 to 13. For weld
metal, this graph clearly shows that the
low heat inputthigh P and | temperature
technique used at the weld surface gives
significantly better results than the high
heat input/low P and [ temperature tech-
nigue used at the weld middle and that
hoth of these techniques give better re-
sults than those achieved at the high di-
lution, weld root region.

In the heat-affected zone, it is appar-
ent that toughness at the weld center is
similar to that at the surface, while the

1. 100 | Charpy energy was not achieved for
the 100°C preheat plate.
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Fig. 9 — lemperature of 28 | energy for each location in the weldment at par-
teular preheat/interpass temperatures. Curves are third-order polynomial re-
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raot region toughness is considerably
lower than either of these twa locations.

In absolute terms the best toughness
ta be ohtained in this work occurred at
the weld surface when using low heat
input and high preheat welding proce-
dures. The FATT for weld metal at 180°C
{356°F) P and | temperature was ~69°C
{=Q2°F).

Optimum Preheat and
Interpass Temperatures

A summary of the optimum P and |
temperatures as determined by the FATT
and 47 | is provided in Fig. 15. For the
low heat input weld deposits at the weld
surface, best toughness was achieved by
using 150° to 180°C (302° to 356°F) P
and | temperatures, while for the WR,
HM and HR positians the best properties
were obtained with preheat/interpass
temperatures of 60° to 90°C (140 to
194°F), For the reduced heat input, HT
position, the greatest toughness was oh-
tained over a wide range from 80° to
150°C (176° to 302°F). There was no
clear advantage with the usc of any par-

ticular preheat/finterpass temperature at
the high heat input WM position.

Effect of Welding Parameters
on Weld Zone Hardness

Results of the work on weld zone
hardness are presented as a series of
graphs showing the different relation-
ships found to exist (Figs. 16, 17). 1t was
found that HAZ hardness readings
(390-430 HV 30 for heat input values up
to 2 kl/mm) were consistently higher than
the weld metal hardness readings. [3c-
scriptions of the relationships are pre-
sented below.

Effect of Heat Input and Power [nput
on Weld Metal Hardness

The relationship hetween hardness
and heat input is illustrated in Fig. 16 for
each of the preheat values used. For HAZ
regions the effect of heat input is mar-
ginal, up to about 2 kl/mm, however, the
hardness draps off significantly between
2 and 4.5 k}/mm. For =10°C, the hardness
drops about 117 HV 30 between 1.5 and

4.5 k)/mm. This represents a drop of 39
HV 30 for every increase of 1 k)/mm (25
k)/in.). At 170°C preheat the hardness
drops from a lower peak (385 HY 30} at
1.5 kJ/mm to a similar hardness (295 HV
30) at 4.5 kl/mm. This represents a drop
of 30 HV 30 for each increase of 1 k)/mm.

For weld zones, the drop in hardness
was continuous over the range of heat
input values tested (0.5 to 4.5 k)/imm),
however, as illustrated in Fig. 17B, the
drop in hardness was greater between 1
and 2.5 klfmm than for heat input values
over 2.5 kl/mm (3.5 kJ/mm).

The effect of power input on hardness
was found to be small and the spread of
all results was narrow (up to about 10 HY
30 at 1.5 klfrmm).

Hardness vs. Preheat

By plotting hardness against current
for each value of P and | temperature, it
is possible to read off hardness valucs for
200, 300 and 400 A and develop a plot
of hardness against preheat as shown in
Fig. 17. Heat input lor this work was
about 2 kl/mm. To obtain this, each in-
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Fig. 10— lemperature of 47 | energy for each focation.

in Fig. 7).

Fig. 11 — Lower bound temperature of 47 | energy for each location (as

crease in current was matched by an
equivalent reduction in travel speed, or
vice versa. Evidently, hardness drops
roughly linearly as P and | temperature is
increased., Inthe HAZ, there was little dif-
ference between the three current values,
and the average hardness dropped
steadily from 420 HV 30 at -20°C P and
| temperature to 385 HV 30 at 120°C.
This represents a drop in hardness of ap-
proximatcly 1 HV 30 for every 4°C in-
crease in P and | temperature.

In the weld depasit, hardness readings
at —10°C Pandl temperature were signifi-
cantly higher (335 HV 30} for the 400-A
welds than for the 200- and 300-A welds
{about 303 HV 30}. The hardness values
converged, however, as Pandl tempera-
ture was increased and the average hard-
ness of all three current values was abaut
270 HY 30 at 170°C P and | temperature.
In this case, the drop in hardness was
about 1 HV 30 for every 3°C {5.4°F) in-
crease in P and 1 temperature for the 200-

A welds and 1 HV 30 for every 4.4°C
(8°F) P and | temperature increase for the
300- and 400-A welds. The high hard-
ness readings al —=10°C I and | tempera-
ture was associated with formation of
bainite and martensite in the weld zone
— Fig. 18.

Effect of Current on Depth
of Weld Penetration

Depth of joint penetration is impor-
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affected by the difficulty of access and
the arc blow problems that often accur.

In practical weldments it is essential
that the surface have adequate toughness
since most failures initiate at the surface.
It is therefore important that one-sided
welding be avoided since this practice
places an inherently brittle weld root
zone at the finished surface. It is prefer-
able to have the weld root close to the
center of a joint and, in critical applica-
tions, to completely remove this root by
gouging before welding of the second
side. In addition to removing brittle weld
regions, back gouging also removes any
defects that might be present at the root,
and opens cut the root regions to facili-
tate welding of the second side.

The work on hardness of submerged
arc weld zones in these steels gives guid-
ance about the selection of appropriate
welding parameters to control the hard-
ness, penetration and dilution of welds,

Optimum Joint Design

In the development of welding proce-
dures, it is essential to avoid cracking and
provide an adequate level of toughness
in the weld zone. Furthermore, it is de-
sirable to allow high-productivity tech-
niques to be used so that profitahility is
maintained. On the basis of these inves-
tigations the design of an optimum butt
joint has heen developed which gives
good weld zone properties while maxi-
mizing productivity. This design is pre-
sented in Fig. 21 and features a weld root
at the joint center where lower toughness
properties can usually be tolerated.

The fill passes arc undertaken using
high heat input/low preheat technigues
to optimize productivity while ensuring
adequate toughness. At the conter of the
fill passes heat input/P and | temperature
is unimportant so long as sufficient pre-
heat is provided to avoid hydrogen
cracking. At regions close to the weld in-
terface, however, preheat/interpass tem-
peratures must bo held close to 70°C for
maximum HAZ toughness.

At the weld surface, where toughness
is most important, medium P and | tem-
perature/low heat input welding proce-
dures should be used at the weld toe with
higher preheat and interpass tempera-
tures (180°C) being used towards the

center capping passes.

From a practical viewpeoint, it is rec-
ognized that welding operators would
have difficulty keeping to such complex
weld designs and that the monitoring and
inspection of such welds would be diffi-
cult. With the increasing use of rohotics
and computer-controlled welding equip-
ment, however, complex welding proce-
dures such as these should be readily ob-
tained.

Conclusions

1) For the SMA welding of 50-mm-
thick, high-strength OX 812 EM steels,
maximum overall weld zone toughness
was obtained by using low heat input
(1.3 kjf/mm} welding procedures in con-
junction with preheat and interpass tem-
peratures of about 180°C.

2) Optimum HAZ toughness in OX
812 EM steels was obtained at both high
and low welding heat inputs under stated
conditions; however, it was found that
the appropriate preheat and interpass
temperature  must  be maintained
throughout welding. For maximum pro-
ductivity and improved aperator com-
fart, it is recommended that high heat
input (3.8 kJ/mm) welding be used in
conjunction with preheat and interpass
temperatures close to 70°C.

3) Weld root toughness was low in
both the weld metal and heat-affected
zone. One-sided welding of these steels
should therefore be avoided and, for crit-
ical applications, it is recommended that
weld roots be backgouged and filled to
remove this inherently brittle region.

4) For submerged arc welding of BIS
812 EMA steels,

a) HAZ hardness readings were sig-
nificantly higher than weld metal hard-
ness readings.

b) Heat input had a marginal effect on
HAZ hardness up to about 2 k)/mm; how-
ever, above 2 kj/mm, the hardness
dropped off at a rate of approximately 30
HV 30 for each increase of 1 kj/mm.

<) Weld metal hardness dropped con-
tinuously over the range of 0.5 to 4.5
k)/mm.

d) Both HAZ and weld metal hardness
dropped approximately 1 HV 30 for
every 4°C increase in preheat and inter-
pass temperature.
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