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Toughness Evaluation of a Shielded Metal
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This study was part of a program to investigate the influence of multiple post weld heat treatment
(PWHT) on the fracture toughness and defect tolerance of a welded joint. The present work reports base
metal data obtained for a quenched and tempered BS7191 Grade 450EM steel (0.10wt%C-1.08wt%Mn),
weld metal data for a ferritic multipass weld obtained by shielded metal arc welding using an AWS E-
9018M type electrode, and heat affected zone (HAZ) data obtained using a modified bead on groove tech-
nique for different PWHT conditions. The effect of the repeated heat treatment cycles on the mechanical
properties was evaluated by hardness tests and toughness testing assessed by Charpy V-notch and crack
tip opening displacement (CTOD) techniques. The characterization of the microstructure was under-
taken utilizing optical and electron microscopy.

As fabrication codes for new equipment do not allow more than three PWHT cycles, the application of
more cycles is only justifiable for old equipment when a fitness for purpose criterion is applied and these
restrictions are not applicable. The results obtained are currently applied in repair work and revamps of
pressure vessels and gas storage tanks.

Keywords C-Mn steel, embrittlement, post weld heat treatmeh ual behavior of three distinct regions,- heat affected zone
shielded metal arc welding, submerged arc welding (HAZ), weld metal, and base metal subjected to a number of
PWHTcycles.
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1. Introduction
2. Experimental Procedures

1.1 Post Weld Heat Treatment

Fabrication codes for steel structures have become increasbv\lséc_’rw COQ|II’(;g n :[[he range gf_:lﬂoo to ‘:’00 c sur?sgquzrt\t to
ingly restrictive with respect to weld metal mechanical proper- may induce temper emporitiément in quenched and tem-
ties, where the current trend is to demand high impact pered steels and adversely affect their notch toughness. To de-
resi’stance at low temperatures. Producers of weld Consu-termine whether embrittlemgnt mechanis.ms can operate. in
mables, in order to meet these specifications, have been ir{hese steels they were submitted to a multiple PV.VHT’ consist-
search of resources that will allow a rigid control of the high Ing Ofdl_’ 2’t4'A7V’VaSnI(:j)lzci Cédfe;’ eFe)lchtfor Izdhhdu'[a;tlont at 5?0 c
strength steel weld metal, such as the control of impurities; re-according to AWS D1 ( et ). Post weld hea reatment was
sidual elements; for example, phosphorous, sulfur, and tin; an ompleted consisting of multiple cycles for 2 h duratlc_)n ars90
the increase of the volumetric fraction of acicular ferrite. C, an average heating rate of 125 °C/h, and a cooling rate of

Though many fabrication codes offer guidance on the dura-235 ) C accarding to AWS ,Dl'l (Ref 3). )
tion and temperature of post weld heat treatment (PWHT), Vickers hardness, tensile, and Charpy V-notch testing were
these codes do not agree on the precise values of these param%Qmpleted followed by microstructural characterization using
ters required to provide a suitable PWHT, which will reduce re- OPtical and electron microscopy.
sidual stresses to an acceptable level without compromising
strength or toughness (Ref 1). .
Repeated PWHT may, in some instances, result in a re-2'1 Materials
duction in strength and degradation of toughness and defect The base metal investigated was a quenched and tempered
tolerance of welded joints (Ref 2), a fact commonly over- steel (BS7191 Grade 450EM) of 25 mm thickness, roller
looked in the commercial fabrication codes. A study of a quenched from 900 °C, and tempered at 640 °C for 2 h. Table 1
welded joint was performed, taking into account the individ- gives the chemical composition. The welds, all weld metal test
assemblies, were obtained using a preheating temperature of
- - 100 °C, by a shielded metal arc multirun welding process in the
I. de S. Bott,Department of Materials Science and Metallurgy, Catho- . . .
lic University O?Rio de Janeiro-PUC/Rio; R.Marqués de gy Vicente flat position (approximately 20_ passes, with temperature _b_e-
235, Gavea CEP 22453-900, Rio de Janeiro, BrafilG. Teixeira, tween passes of 150 °C) applying continuous current, positive
PETROBAS-Research and Development Center, CENPES/DIPLOT/SE-t0 the electrode and utilizing a single bevel groove geometry;
MEC, Rio de Janeiro, Brazil. Contact e-mail: bott@mail.rdc.puc-rio.br. Fig. 1 shows the details. An AWS E-9018M type electrode of
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3.25 mm diameter was used for the root pass, and 4.00 mm di3, Mechanical Testing
ameter was used for the filling passes. Table 1 gives the chemi-
cal analysis of the weld metal, and the chemical composition of

. N i For all types of tests, five samples were tested for each heat
the electrode wires is given in Table 2. yp P

treatment condition and testing temperature.

2.2 Welding Parameters )
. . . . 3.1 Sampling
The weld metal investigated was obtained by shielded

metal arc welding (SMAW) using an AWS E-9018M type Sampling of the base metal and weld metal was completed,
electrode, at a nominal heat input of 2 kJ/mm, according to @s shown in the schematic diagrams of Fig. 2 and 3.
the schematic diagram shown in Fig. 1 and parameters de-
scribed in Table 3. 3.2 Hardness

The HAZ zone was obtained using a modified bead on ) ) )
groove technique. In order to guarantee the uniformity of the  Vickers hardness testing was undertaken with 30 g load for
HAZ, welding was performed by submerged arc welding the base metal and HAZz across the sample th|ckness and
(SAW), keeping the same heat input (2 kJ/mm) as the SMAW &cross the transverse section of the weld metal with a 5 g load.
welds, as shown in Table 3. The wires used in these We|ds,ltshould be mentioned that these measurements were intended
E8018D1 with flux LW880M, were not the object of this study (© compare the influence of the PWHT on these two micro-
because they were used solely to obtain the HAZ. structures because they are different in nature.

3.3 Charpy V-Notch Testing
1-'3-’ Base Metal. Toughness assessment by Charpy V-notch tests

s ) were performed at —30 and —40 °C and where the base metal was
Table 1 Chemical composition of the base metal and weld
25 30° metal
L Composition, wt%
Element Base metal Weld metal
3] /168 [ LZ
C 0.10 0.06
Mn 1.08 112
(a) Si 0.27 0.44
2 P 0.018 0.019
_L S 0.005 0.009
Cr 0.16 0.07
T - Cu 0.01 0.06
! Mo 0.01 0.017
L1 Y 0.02 0.01
Ti 0.03 0.01
B 4 ppm ND
Ni 0.03 1.22

CHA
RPY cToD ppm, parts per million; ND, no data
(b)
! . . .
; Table 2 Chemical composition of the electrode wires AWS
. E-9018M
r=--tH----
| H ! Composition, wt%
————— Fl===-- Element 3.25 mmdiameter 4.0 mm diameter
! C 0.06 0.06
T Mn 0.97 111
i Si 0.51 0.38
P 0.018 0.019
CHARPY S 0.013 0.007
(©) Cr 0.045 0.040
Cu ND ND
Fig. 1 (a) Schematic showing the weld joint for shielded metal Mo 0.22 0.26
arc welding. (b) Schematic of sampling, showing the notch posi- v 0.01 0.01
tion and depth from surface, for Charpy V-notch and crack tip -'E:' mg mg
opening displacement test pieces for the weld metal. (c) Sche- Ni 169 156
matic of sampling, showing the notch position and depth from ' '
surface, for Charpy V-notch for the heat affected zone. (All di- ND, no data

mensions are in mm.)
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sampled transversally to the rolling direction, as shown in Fig. scatter, observed in the CTOD values. This fact does not allow
2. a correct evaluation of the joint performance because the final
Weld Metal. Figure 1(a) shows the weld joint geometry. In value obtained may correspond to different regions of the joint,
the case of the weld metal the specimens were sampled transsuch as the coarse grain heat affect zone (CGHAZ), fine grain
versally to the joint (Fig. 3) at 2 mm depth from surface, as heat affected zone (FGHAZ), or even weld metal.
shown in Fig. 1(b). To obtain the desired HAZ, a modified bead on groove tech-
Heat Affected Zone.The heat affected zone was sampled nique was used (Ref 6). The technique applied consisted of ma-
transversally to the joint and the notch positioned, as shown inchining a groove, on the steel plate surface, orientated at small
Fig. 1(c). angle ¢t = 2°) to the rolling direction, as shown in Fig. 4(a).
The angleq, of the groove in relation to the rolling direction,
was chosen to ensure that the fatigue precrack tip during propa-
gation would necessarily pass through the CGHAZ in the cen-
All crack tip opening displacement (CTOD) tests were com- tral region of the test piece, as shown in Fig. 4(b). This
plete at 0 and —10 °C, according to the ASTM E 1290 standardarrangement permits a transverse section at the fatigue pre-
(Ref 4) and were interrupted at the maximum I@gg CTOD. crack tip of a CTOD test piece, of length,at the CGHAZ to
After CTOD testing, the test pieces were separated at liquid ni-
trogen temperature according to the procedure defined in the
document APl RP 2Z (Ref 5). In order to complete the micro- ===~ ——f— CHARPY
structural analysis, these samples were transversely sectione / i

3.4 Crack Tip Opening Displacement Testing

N

at the fatigue precrack tip. ,§ f_——-i 7
Base Metal. The same sampling procedure for the base met- é‘;’ befd N

al, as described for the previous testing procedure was re- S/ e 4CTOD

peated, as shown in Fig. 2. SV — A
Weld Metal. The weld metal specimens were sampled s i '———————-I(’ )

transversally to the joint at 2 mm depth from surface as shown {L ! '4L _g//

in Fig. 1 and 3.

Heat Affected Zone.lt is well established that the HAZ re-
gion of welded joints produced by multipass welds generally
yields results, which are difficult to analyze due mainly to the

|

Fig. 3 Schematic of sampling for Charpy V-notch and crack
tip opening displacement test pieces for the weld metal. (All di-

Table 3 Welding parameters

Process
Shielded metal arc welding Submerged arc welding

Parameter

Heat input, kJ/mm 2.0 2 mensions are in mm.)
Polarity cc*
Current, A 160 550
\oltage, V 25 325 ROLLING
Speed, cm/min 13 54 DIRECTION ceHaz
Stick out, mm 35 [
[TEsT T
H.\L_eﬁ%_.__%_/ltf _______ LS T
{ /) i)
> // —————————————————— o / FATIGUE CRACK
9 // 20
& &3
@
§
©
g (a)
~ ——————————
&’ / -
& ——
=7 T SR | R Y AR 3
[ Y

1
1
25 !
TEST PIECE i

(b)

Fig. 4 (a) Schematic showing the weld joint for submerged arc
welding. (b) Schematic of sampling, showing the notch position
for crack tip displacement opening test pieces for heat affected

[

Fig. 2 Schematic of sampling for Charpy V-notch and crack
tip opening displacement test pieces for the base metal. (All di-
mensions are in mm.)
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zone, wherd is test piece thickness aads the angle between
the rolling direction and the weld bead. (All dimensions are in
mm.)
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be intercepted. In the present study a 2 kJ/mm heat input weldpered martensitic alloy for which tempering decreases the
was obtained by SAW to guarantee the section uniformity. The strength and usually increases toughness (Ref 9). Some authors
CGHAZ, the region of interest, was obtained through the first suggest that stress relief embrittlement characteristics are dif-
pass. ferent from those of temper embrittlement (Ref 10), where the
segregation of impurities such as phosphorous or tin can occur
) L when the alloy is heated or cooled slowly through the range 375
4. Metallographic Examination to 575 °C. There are, however, different degrees of embrittle-
ment, depending on the presence of specific alloying elements
Microstructural characterization by optical and scanning such as nickel, chromium, and molybdenum and the length of
electron microscopy was completed for the base metal, weldtempering time. A reduction of 4% in the average base metal
metal, and HAZ. The terminology adopted followed that of the hardness was observed, while the average weld metal hardness
International Institute of Welding (1IW) (Ref 7). reduction was 13% after seven cycles at 590 °C. It should be
mentioned, however, that there is a variation in hardness along
the weld metal, being lower at the root than that obtained at the
5. Results weld surface for the majority of situations.

5.1 Hardness Testing 5.2 Charpy V-Notch Testing

A reduction in strength and hardness (Fig. 5) can pe €X" " For extended tempering, carbide transformations such as
pected because during PWHT the substructure responsible fo e,C - M,Cjcan occur, and embrittlement by impurity segre-
the strengthening mechanism undergoes recovery (Ref 8). Th'sgatlon mag/ glso occur (Ref 11). Among several mechanisms
is in agreement with classical behavior of a quenched and tem- proposed for embrittlement during PWHT (Ref 10), the com-

mon characteristic is the fact that trace elements have a less im-

2404 portant role than for temper embrittlement, and brittle fracture
] occurs by transgranular cleavage. This mechanism, however,

S 5904 i includes carbide coarsening effects, which in turn can also be
E | %',§ considered to involve a temper embrittlement mechanism (Ref
8 \E\E ; 12). It seems therefore, that the distinction between these two
-§ 2004 E\\i mechanisms is not very clear because both may involve carbide
ﬁ’ 1804 E/ coarsening, which in turn can lead to impurity segregation.
z ] —®— Base Metal (HV,,) Studies on welded joints tend to focus on a specific region,
= 160 - —A— Weld Metal (HIV,) such as the weld metal or heat affected zone. From the Charpy
S —u— HAZ(HV,) results, Fig. 6 and 7, obtained at —30 and —40 °C, the base metal,

140' rather than the weld metal or HAZ, shows a significant de-

T T T T T T M T T T T T T T T

10 1 > 3 1 5 6 " A " g crease in toughness after two and thr_ee PWHT cycles respec-
tively. It can be observed from these figures that after the first
No. of PWHT Cycles cycle of PWHT there was a decrease in toughness for the base
and weld metal, and a further increase in number of cycles did
result in an even greater decrease for the base metal, indicating
that the base metal is embrittled after seven cycles. The ten-
dency observed up to four cycles remained for the weld metal

Fig. 5 Effect of the number of post weld heat treatment cycles
at 590 °C for 2 h on hardness. The error bars represent the range
of measured values.

and HAZ.
2004 Charpy at -30°C
| E —&— Base Metal 250+ _

6 \ ‘Ir —A— Weld Metal = b Charpy at -40°C
= 1504 T e HAZ = 200 —®— Base Metal

[0 | 54 1 @ —A— Weld Metal
< \ / ) | —m—HAZ

) i = 150

% 100 3]
= ——— £l T

A << 100+

5 50- T S e

5 + 5 50- S
Moo & ] -+ @

0 -
T T T T T T T T
0 2 4 6 8 0 2 4 6 8
No. of PWHT Cycles No. of PWHT Cycles

Fig. 6 Effect of the number of post weld heat treatment cycles Fig. 7 Effect of the number of post weld heat treatment cycles
at 590 °C for 2 h on Charpy testing at —30 °C. The error bars rep-  at 590 °C for 2 h on Charpy testing at —40 °C. The error bars rep-
resent the range of measured values. resent the range of measured values.

6860 Volume 8(6) December 1999 Journal of Materials Engineering and Performance



(b)

Fig. 8 Base metal fracture appearance at —30 °C. (a) As re-
ceived condition. (b) After seven post welding heat treatment cy-
cles at 590 °C for 2 h. (c) After 20 post weld heat treated cycles
at590°Cfor2h

Journal of Materials Engineering and Performance

5.3 Fracture Analysis

The progressive embrittlement of the base metal is evident
in Fig. 8. Metallographic examination showed extensive pre-
cipitation at the grain boundaries, as shown in Fig. 9(a). For
Charpy testing at —30 °C, the fracture mode was initially quasi-
cleavage changing to intergranular. This embrittlement was
present after seven cycles of PWHT, as shown in Fig. 9(b). This
was not the case for the weld metal, which showed a quasi-
cleavage mode of fracture even at —196 °C for all cycles of
PWHT, as shown in Fig. 10.

(b)

Fig. 9 Base metal after seven post weld heat treated cycles at
590 °C for 2 h. (a) Precipitation at grain boundaries, nital etch.
(b) Fracture appearance at —196 °C

Volume 8(6) December 199687
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(b)

(©)

Fig. 10 Weld metal fracture appearance at —196 °C. (a) As re-
ceived condition. (b) After seven post weld heat treated cycles at
590 °C for 2 h. (c) After 20 post weld heat treated cycles at 590
°Cfor2h

6880 Volume 8(6) December 1999

5.4 Crack Tip Opening Displacement Testing

The CTOD testing was carried out at 0 and —10 °C, as shown
in Fig. 11 and 12 for the base metal, weld metal, and HAZ. For
the latter it was necessary to simulate the process to minimize
the scatter in the results because the major difficulty in analyz-
ing HAZ fracture toughness results obtained for test specimens
of multipass weld runs results from the complex crack propaga-
tion path, which typically passes through various distinctly dif-
ferent microstructural regions during the course of the test,
leading to extensive scatter in the resulting data. It is important
therefore, to apply HAZ simulation techniques capable of re-
producing the microstructural characteristics representative of
a real welded joint while controlling the geometrical distribu-
tion of the key microstructural zones in such a way to minimize
the crack path complexity, reducing the scatter in test results.
The technique adopted, modified bead on groove, showed that
the lowest value of maximum loadl,,, occurred after two cy-
cles of PWHT for the base metal, followed by recovery after
four cycles of PWHT. These results suggest that repeated
PWHT may lead to a loss in toughness at a level significant for
service performance. It should be observed, however, that it is
the HAZ that will control the brittle fracture process.

1.0
CTOD at -10°C

0.8 —®— Base Metal
—_ —~— —A— Weld Metal
E ~_ —m—HAZ (Simulated)
g 0.6 \
@f 04, ;\ T
()] |
o /
= §
3 0.2 i

0.0 T T T T T :

0 2 4 6 8

No. of PWHT Cycles

Fig. 11 Effect of the number of post weld heat treated cycles at
590 °C for 2 h on crack tip opening displacement testing at —10
°C. The error bars represent the range of measured values.

1.0

CTOD at 0°C
—@ — Base Metal

—_
E i { } —A— Weld Metal
\ —m— HAZ (Simulated)

o
o0

g
(=)
L

INL . .
“ E /l,//{’*’*

CTOD (5,) (mm)

e
38}
N L

5
=

o 2 4 6 8
No. of PWHT Cycles

Fig. 12 Effect of the number of post weld heat treatment cycles
at 590 °C for 2 h on crack tip opening displacement testing at 0
°C. The error bars represent the range of measured values.
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6. Discussion by transgranular cleavage. This mechanism however includes

carbide coarsening which, in turn, can also be considered to

6.1 Base Metal contribute to th_e temper embrittlement mechan_is_m (Ref 12).
The Charpy impact test results revealed a minimum value at

For extended tempering, carbide transformations can occur,_30 °C after two cycles of heat treatment (Fig. 6) and at —40 °C
and embrittlement by impurity rejection may occur (Ref 11). after three cycles (Fig. 7). These results, which present a con-
Among the several mechanisms proposed for embrittlementsiderable scatter as indicated by the error bars, can be associ-
during stress relief (Ref 10), the common characteristic is the ated with the fact that the base metal temperature transition was
fact that trace elements have a less important role than is th&yithin the range of the test temperature, which was —30 and —40
case for temper embrittlement, and that brittle fracture occursec. This was emphasized by the fracture surface, which pre-
sented a mixed mode of fracture. Moreover, there was a maxi-
mum increase of ~23 °C in the transition temperature up to four
cycles, indicating that embrittlement had occurred (Ref 13). It
should be noted that the PWHT temperature was only 50 °C
lower than the base metal tempering temperature itself. The
fractographic analysis shows the progressive embrittlement of
the base metal with increasing PWHT cycles, as shown in Fig.
8. This embrittlement can be associated with carbide coarsen-
ing (mainly FgC as identified by transmission electron micros-
copy (TEM) and x-ray analysis, Ref 13) although not
dissociated from temper embrittlement because a mixed cleav-
age and intergranular fracture was observed.

Metallographic examination, after etching with picral (Fig.
13), revealed more pronounced grain boundary definition for
the sample subjected to two PWHT cycles (Fig. 13b) than for
the specimen in the as-received condition (Fig. 13a). This ten-
dency was clear after seven cycles of PWHT, although purely
at a qualitative level. This indicates that phosphorus may have
segregated to these boundaries. It should be remembered that
this type of metallographic examination was one of the first
methods to detect temper embrittlement by phosphorous (Ref
14). Currently, there are of course more sophisticated methods
of surface analysis such as Auger electron spectroscopy (AES),
which will be undertaken in a future phase of this study.

Therefore, in light of these metallographic results associ-
ated with toughness measurements, as shown in Fig. 11 and 12,
which reveal a trough after two cycles of PWHT for CTOD
testing at 0 and —10 °C, and for Charpy impact test at —30 °C
(Fig. 6), there is some indication of embrittlement and recovery
after the third cycle. Though microstructural evidence of
changes is not clear at this level because heterogeneity was evi-
dent, carbide coarsening has however been detected (Ref 13). It
can be suggested that repeated PWHT, that is, beyond four cy-
cles, may lead to a loss of toughness at a level significant for
service performance, according to Charpy V-notch results, but
not according to CTOD results.

6.2 Weld Metal

In recent years attention has been drawn to the relationship
between the microstructure and notch toughness of the weld
metal, which is related to the volume fraction of each different
constituent along the crack path (Ref 15). Therefore, all tough-
ness results described in this article will be analyzed, taking
into account the constituent volumetric fraction ahead of the
notch and fatigue crack. Additionally, the terminology used for
(b) identification of the microstructural constituents will follow
Fig. 13 (a) Base metal, in the as received condition, picral the g_u'del'nes of the lIW QOcument (Ref 7)'_ .
etch. (b) After two post weld heat treatment cycles at 590 °C for Microstructural analysis showed that acicular ferrite at ~70
2 h, picral etch vol%, was the predominant constituent in the columnar region
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for all conditions studied. The favorable influence of this con- nant refined region being along the notch, as shown in Table 4.
stituent on toughness is primarily caused by the fine grain sizeln the case of CTOD tests (Table 5) the microstructural distri-
(0.5 to 5.qum) and the fact that acicular ferrite is characterized bution along the fatigue crack showed that the fine grained re-
by a favorable dislocation density and the absence of twin for- gion was predominant.
mation, which leads to plastic deformation rather than cleav- The fracture mode remained quasi-cleavage for all condi-
age. Moreover the presence (in large numbers because of théions studied (Fig. 10), confirming the absence of embrittle-
small grain size) of high angle boundaries between adjacent rement in this alloy.
gions impedes crack propagation (Ref 15). The toughness of multipass welds can be controlled by the
In multipass welds the heat input of the subsequent passesoughness of high temperature reheated regions, rather than as-
causes tempering or PWHT effect on the earlier passes. Thigleposited weld metal. This may be because, for any given weld
fact combined with the additional PWHT allows precipitates to metal composition, the increased grain boundary area in re-
grow and coalesce, and thus minimizes their effect (Ref 16). heated regions compared with columnar regions results in a
The toughness values measured showed a small decreasgmaller proportion of acicular ferrite and thus lower toughness
(Fig. 6 and 7) after the first two cycles without further signifi- (Ref 17). In general, the refined region confers upon the weld

cant reduction for an extended number of cycles, the predomi-Metal a better toughness performance than the columnar region
(Ref 18). From metallographic analysis, some increase of the

Table 4 Volume fraction (percent) of each microstructural fine carbide precipitation (Ref 19) could be observed, which
region a|ong the Charpy V-notch in the weld metal was favored by the PWHT temperature (590 oC). This in turn
increases the probability of microcracks leading to toughness
Postweld i ) reduction (Ref 10). This is in agreement with the literature (Ref
heat treatment, Weld metal refined region

16, 20), which reports that PWHT toughness reductions are

cycles Columnarregion _ Fine grained _ Coarse grained bound to occur if the welding conditions and the PWHT cycle
0 20 425 37.5 are such that the precipitation kinetics favor the development of
% ;g 5 g%g %gg finely dispersed coherent precipitates. In the case of multipass
4 2250 60 175 welds where the heat from subsequent passes provides a con-
7 17.50 60 225 tinuing autotempering effect, or in cases where the stress re-
20 15.7 56.7 20.5 lieving cycle causes overaging of the precipitates, toughness

reduction may, due to the growth, loss of coherence, and
coalescence of the precipitates, lead to softening, as shown
Table 5 Volume fraction (percent) of each microstructural in Fig. 5.

region along the fatigue crack (crack tip opening

displacement) in the weld metal 6.3 Heat Affected Zone

hepostweld . . In general it is expected that the HAZ would be the region in
eat treatment, Weld metal refined region L . e
cycles Columnarregion Fine grained _ Coarse grained a post weld hea_lted welded joint most susceptible to_fa_ul in ser-
vice; its evaluation, however, can be complex. One difficulty in
(1) ié-zs 5531-7255 51 25 analyzing HAZ fracture toughness results obtained for speci-
> 25 5 »5 mens of multipass weld runs results from a complex crack
4 259 50.1 24 propagation path, which typically passes through various
7 225 62.5 15 microstructural regions during the test, leading to extensive
scatter in the resulting data.
This is shown in the results obtained in this study because
0'5(_). . according to Charpy V-notch testing, the HAZ had the best
0.45 . o HAZ(0 PWHT Cyalon) toughness results_of the three regions in the SMAW (F|g: 6 and
0.40+ & HAZ(7 PWHT Cycles) 7) and the lowest in the SAW welds for CTOD testing (Fig. 11
0354 e = HAZ (20 PWHT Cycles) and 12) after several thermal cycles. These results can be ex-
g ] plained in terms of the different nature of the crack tip itself and
< 0.30 . S
= : . the region sampled by the crack tip in each test. In the case of
o 0257 the Charpy V-notch testing, the crack tip is blunt (as compared
Q 0.204 with that of the CTOD), so the region sampled by the crack tip
[_Cf 0.15+ ¢ was not truly representative of the HAZ, the weld metal also
© .10 having contributed, thereby, not allowing a conclusive result
0.05] concerning the HAZ toughness.
B . In the case of the SAW welds for CTOD testing, not only
0.00 0 ' 2'0 4'0 " 610 8I0 " was the test piece sampling designed in order to allow the fa-
100 tigue crack tip to propagate within the HAZ coarse grained re-
% CGHAZ gion, which is usually the weak link, but also the
Fig. 14 Correlation between the percentage of coarse grained ~ determination of the nature of the crack tip permits a more pre-
region of the heat affected zone region with crack tip opening cise evaluation of this narrow region. As a result of this sam-
displacement values pling, it can be seen in Fig. 14, that there was less scatter in
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the CTODresultsat—10 °C, and a correlationveen the per-  Acknowledgments
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crack tip.

The modified bead on groove technique with variable angle
(Ref 6) allowed different percentages of the coarse grain heal
affected zone (CGHAZ) to be intercepted by the fatigue pre- 1.
crack tip in CTOD test pieces. In this way it is possible to evalu-
ate the effect of the different percentages of CGHAZ on the 2
CTOD values obtained.

It is sometimes questioned whether the coarse grain region
can be considered a local brittle zone (LBZ), or rather that it 5
may be so classified (as an LBZ) only if a microstructural con-
stituent of austenite and martensite (A-M) is formed (Ref 21-25). 4.

The effect of PWHT up to 2 h at 550 °C on carbon-manga-
nese alloys evaluated by CTOD testing has been reported as nos.
being significant. In this work the extended number of cycles
did not further decrease the toughness in agreement with the6.
published data (Ref 26). However, a correlation of the CTOD
values with the amount of coarse grained region sampled by the
fatigue precrack tip permitted the determination of the lower
bound toughness limit. Some authors suggest that this value
does not depend on the LBZ length when it exceeds 2 or 3 mm
(Ref 26-28). Conversely, Haze and Aihara (Ref 22) suggested a7,
range of 2 to 4 mm for this same limit.

7. Conclusions

The following conclusions can be drawn:
¢ Whereas the evaluation of the effect of multiple PWHT on g9,
toughness showed that the base metal rather than the HAZ
is affected, the HAZ toughness, though not affected by the
PWHT, was shown by CTOD testing to behave as an LBZ 10.
at0and-10 °C.

e According to Charpy V-notch testing, the base metal has 1
been affected by the PWHTs and presented a brittle mode otl '
fracture after seven cycles. On these grounds it can be said
that the base metal was affected and that this tendency tendsg,
to increase with increasing numbers of cycles.

e The HAZ, conversely, because of its relatively narrow
width, does not show this tendency in Charpy V-notch test- 13
ing because the sampling ahead of this region would have
received contributions from other, different regions, such
as the fusion line and weld metal. In order to measure HAZ
toughness, a simulation of the HAZ, using the same heat in-
put and joint geometry was utilized allowing the fatigue 4
crack tip to sample the coarse grained region and revealing
that this region behaved as a LBZ.

* It seems therefore that the evaluation of the joint perfor- 16.
mance by testing each region separately, has shown that the
tendency for toughness deterioration of the HAZ is better
evaluated by CTOD testing than Charpy-V notch testing. In 1
the present case itis clear that the base metal is affected above
four PWHT cycles. The HAZ, though not affected by the ex-
tended PWHT, behaved as an LBZ, as shown by CTOD test-
ing. The weld metal Charpy V-notch toughness showed
lesser reduction than the base metal after extended PWHT.
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