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ABSTRACT

Considerable stren%th differences among base material (BM), weld metal (WM) and heat
affected zone (HAZ) may exist in the welded structures made of high strength steels. Three
over-matched weld joints were made using either single consumable with yield stress higher
than BM or two consumable, where the softer one was used for the root. Use of softer
consumable has resulted in improved weldability. Its presence in the weld root did not worsen
overall weld joint strength and over-matching conditions. Mechanical properties of vital
regions of X-groove weld joints were determined experimentally. WM specimens were taken
from the actual welds. Microstructure of HAZ regions was made by weld thermal cycle/cycles
simulation. Fracture toughness was determined on full thickness weld joints. The aim was to
explain the effects of strength heterogeneity on weld joint fracture behaviour precracked either
in the middle of the weld or over the HAZ. Limited soft root layers have not jeopardized weld
joint fracture toughness.
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INTRODUCTION

High WM toughness is difficult to assure, therefore, over-matched weld joint is very useful
du€ to its shielding effect, keeping small defects in the WM out of plastic deformation domain.
This was well proved by wide plate tests (Denys, 1994). But welding of high strengih
structural steels in over-matching conditions is not simple because of increasing

sensitivity to cold cracking. Weld root defects extremely jeopardize weld joint integrity.
Generally, preheating is used to prevent cold cracking. Another possibility to avoid cold
cracking in the weld root is the use of a softer consumable reducin% or even omitting costly
and time consuming preheating. Yield stress of the root WM has to be lower than yield stress
of BM and the rest of WM. Existence of HAZ and two WM materials of different strength
and toughness in the single weld joint increases the complexity of weld joint mis-matching and
affects [ts failure behaviour. Fracture toughness of a ~40 mm thick over-matched X-groove
weld joints with and without soft root layer is discussed in the present article. The aim was
to find out if the welding procedure with the soft root layer is recommendable for weldability
improvement without essential lowering of full size weld joint strength and fracture toughness.

MATERIALS, WELD JOINTS AND EXPERIMENTAL PROCEDURE

High strength low alloyed grade HT 80 quenched and tempered steel (t=40 mm) was used in
the experimental work. Its mechanical“;nroperties and chemical composition are shown in
Table 1. Flux cored arc welding (FCAW) procedure was selected to make weld joints. Two
different consumable were used. Mechanical properties and chemical composition of both all-
weld metals (WM,, WM,) are shown in Table 1. The first ensured global over-matching, the
latter enabled to introduce soft root layer. Theoretical mis-matching is assessed as

M=0,ww/0,pm (data in brackets). This value is treated as the designed M, because it is not
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Table 1 lueC”a”lCal proper ties and C}Wlenllcal C0’71P0.Slllon of the base metal and

material a, g, elong. VE 4ooc M
MPa MPA % J

BM 711 838 20 54 -

WM, 770 845 16 58 (1.08)

WM, 403 466 32 153 (0.57)

% C Si Mn P S Cr Ni Mo P
BM .09 .27 25 015 .004 1.12 2.63 25 252";3
WM, .06 35 143 .011 .008 .8 3.01 56 (.274)
WM, .05 .25 .61 .011 .008 .06 .07 .03 (.095)

corresponding to the actual weld. Parameter P, is the mea: i ibi

1 8 e sure of i

ggid cracl;mg. The selected welding parameters resulted in cooling tilnr}g;etgrlglrns%?)%ptg)gg%}g

\ f8,5) ~9 s. They were measured during welding by thermocouple inserted into the weld
efore its solidification. Heat inputs were 1.8—2.3 MJm, while prcheating/inter—‘;gss

temperature was ~ 100°C. The soft roo
LA e t layers and the rest of heterogeneous welds were

Homogeneous weld joint was made usin i

2 g consumable WM,, while hete

{\nlli?:i ;nsllélfl g?(r;;lclrrgits)lgf\ywhﬁ ‘t;;)r s%ﬁtroot. la)(fietl; (two and four passes) a;(c)ig\c;;ﬁ)lu ?O?nt%i Yeesrte
ere determined by round tensile specimens taken f; {

and the cap of actual X-groove welds in the weld axis directi L e

toughness specimens with the notch in the same alxdIS el o

weld joints transverse to the weld axis. Series twe B

S-curve designing. Vickers hardness measure emperélrures o e e

at the load lg N on each 1 mm) were conductrggnts e e e A G e s

2 and yield stress w. i i
o,wm=3.15 HV-168 (Pargerter, 1978) for local weld joint mis—m;iﬁiﬂ;ucligidrmuisnmatgiorglanon

HAZ mis-matching conditions adjacent to the fusi i i
/ i ion line were det it i
gllfl}orgtglucélugc;]ggd?nb{h therrﬁ'c'll cy((i:_le simulator (Smitweld). The sae;ni)rlr&u}fgg sl1lxsnl?1 atsiggt&fgg
e rolling direction in size 15x15x70 mm (mechanical i
11x11x55 mm (hardness and impact toughness) and 9 e
{ x15x70 mm
were heated rapidly to the peak temperature T, > 1350°C and then (imfrmacgcllrigute(l);l gcholcl)eksefi) 'dgxlxlfiy

ooling tim m Th noeauaence ch
( lino time Atz‘si‘ was .-../(g s, the same as that of the actual weldg a co
¢ me A a the same as inat of e actual weids. 1ne comnsequence o1 such

weld thermal cycle simulation on as-delivered BM is ic mi

] synthetic microstru imi
gg:{fggggg;x;ﬁp{leesa; ziltfgeétce;tli{ Zc?e (CGHAZ) microstrgcturc of the real gvtglr; j‘(/)ei;}t, sgnﬂrz;rp%g

[ _ microstructure to peak temperature T, thefic do
HAZ microstructure adjacent to the fusion line waspm R TR P
: ade. The °- i

%oollmg s;zged of the second thermal cycle was the same as tliz?%ﬁ’(fg pxrvgtaf)r'lig Oi e135~09c
thpé olv_\glr. an g(/;-htransfo;mauon start temperature (Ac,) has not caused retransf’or}nétion gf
B e fa: e e e Gl . e
Ac, temperatures has retransformed previous Sligl'y Stet 2 s etesa iy an

1 ) S ostructu;
800°C cooling time from 500° to 300°C (Ats,;) was useclr eir?srtlg E(l)rftlzltlgs.. e

Dilatation was measured during thermal c icati
2 : I : ycle applications. Tem i
gﬁg?an&%%SléfrI\l/essm;t mglt;usqsh) Nc{iprmg tr?JOOImg and corrgsl,)fonding momenlgserevt:rr: Sde(t)efrnililrfgings
is. Microstructures were metallographic analyzed and h:
measured. These data were sufficient for designing CCT di e D
o . . . a i
conditions as it was demonstrated in one of our Ig)revxgous workls %gi?h; gf 2? ulrggg) ot

Due to limited size of synthetic HAZ microstructure m i i
S 2 ade by weld i
léﬁzllclilg;gisalsgz;g;cé I_tt‘ens1lsen_specmlens of diameter 4.5 mm }\I)vere lﬁgdsg?lgé?erlrr(r?h{ggoﬁug%
ies. Stress concentration factor K, was 1.05. Imy
fracture toughness (for single T,, onl i on . e
e T,, only) were determined on 10x10x55 -
8.5x14.5x70 mm SENB specimens at -40°C respectively. Hardness HVlOmv{'r;sYnggéflkrlgg tz:)rcl)é
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Table 2 Mechanical properties and chemical composition of regions of
the actual welds

material g, o, elong. VE_ joec M
MPa MPa % J

WMome 861 951 12 56 1.21
WM, omr 807 905 15 61 1.14
WM, pass 623 677 16 - 0.88
WM, pass 632 674 16 23 0.89

% C Si Mn P S Cr Ni Mo B
WMome .07 .36 1.27 .008 .015 .86 221 47 257
WM,omr 1081232 .78  .012 .013 99 250 .35 244
WM, pass .08 .26 32 .012 .007 .38 .82 .16 .148
WM, pass .08 .26 43 .011 .008 .20 1.32 .12 .150

The exact size of almost full thickness SENB specimens were Bx2B with B=36 mm and

a/W ~0.5. Through thickness fatigue cracks were Ig)ositioned either in the middle of the welds

or crossing fusi
using standard (BS, 1
1990). The CTOD testing te
the test CTOD was directly measu
DC potential drop technique was applied
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Table 3 Mechanical properties of synthetic heat affected zone microstructures at the Sfusion line
HAZ regions Ty a, o, & VE 40ec M
| °C MPa MPa "3'
s"mgle cycl‘c'e CGHAZ - 935 1171 0.92 40-55 1.28
temperec.l‘ CGHAZ ~700 865 1027 1.05 95-115 1.19
partly austenitized CGHAZ ~780 704 937 1.19 110-130 0.97
) austenm.zed CGHAZ ~960 939 1176  0.98 45-65 1.29
homogenized" CGHAZ ~1150 958 1185 1.02 70-90 1 .32
the result of unavoidable th i joi i .
e e composi?{grlflptégﬁmem during weld joint execution. Its effects depend

Shielding effect of weld over-
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softening or hardening during heating and cooling sequence caused by subsequent weld passes
is present in both weld regions of all three types of weld. The exception is the last weld pass,
which does not undergo the additional thermal ¢ cle. These is the reason for local mis-
matching in the weld through thickness shown in Figure 1. As it was expected P, in both
analyzed weld regions of homogeneous weld is higher than that of BM, while in the soft layers
is considerably lower in spite of partial contribution of BM (Table 2).

Taking into account impact toughness values in Figure 2, LBZ could not be expected at the
weld root of homogeneous weld joint while in soft root layers of heterogeneous weld joints
LBZs are predicted. Impact toughness of the root material (WM,,...) is slightly higher than
of the cap (WM,,,..) while impact toughness of soft root layer (WlbfTF ) is the lowest. Impact
toughness of the HAZ in the figure is the highest at all. But, actua fy it does not correspond
to the pure HAZ microstructure. According to Figure 4 it is obvious what kind HAZ
microstructure of multipass weld joint on treated BM 1s more and what kind is less tough and
firm (see also Table 3). The most tough double cycle HAZ microstructure correspond to the
softest HAZ which was during the second thermal cycle austenitized only partially. HAZ
microstructures (single and double cycle) with the lowest toughness are hard. It seems to be
in contradiction with the results of glaze et al. (1988). An explanation is that double cycle
HAZ of the lowest impact toughness was already austenitized (proved by dilatometric analysis)
but probably not satisfactorily homogenized. Double cycle HAZ microstructure which is the
result of completely homogenized austenite decomposition is firm (hard) but also tough.

Fracture behaviour of real weld joints from Figure 5 is clearly seen on R-curves in Figures 6
and 7. Those experiments are shown by which median CTOD values from Figure 5 were
recorded. Mis-matchinig plasticity constraint along the crack front due to under-matching in
the middle of homogeneous weld (root), that is clearlgl seen in Figure 1, was decisive for
crack initiation and its extension by CTOD testing. Additionally, ratio H/(W-a), the measure
of constraint (Eripret, 1996) is the smallest in the root of X-groove weld (H is half of the weld
width at the certain position). Because of deep crack (a/W ~0.5) stress state is here more like
to plain strain than anywhere in the weld joint promoting cleavage fracture. Above mentioned
reasons (mis-matching and geometrical constraint) have revailed over impact toughness and
as the consequence brittle fracture initiation has appeared in the root region op-in). LBZ in
such kind of over-matched weld joint with not extremely tough material at the root exists in
the region of the lowest local factor M and strongly affects fracture behaviour and CTOD
fracture toughness (Figure 5). Immediately after crack initiation in the root material brittle
fracture has spread across the rest of the weld as the consequence of sudden stress intensity
raise in the region of somewhat lower impact toughness (cap).

CTOD testing of heterogeneous weld joints with the crack in the middle of the weld has
revealed LBZ in the soft layers where factor M was intentionally lower. In these joints, as

750 . T v T T v
Nionicral 70 - HAZ algs= 85 - 10 s
i o double cydle m =1350-1360°C 1

650

600

550

T [°C]

4001

%00

Tz )

Figure 3 Microconstituents in the heat affected zone adjacent to the fusion line upon peak
temperature of the second thermal cycle (F-ferrite, B-bainite, M-martensite)
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regards homogeneous weld joint, above mentioned geometrical and mis-matching plasticity 0.75 HAZ WM | HAZ WM | HAZ WM
constraints were much more expressive. The consequence was P_, lower than those ofPBM and 2%
the weld cap region. This is convenient for weldability reasons ensuring material clearness (no =
defects). C{ZOD fracture toughness results of weld joint with two pass soft root layer were not
lower than those of homogeneous weld joint. A slightly lowered 8TOD values are noticed by

than anywhere in the rest weld joint material and aiso in the homogeneous weld joint (see
Figure 2). Only impact toughness of four pass soft root layer material was determined, not
of two. The size of two pass root layer was not sufficient for impact toughness testing.

straight non-straight

- crack front crack front
S, X ||
) A

’ oot X
As can be seen from Figure 6 CTOD value at stable crack initiation of two pass soft root layer

heterogeneous weld joint was ~30% higher than in four pass and homogeneous ones. Stable

CTOD at -10°C [mm]

J ) X
crack extension up to the brittle fracture appearance is far below 0.2 mm, an engineering e i G
measure of fracture toughness. But, pop-in in this weld was not so expressive as in the case = ity M
of heterogeneous weld with four pass soft root layer at lower CTOD value and greater crack im a & = %
extension, probably due to smaller size of the soft layer. Brittle fracture (pop-in) in u &
homogeneous weld has appeared after stable crack extension of almost 0.2 mm, although
CTOD value was not higher than that of weld with two {)ass soft root layer. Anyhow, these 0 2 pass 4 pass
CTOD values at brittle event refer either to 6. or &, (BS, 1979) as can be seen from Figure 5. o e heterogeneous welds

) ; ! ol ith the
In Figure 7 one can compare R-curves for com osite crack of homogeneous and heterogeneous ; s of base material and over-matched weld joints with 1,
welds with R-curve obtained on synthetic HXZ microstructure of the lowest gossible yield Figure 5 CTOD fractyrehtoug./;r;ii offzhe weld and in the heat affected zone

stress adjacent to the fusion line. Testing temperature of synthetic HAZ was 30° lower. In crack in the mi

spite of higher impaqt toughness of the treated synthetic HAZ microstructure at -40°C

(compare data in Figures 2 and 4) CTOD values at stable crack initiation and extension to

0.2 mm correspond to the lower values than those recorded by thicker real weld joint CTOD 0.2 o T=10°C
specimens. But, fracture behaviour was fully different. It was not brittle in spite of lower T=10°C G A
testing temperature (:40° against -10°C), on'the contrary, it was ductile fracture. 0.254 -
. S 5 4 ; in (HAZ 4 s) -3
CTOD testing of homogeneous and heterogeneous weld joints with the crack crossing the 0.154 pop-in (WM 2 pass) ~ Pop-in (WM hom PR ] P et
fusion line at two positions has revealed the weakest ﬁomt in weld joint with four pass soft Sl iy pop-in (HAZ hom) ; i
root layer. Stable crack extension up to the brittle crack initiation was here the lowest. Crack T § L8 4
tip front has approached soft root layer more than in the case of the weld joint with two pass s oB el al A Synt”fﬁ‘c H‘;Agac )
soft root layer. The reason is shape of weld joint (X-groove). By homogeneous weld joint Sl o gooo° o 1941 L imicrostiucture
stable crack extension up to the brittle fracture initiation is the greatest, because, there is no g ey LSS a® S S5 -
strong influence of intentjonally made soft root layer. This is the reason for higher CTOD = wﬂﬂ O 14 ﬁp“
fracture toughness values in Figure 5. It seems that soft root layer has an important effect on > #}“
fracture toughness of over-matched weld joints not only for the crack in the middle of the ! + in (HAZ 2 pass)
: - .95 in-(WM 4 pass) i oitis
weld but also in the case of composite crack. pop-in-( P 0.051 #
0 — <00 o = 5 o3 0 01 02 03 04 05 06 07 08 09
w0 Nionicral 70 - HAZ Algs = 85 - 10s 1350 I Crack extension [mm]
- double cycle Tpt = 1350 - 1360°C Cradhexensan el . ., g % N
; =r = A e Ll it — Figure 6 R-curves for the weld material in Figure 7 R.-curves Jor actua ot HAgZ
F W = the middle of homogeneous and (composite cr ?Ck) andt syninetic
=l 7 heterogeneous weld joints microstructure
g &
ol s s i
%, S Comparison of homogeneous and heterogeneous weld joints fracture behaviour by CTOD
=0 € testing with the composite crack has shown the following:
g‘ il 1. Homogeneous weld joint; LBZ hai a%IXaZte?l Ut} thedHﬁZ t;gjﬁéléltg (t)l%e ﬂﬁ‘és‘\?,é’léméﬁc‘?’cﬁiﬁi
= A i Z or double cycle is found. >
single cycle CGHAZ or th towards the BM. The reason is
o i sampled BM, fracture path turns . 4
<t g&;{in (;?CrgggSlte C.ragl(o;z to the weld joint surface where composite crack is sampled WM,
o w0 w e e e o e ™ fracture path is straight. » 4
e ; iti in homogeneous we
fez 161 - Heterogene.ogglwelfd o1rvlvt(531;dl%%}?sgsgc‘gggzdcgtmthgsséglgrggﬁlit;osr:ln;lils led BM,gfracture patg
joint. In the middle of the ; @ ot . Close to the wel
Figure 4 Impact toughness and hardness of the single and double cycle heat affected zone Jturns towards the weld root. The reason is local under-matched ro

j i b i i d WM, fracture path is also straight.
adjacent 1o the fusion line upon peak lemperature of the second thermal cycle joint surface where composite crack is sample 2
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CONCLUSIONS

Besides global over-matching, local strength differences among BM, WM and HAZ regions
exist in weld joints. In over-matched multirun weld joints' local mis-matching can be
introduced intentionally but an additional local mis-matching also exists. It is the conseguence
of multi-pass welding procedure where thermal treatment causes either hardening or softening
of WM and HAZ of Erevious weld passes. Both can be the dominating mechanical effect
controlling fracture behaviour in the less tough WM and HAZ domains. %,ocal mis-matching
in the WM can be depicted by hardness measurement.

It is not easy to ensure sufficient tough WM and HAZ in over-matched weld joints on high
strength quenched and tempered steels. Critical values of CTOD by fracture toughness
measurement of actual weld joints were lower than those of BM. In this respect either over-
matching condition all over the weld joint or excellent weld joint material clearness should be
assured. The first is convenient due to its shielding effect, the later due to the lack of defects.
Use of soft and tough weld consumable for the weld root cold cracks risk lowering does not
always assure the existence of tough WM.

In weld joints containing soft root layer cold cracks have not appeared. These cracks are
acting as a potential danger for brittle fracture initiation which can cause the whole weld joint
disintegration. Overall strength of both heterogeneous weld joints was satisfactory. Transverse
tensile strength was higher than that of as-delivered BM. So, over-matching conditions were
ensured. CTOD of heterogeneous weld with four pass soft root layer was lower than those of
homogeneous one and lower even than those with two pass soft root layer. The same tendency
is obvious by impact toughness. In this respect, welcﬁng procedure with two pass soft root
layer is found to be more appropriate than those without and with four pass soft root layer.
This conclusion is based on satisfactory fracture behaviour of such kind of weld joint as
regards homogeneous weld joint and lowered root cold cracking susceptibility. But, welding
consumable for soft root layer should be carefully selected and appropriate welding procedure
should be used to reduce too extensive toughness degradation.
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