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Abstract

Transportable pressure vessels, commonly manufactured from quenched and tempered (QT) steels, require mandatory postweld he
treatment (PWHT) regardless of plate thickness. During their life, transportable pressure vessels may have up to 4 PWHT cycles attemperatur
between 540 and 59C, and concerns have emerged about possible effects on the mechanical properties of the base (parent) plate.

This paper reports work on the resistance to fatigue crack growth, impact toughness and CTOD fracture toughness of two types of QT
steels. The parent metal region was examined for both steels, and then exposed to temperatures and times in the PWHT range. Althou
there was a marginal decrease in the resistance to fatigue crack growth for up to four postweld heat treatment cycles, there was a significa
decrease in impact toughness and CTOD fracture toughness.
© 2004-Elsevier B.V. All rights reserved.
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1. Introduction All reported cases (approximately 10) of accidents in-
volving transportable pressure vessels in Australia show that
Postweld heat treatment (PWHT) is a mandatory and catastrophic failure (failure that penetrates through thickness
costly step in the manufacture or weld repair of transportable and causes leakage) occurred only in the parent pljte
pressure vessels fabricated from quenched and tempere®ne reported accident, which occurred in October 1995, in-
(QT) steel. PWHT is a stress relieving process whereby resid-volved a tanker manufactured from ATSM A517 QT steel.
ual stresses are reduced in QT steels by heating betweerhe tanker had a shell thickness of 10 mm and a head thick-
540 and 590C for a set time depending upon plate thick- ness of 6 mm. The tanker, which had a PWHT history of
ness. There have been limited repdfts8] that the stress 30 min holding time at 570C, was deformed by 900 mm to
relieving process can lead to adverse effects on the tough-a partly concave shap€i. 1(a)), and the plate was folded
ness and/or fatigue properties of the base plate, especially~150 to give three folds meeting at one point, where a crack
when repeated or multiple PWHT cycles are applied. Some penetrated through the head walid. 1(b)). The crack site
previous report$8,9] suggest that although PWHT delete- was more than 100 mm from any weltl0]. This observa-
riously affects toughneds8], there is little effect on fatigue  tion is consistent with reports that conclude that the impact
crack growth. properties of simulated coarse-grained heat affected zone and
weld metal structures are superior to the base plate, even with
increased heat treatment tirfyg.
msponding author. Tel. +61 2 42214842, PWHT in transportable pressure vessels is currently
E-mail addresszoran@uow.edu.au (Z. Sterjovski). mandatory for all plates, whereas non-transportable pressure
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Table 1
Chemical compositions (wt.%)

11mm 12mm 11 mm 12mm
C 0.1700 01550 Al 00310 00040
P 00110 00100 Sn <02 Q0050
Mn 1.4300 11000 Nb <0001 <Q001
Si 0.2000 01900 Ti Q0250 00260
S 00035 00030 \ Q0030 <0003
Ni 0.0290 00200 B 00005 00013
Cr 0.2000 00160 Ca (00008 00008
Mo 0.2100 02100 N 00031 00033
Cu 00110 00090 (0] 00020 00022

dustry in Australia. Bisalloy Steels Pty Ltd provided QT steel
plate in thicknesses typically used for transportable pressure
vessels (11- and 12-mm).

The 11-mm plate is classified as BIS80PV (pressure vessel
plate) in accordance with AS3597-199R?]. The 12-mm
BIS80 plate is QT structural plate and considered a possible
candidate for pressure vessels. The measured compositions
of the plates are shown ifable 1

2.2. Heat treatment

Postweld heat treatment of all samples was carried out in
Fig. 1. (a) Front head of QT steel tanker following a high velocity collision 5 hox furnace. Heat treatment conformed to AS4458-1997-
\"’l‘gg ﬁﬁﬁéﬁ!ﬁ;ﬁg? crack formed in the PM region resulting from the high- o< re Equipment Manufacture, and was conducted in an

argon atmosphere.
The temperature of treatment was 576°C (validated

by two thermocouples attached to each plate), and the holding
time was 30 min. The ramp up rate was 2@3h and samples
were then cooled in still air. Up to 4 PWHT cycles were
applied because this is the maximum number of cycles a
transportable pressure vessel would normally be expected to
undergo during its service life.

vessels only require PWHT for QT steel plates greater than
15mm in thicknesgL1]. This requirement, as well as the fact
that Australian Standards do not quantify the effects of ele-
vated temperatures and cumulative holding times on material
properties, led to the initiation of this project.

BIS80PV (11 mm), a QT pressure vessel steel, was se-
lected with the aim of accumulating data to show the effect of
PWHT cycles or cumulative holding time on toughness and ) .
fatigue crack growth rates. BIS80 (12 mm) was also tested 2-3- Fatigue testing—crack growth rates

because it has higher impact toughness than BIS80PV and is ) .
considered a possible pressure vessel material. Fatigue crack propagation data were collected on standard

Rolling direction and microstructural banding are influen- CTOD samples exposed to various PWHT cycles. These sam-

tial in the fracture of the parent metal (PM), and so, impact PleS required fatigue pre-cracking at room temperature for
and CTOD samples were oriented with the length of the sam- Subsequent CTOD testing. Fatigue pre-cracking was carried
ple transverse to the direction of rolling and the notch in the CUtatafrequency of 30 Hz and &ratio (minimum fatigue

direction of rolling. Scanning electron microscopy (SEM) 0ad:maximum fatigue load) of 0.Table 2quantifies the

was used to evaluate the effect of multiple PWHT cycles on 02ds used for fatigue pre-cracking. _
fracture mode. The fatigue crack lengtla, was estimated using the com-

pliance method described in ASTM E18203]. This in-
volved a series of loads/unloads and corresponding clip gauge
displacement measurements to determine the crack length

2. Experimental methods after every 1000 cycles. The crack growth rata/ddll, was

2.1. Materials selection
Table 2

Fatigue cycle loads (kN
Quenched and tempered steel was selected for an Aus gie ey ()

tralian Research Council funded projecttitled, “Optimisation
of PWHT in Transportable Pressure Vessel Steels” becausellmm  8.12 0.81 4.47 3.66
of its widespread use in the transportable pressure vessel jni2mm__ 9.50 0.95 5.23 4.28

Maximum load  Minimumload Meanload Amplitude
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Fig. 2. Typical plot of @dN (log scale) vs.AK (log scale) for pressure
vessel grade QT steel.

calculated every 1000 cycles until a desired fatigue crack
length was achieved for CTOD testing.

The stress intensity factor rangek, was calculated from
the loads inTable 2to obtain a plot of d/dN versusAK

(Fig. 2.

AK = Kmax — Kmin (1)
o Pmax OR minS a
Kmax OR min= Wf (W) (2)

where Pmax is the maximum fatigue load (NPmin is the
minimum fatigue load (N)B is plate thickness (m)$ (m)
andW (m) are defined irFig. 3 and f(a/W) is defined in
ASTM E1290[14].

The triangular data points (correspond to RegiofiH])
in Fig. 2were modelled by Eq3), in whichn s the slope of
the curve (Paris LawiL5].

da

— = CAK"
dn

wheren andC are material constants.

®3)

2.4. Fracture toughness testing—CTOD

CTOD fracture toughness was carried out on plates ex-
posed to 0, 2 and 4 PWHT cycles. The samples were full
plate thickness and taken transverse to the direction of rolling
(with the notch in the direction of rolling). Testing was car-

clip gauge
0.6d
@ %10
h Rolling
w direction [
S 1mpleﬂ @ r
S .
Ll
11mm BIS80PV 12mm BIS80

W=22mm, d=20mm
r=10mm, S=88mm,
aj=7mm

W=24mm, d=20mm
r=10mm, S=96mm,
a;=8mm

Fig. 3. Schematic representation of CTOD test set up.

ried outin accordance with ASTM E1290-99 using the SE(B)
specimen geometijyL 4].

The test temperature selected wa0°C and a ramp rate
of 1 mm/min was used. The specimen was set up as shown
schematically irFig. 3.

Post-test procedure involved physical measurement of the
fatigue pre-crack length and the amount of slow stable crack
extension. There are three subscripts that may be assigned to
the CTOD,$, namely[14]:

1. Sc—isgiven atthe onset of unstable brittle crack extension
or pop inwhen the final crack length less the original crack
length (Aap) is less than 0.2 mm.

2. sy—is given atthe onset of unstable brittle crack extension
or pop in whenAay is greater than 0.2 mm.

3. dm—is given atthe attainment of a maximum force plateau
for fully plastic behaviour.

The material exhibited size-dependent fully plastic be-
haviour and the following equation fémwas used to calculate
dm at the attainment of maximum logd4]:

5= K2(1—?)
- 20ysE

rp(W — ap)vp
rp(W —ap) +ao+z

whereK is defined by Eq(2), vp, 0.33;rp, 0.44;vp, plastic
component of clip gauge opening displacemen, yield
or 0.2% proof stress; amgl 0.

Averages of the CTOD values were taken (from 3 to 5
samples) and plotted versus the number of PWHT cycles.

(4)

2.5. Impact testing—Charpy V-notch

Impact testing was carried out in accordance with
AS1544-1989. A striking energy of 325J was used and the
test temperature was20°C as required by the Australian
Pressure Vessel and QT Steel Standdt@$. Averages of
five samples were taken from each group of tests.

Samples were machined to AS1544.2-1989 (standard
size) from the middle of the plate to assess impact energy
where banding and segregation effects would be most se-
vere. Impact test results are presented in the same orientation
as the CTOD samples.

2.6. Scanning electron microscopy
Scanning electron microscopy was used to study the frac-
ture surfaces of Charpy V-notch and CTOD samples.
3. Results
3.1. Fatigue crack growth rate
Fig. 4 shows the fatigue crack growth exponemtEq.

(3)), versus the number of PWHT cycles. It can be seen in
Fig. 4that the resistance to fatigue crack growth is lowerin the
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Fig. 4. Fatigue crack growth rate exponemtfor 0 and 4 PWHT cycles. Fig. 6. CTOD (mm) at-20°C vs. the number of PWHT cycles. Error bars
Error bars represent standard deviation. represent standard deviation.

11 mm BIS80PVj=2.55) than the 12 mm BIS8@ € 2.36).

Fig. 5is a plot of d/dN versusAK using experimentally ~ focus of the research as it is the failure of transportable pres-
determinedn and C values (Eq.(3)). This figure confirms  sure vessels at high velocity (high strain rate collisions) that
the superior resistance to fatigue crack growth of the 12-mm is of major concern to the Australian pressure vessel industry.
BIS80 plate over the 11-mm BIS80PV plate and it also shows All results are from the T-L orientation because the lowest
the slight adverse effect of 4 PWHT cycles on resistance to impact energy is given when the test sample runs transverse

fatigue crack growth. to the direction of rolling and the notch is in the direction of
rolling.
3.2. CTOD fracture toughness Fig. 7 compares the impact energy values of 11-mm

BIS80PV and 12-mm BIS80 plate versus the number of
CTOD testing was selected as the most appropriate form PWHT cycles. Fromthis graphitis evident that as the number
of fracture toughness testing because of its relative simplic- of PWHT cycles increases there is a decrease in impact en-
ity and compatibility as a toughness measure to carry out ergy. After 4 PWHT cycles the impact energy of the 11 mm
fracture toughness assessments to BS-7910-1999—“Guidel-L samples falls below 40J and does not satisfy the re-
on methods for assessing flaws in metallic structures”. Frac- quirements of the Australian Pressure Vessel Standa?ils
ture toughness testing focussed solely on the PM region be-Similarly, for 12-mm BIS80 samples, the deleterious conse-
cause of the association with real-life failures in this region. quence that heat treatment cycles have on impact energy is
Fig. 6 plots CTOD (mm) versus the number of PWHT evident.
cycles for 11-mm BIS80PV and 12-mm BIS80. This figure Fig. 7also shows that the impact energy of 12-mm BIS80
shows that PWHT adversely affects fracture toughness. Theis superior to 11-mm BIS80PV, regardless of the number of
subscript assigned ds m, which implies that these samples PWHT cycles.
failed with fully plastic behaviouf14]. Fig. 6also shows that
the CTOD of the 12-mm PM is superior to the 11-mm PM 3.4. SEM fractography
regardless of the number of PWHT cycles.
The fracture surfaces of CTOD samples were exam-
3.3. Charpy V-Notch impact toughness ined by SEM. Scanning electron fractographs were criti-
cal in this research, in that valuable information regarding
Charpy V-notch impact testing was carried before PWHT the mechanism and nature of failure could be determined.
and up to and including 4 PWHT cycles. This was the main SEM fractographs of CTOD samples of 12-mm plates ex-
posed to 0, 2 and 4 PWHT cycles in the region near the
;
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Fig. 7. Impact energy (J) at20°C vs. the number of PWHT cycles. Error
Fig. 5. dw/dN (log scale) vsAK (log scale) for 0 and 4 PWHT cycles. bars represent standard deviation.
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fatigue crack/final crack interface are showrfig. 8 Addi- 3.5. Comparison of CTOD fracture toughness and

tionally, SEM fractographs of the general fracture area of Charpy impact toughness

12 and 11 mm Charpy samples are respectively shown in

Figs. 9 and 10 A sound correlation between CTOD fracture toughness
and impact toughness could lead to considerable cost sav-
ings to industry in the area of design. The daté&Fig. 11
indicate a general increase in impact energy with increas-
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i L - ol
| Final Crac
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i
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Fatigue Crack %
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E.M. Unit Uni. Wollongung
Detector  SE1

29,90 kY : E.M. Unit Unl
16y — i o 1 A Detector  SE1

Fig. 8. Typical CTOD fracture surface images of the fatigue crack/final crack Fig. 9. Typical Charpy fracture surface images of the general fracture area
interface of 12-mm BIS80 exposed to (a) no PWHT; (b) 2 PWHT cycles; of 12-mm BIS80 exposed to (a) no PWHT (g bar); (b) 2 PWHT cycles
and (c) 4 PWHT cycles (1@m bar). (1 wm bar); and (c) 4 PWHT cycles {(im bar).
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Fig. 10. Typical Charpy fracture surface images of the general fracture area
of 11 mm BIS80PV exposed to (a) no PWHT; (b) 2 PWHT cycles; and (c)
4 PWHT cycles (3um bar).

ing CTOD valuesFig. 12 shows increasing CTOD values
with a decrease in the ductile—brittle transition temperature
(DBTT).
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Fig. 11. ImpacttoughnessaR0°C vs. CTOD for 11- and 12-mm samples.
Error bars represent standard deviation.

4. Discussion

A major aim of the project was to investigate the effect of
multiple PWHT cycles on the fatigue and toughness proper-
ties of the PM region of QT pressure vessel steels. The PM
region is of paramount concern to the Australian pressure
vessel industry because this is the zone reported to fail in
traffic collisions. Further, PWHT cycles have been reported
to be detrimental to the mechanical properties of the PM
[1,7,8] Transportable pressure vessels are exposed to multi-
ple PWHT cycles because PWHT is mandatory in the repair
or manufacture of these vessels. The heat treatment must be
applied to the entire vessel and PWHT holding time is de-
pendent on the maximum plate thickness of the walls of the
pressure vessel.

The resistance to fatigue crack growth is important in
transportable pressure vessels as they are exposed to cyclic
loading in transit. Fatigue crack growth data were collected
on CTOD samples exposed to 0 and 4 PWHT cydtés. 4
shows that after 4 PWHT cycles there is a marginal increase
in the fatigue crack growth rate for both BIS80 (12-mm)
and BIS80PV (11-mm) QT steels. This trend can be clari-
fied through the findings of Kwun and Fournejt§ whose
research shows that steels containing second phase carbides
(Nb carbides) exhibit a faster fatigue crack growth rate than
steels that do not. Hence, exposure to an increasing num-
ber of PWHT cycles results in the initiation, coarsening and

64
-66 | |
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lI: 74
5 74
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Fig. 12. DBTT (C) vs. CTOD (mm) for 12-mm BIS80 samples.
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coalescence of carbide particles, which in turn increase theproduce more brittle ste¢l6]. Also, higher levels of man-

rate of fatigue crack growth. ganese and chromium are reported to be associated with steels
However, there are reports in the literature that state heatthat exhibit splitting of fracture surfaces and lower energy
treatment has no effect on fatigue crack growth fa@t8]. failures (in impact testing])L 7,18] Moreover, sulphur com-

Two examples of this are Logsdd8], who reported that  bines with manganese to form elongated MnS patrticles (after
fatigue strength was unaffected by heat treatment at638  rolling) that reportedly decrease resistance to crack propaga-
for 24 h and 607C for 24 or 48 h in A508 (Class 2a) and tion [19]. The superior CTOD fracture toughness of 12-mm
A533 (Grade B, Class 2) steels, and Horikawa €f%4).who BIS80 clarifies the greater resistance to fatigue crack growth
stated that PWHT had little effect on fatigue crack growth in of this steel over 11-mm BIS80PV plate.
the base plate of an HT80 steel (0.12wt.% C, 0.88wt.% Mn,  SEM of the Charpy V-notch fracture surfaces was carried
0.89wt.% Cr, 0.31% Mo and 0.04% \Figs. 4 and 5also out to ascertain the mechanism by which increasing PWHT
show the slightly greater resistance to fatigue crack growth cycles resulted in decreasing the impact energy required to
of 12-mm BIS80 compared with 11-mm BIS80PV. cause failure. SEM fractographs were of the general fracture
CTOD fracture toughness testing was carried out to ex- area (away from splits and shear lips).
amine the effect of multiple PWHT cycles on CTOD fracture Fig. Ya) shows an image of a relatively ductile fracture
toughnessy). All samples showed adecreasé esthenum-  surface in the as-welded condition aRd). 9(c) shows an
ber of PWHT cycles increased (sE&y. 6). SEM was used  image of a predominantly brittle fracture surface following
to examine and determine the mechanism by which PWHT 4 PWHT cycles. Therefore, it can be stated that the fracture
leads to a decrease i Fig. 8 shows the fractographs of appearance progressively becomes more brittle as the number
12mm CTOD samples exposed to 0, 2 and 4 PWHT cy- of PWHT cycles increase.
cles. Fig. 8@a), which has not been postweld heat-treated, = Honeycombe and BhadesHR20] state that ductile frac-
shows predominantly void coalescence in the final crack re- ture, in the form of void coalescence, initiates at fine second
gion, which failed with stable crack growth. For 2 PWHT phase particles (most likely carbideB)g. 9a and b) are in-
cycles, the size of the voids increased, as shown in the fracto-dicative of void coalescence and the mechanism involves the
graph inFig. 8(b). This is indicative of coarsening of second nucleation and growth of voids in the plastic zone ahead of
phase carbide particles that can still initiate ductile failure the crack tip, thus, promoting fracture. In comparitig. (a
[20]. Further, exposure to 4 multiple PWHT cycles resulted and b), itis evident that the voids are smallerin diameter when
inregions with even larger voids (sEg. §(c)). Similar trends there is no exposure to PWHT. Hence, it can be deduced that
were evidentin the SEM fractographs of the CTOD of 11 mm there should be very fine and dispersed second phase carbide
BIS80PV exposed to 0, 2 and 4 PWHT cyclé€sg. 8c) particles throughout the matrix. As the second phase carbide
also shows a greater presence of cleavage fracture in theparticles coarsen, the voids increase in diameter and facilitate
final crack region, which occurs in the presence of coarser crack growth Fig. 9b)). Then when the second phase car-
second phase patrticles that are too large to initiate ductilebide particles reach a certain size by a growth-coalescence
failure. mechanism their ability to initiate voids is impairg2D] re-
InFig. 7, which is a plot ofimpact energy versus number of sulting in quasi-cleavage, a more brittle mode of cracking, at
PWHT cycles, it is evident that the impact energy of the PM a lower impact energy (sdgg. 9c)).
decreases as the number of PWHT cycles is increased. This The effect of multiple PWHT cycles on the Charpy frac-
trend is more pronounced in 11-mm BIS80PV plate. After 4 ture surface of 11-mm BIS80PV is not as clear as 12-mm
PWHT cycles the 11-mm PM impact energy decreased from BIS80 because all the surfaces show quasi-cleavage fracture
approximately 45 to 27 J and the 12-mm plate impact energy (Fig. 10. In the fractograph of the 11-mm sample without
decreased from approximately 108 to 88 J. PWHT (Fig. 10@)), a quasi cleavage brittle type fracture is
Figs. 11 and 12eflect the general trend ofincreasing CVN  evident in comparison to the ductile fracture of the corre-
and decreasing DBBTC) with increasing CTOD§y), but sponding 12-mm sample. The reason for this lies in the dif-
the correlation is based on limited data and more measure-ferences in the chemical composition of the two steels. The
ments would be needed to establish more quantitative cor-11-mm BIS80PV plate contains more C, Mn, S and Cr, which
relations. Despite the limited number of data points, trends are detrimental to impact toughness. There was a significant
similar to those presented by Dollfi32] were evident, that  decrease in impact energy after 2 PWHT cycles and then
is, an increase in the DBTTC) correlated with a decrease 4 PWHT cycles, but visual comparison is difficult because
in CTOD fracture toughness. all of the surfaces are predominantly cleavage fracture. It is
As was found for resistance to fatigue crack growth, the proposed that the coarsening of existing carbides continues,
impact toughness and CTOD toughness of 12-mm BIS80 is which leads to a lower impact energy failure due to shearing
higher than 11-mm BIS80P\F(gs. 6 and Y. This is due to of larger particles.
the difference in the chemical compositions of the two steels. A review by Dunne[21] on the theoretical and exper-
The 12-mm BIS80 plate has significantly less carbon, man- imental background of hydrogen assisted cold cracking in
ganese, sulphur and chromium, resulting in higher ductility. steel weldments, discusses the fracture modes of void coales-
It is well known that increased levels of carbon and sulphur cence and quasi cleavage fracture, and explains how coarser
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second phase particles result in a lower impact energy and ae Resistance to fatigue crack growth of the PM was
more brittle fracture surface. In void coalescence, fine sec- marginally compromised following multiple PWHT cy-
ond phase particles cause fine voids to initiate ahead of the cles.
crack tip (transgranular fracture), hence propagating the frac-
ture. As these precipitates coarsen, the voids formed ahead
of the crack tip increase in size, and thus, the fracture propa-Acknowledgements
gates with less energy. In quasi-cleavage fracture, both trans-
granular fracture of the particles or intergranular fracture at  The authors gratefully acknowledge the support of
the particle—matrix interface can occur, leading to localised ANSTO, CRC for Welded Structures, Bisalloy Steels,
cleavage fractures rather than void formation. The particles WTIA—Panel 1 and 2, and CCI Pope.
become fracture acceleration sites. This type of fracture re-
quires the least amount of energy and has a shorter fracture
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