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Fractographic Investigation on Root Crack in the TRC Test of HY-130

Steelt

— Studies on Fractography of Welded Zone (II) —

Fukuhisa MATSUDA*, Hiroji NAKAGAWA**, Kenji SHINOZAKI***, Hiroshi KIHARA****,
Soutaro YAMADA*****  Yoshinari INAMURA***** Yuji OHKUMA***** and

Jinichi SHIMOYAMA %

Abstract

The clue of the weld cracking of HY-130 has been explored by observing the fracture surface of the root crack of
HY-130, HY-90 and HY-110 undergone the TRC test with a scanning electron microscope. Main conclusions obtained
are as follows: (1) The whole of the fracture surface consists of three or four characteristic fracture regions. (2) The
distribution of the each characteristic fracture region depends on the kind of the base metal, the applied stress in the TRC
test, the preheating temperature and the welding procedure. (3) The root crack of HY-130 with SMA welding predomi-
nantly propagates through the weld metal and contains a large quantity of intergranular fracture region in the lowest ap-
plied stress. Therefore the major problem of the weld cracking of HY-130 exists in the weld metal. (4) The root crack
of HY-130 with SMA welding mainly consists of hydrogen-induced crack, though there are few micro solidification cracks.
(5) Dimple fracture region is formed by an unstable crack propagation and a linear fracture mechanics can be approximately

applied to the fracture.

1. Introduction

Because welded steel structures are gradually used
in severer environments and conditions, and because
lighter weight structures are demanded from an eco-
nomical viewpoint etc, the development of steels of
high strength and of good toughness in low tempera-
tures has been desired.

The HY steels have been developed in order to
satisfy the above demands, and HY-80~HY-110 have
been already put to practical use.

However, it is known that HY-130 (5Ni-Cr-Mo)
has high susceptibility to the weld cracking, and the
delayed crack in the weld metal’-® is regarded as im-
portant together with that in the heat-affected zone®~®
On the other hand it is reported® that HY steel has
high susceptibility to solidification crack according to
its nickel and carbon contents. Moreover, there is
an opinion” that a micro hot crack has a possibility
to grow into a large delayed crack in a high strength
steel such as HY steel. However, there is not a clear
evidence to prove or to deny this opinion, although
there is a report® which shows a negative conclusion
for HY-80. While, Savage et al.? showed that the
hot crack in HY-80 occurred not in the heat-affected
zone but in the unmixed zone.

Judging from the above mentions, in HY-130 higher
than HY-80 in strength there remains a possibility

that a micro solidification crack grows into a large
delayed crack in the weld metal. Therefore it can
not be understood whether the basic cause to the weld
cracking of HY-130 is a solidification crack, a plain
delayed crack, or another unknown crack.

Thus, in this report the clue of the weld cracking of
HY-130 has been explored by observing in detail the
fracture surface of root crack of HY-130 undergone
the TRC test® with a scanning electron microscope.

2. Materials Used and Experimental Procedures
2.1 Materials Used

Chemical compositions of base metals used and
deposited metals made from welding rods used are
summarized in Table 1. Two heats of HY-130 were
prepared, and one was expressed as HY-130 (E) and
the other as HY-130 (F). Moreover, HY-90 and HY-
110 steels were used together with HY-130 steels in
order to compare the fracture characteristic each other.
As welding rods, E130A and E130B* for HY-130 (E),
E90 for HY-90, and E110 for HY-110 were used,
where the symbol E designates that it is an electrode
used for shielded metal-arc (SMA) welding. For HY-
130 (F), F130 was used, where the symbol F designates
that it is a filler metal used for gas tungsten-arc (GTA)
welding with an automatic wire feeder.

T Received on November 1, 1977
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Table 1 Chemical compositions of base metals and deposited metals

- . Composition
. Thickness Diameter
Material (mm) (mm) C Si Mn P S Cu Ni Cr Mo v
HY-130(E) 40 - 0.09 0.29 0.49 0.005 0.004 0.05 5.32 10.51 0.53 -
Base HY-130(F) 65 - 0.09 0.27 0.83 0.006 0.0012 | 0.02 5.20 0.50 0.53 0.055
metal | HY-90 38 - 0.11 0.26 0.57 0.009 0.007 0.07 2.90 0.71 0.37 tr.
HY-110 40 = 0.06 0.25 0.67 0.004 0.005 0.02 3.95 0.61 0.48 0.06
E130A - 4 0.05 0.37 1.45 0.007 0.004 - 2,67 0.95 0.59 -
Welding |E130B - 4 0.05 0.53 1.11 0.004 0.007 0.15 3.28 0.48 0.84 -
rod [F130 - 2.4 0.10 0.29 1.65 0.011 0.010 - 3.50 0.97 1.23 -
E90 - 4 0.06 0.42 0.93 0.011 0.004 0.04 2.71 - 0.30 -
E110 - 4 0.05 041 1.38 0.008 0.004 - 2.65 0.80 0.57 -
Table 2 Mechanical properties of base metals and deposited metals
Material Yield strength Tensile strength Elongation Charpy V-notch energy absorption (kg-m)
atena (0.2% offset 5
(kg/mm (kg/mm*®) (%) 0(C) -50(C) —-70(°C)
HY-130(E) 96.9 102.4 21.0 26.0 - 25.0
Base HY-130(F) 94.0 101.7 23.5 21.0 — 20.4
metal [ HY-90 65.0 75.0 26.5 25.3 — 24.3
HY-110 83.0 90.0 23.0 24.2 - 25.7
) E130A 94.9 99.6 19.3 7.6 5.0 -
Welding | E130B 93.5 97.5 19.9 7.8 5.3 -
rod | F130 99.2 104.6 21.5 15.0 13.1 -
E90 65.1 74.9 25.7 19.6 13.7 -
E110 89.4 93.9 19.3 8.2 5.2 —

Table 3 Preheating temperature in the TRC test

Combination Preheating temperature ( °C)
HY-130(E)+E130A R.T.*, 75, 150
HY-130(E)+E130B 75
HY-130(F)+~F130 75,100,150
HY-90+E90 R.T.*

HY-110+E110 75

“Room temperature

Their mechanical properties are shown in Table 2.
The yield strength and the tensile strength of each
deposited metal well match those of the corresponding
base metal.

2.2 The TRC Test

The TRC testing machine consists of a 100-ton
tensile testing machine placed horizontally. Prior to
the test, the ¢lectrode for SMA welding was dried for
1 hr. at 400°C, and then the diffusible hydrogen con-
tent obtained with. JIS* method using glycerine was
about 1 ml/100 g. The weld bead of about 120 mm
length was deposited in a y-slit groove of base metal

with the weld heat input of 17000 J/cm at room tem-
perature or at a preheated temperature. The preheat-
ing temperature was selected as shown in Table 3.
The tensile restraint stress was applied immediately
after the welding, and the set stress of the tensile re-
straint was obtained within one minute. The maxi-
mum testing time was limited to two days.

2.3 Observation of Fracture Surface

The macroscopic feature of fracture surface of the
TRC test specimen was observed with the naked eye,
and then the microscopic feature was observed in detail
with a scanning electron microscope (SEM). If need
were, the element on the fracture surface was analyzed
with an energy dispersive-type analyzer (EDX) at-
tached to the SEM. As mentioned later, the SEM
observation revealed an intergranular fracture region,
quasi-cleavage fracture region and etc, and each frac-

* JIS: Japan Industrial Standard.
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ture region shows its macroscopically peculiar feature
which can be discriminated on a light fractograph of
about ten magnification. Therefore the area fraction
of each fracture region occupied in the whole of the
fracture surface was measured with a planimeter on
the light fractograph.

3. Experimental Results
3.1 Effect of Applied Stress on Fracture Time

The relation between applied stress and fracture time
in the TRC test is summarized in Fig. 1. The com-
parison between the combination of HY-130 (E) plus
E130A at room temperature and that of HY-90 plus
E90 at room temperature or the comparison between
the combination of HY-130 (E) plus E130A at 75°C
and that of HY-110 plus E110 at 75°C suggests that
HY-130 has an extremely high tendency for weld crack,
although the combination of HY-130 (E) plus E130B
is somewhat preferable to that of HY-130 (E) plus
EI130A. However, it is noteworthy that HY-130 is
comparatively superior in GTA welding. That is, the
lower critical stress in the combination of HY-130 (F)
plus F130 at 75°C is about 85 kg/mm? in constrast
with about 25 kg/mm? in the combination of HY-130
(E) plus E130A at 75°C.

Besides, the fact that the increase in the preheating
temperature raises the lower critical stress in the com-
bination of HY-130 (E) plus E130A suggests that the
weld cracking of HY-130 in the TRC test mainly con-
sists of hydrogen-induced delayed cracking.

(221)

3.2 Macroscopic Feature of Root Crack Path in
Transverse Cross Section

The macroscopic feature of the root crack of HY-
130 in the transverse cross section is that the crack
predominantly passes through only the weld metal
regardless of applied stress and of welding procedure
as shown in Photo. 1(a), (b) and (¢). Therefore it is
supposed that in HY-130 the crack susceptibility of
the weld metal is more important than that of the
heat-affected zone.

On the other hand, the macroscopic feature of the
root crack of HY-90 is that the crack passes through
both the heat-affected zone and the weld metal as shown
in Photo. 1(d), although at a higher applied stress the
crack frequently passes through only the weld metal
as shown in Phote. 1(e). Though the reason for these
phenomena should be mentioned later, it is supposed
that in HY-90 the crack susceptibility of the heat-
affected zone is more important than that of the weld
metal. By the way, the crack path in Photo. 1(d) is
similar to that of usual constractional high strength
steel undergone the Tekken y-slit groove test'V.

In HY-110, the majority of the crack path is similar
to that of HY-90, but the crack path similar to that of
HY-130 is also observed as shown in Photo. 1(f).

3.3

The detailed observation of all over the fracture
surfaces with SEM revealed that whole of the fracture
surface consists of three or four fracture regions among
IG., QC, QC., CD, and D regions which were de-

Microscopic Feature of Fracture Surface

HY—90 HY-110, HY-130 , TRC Test , heat input:17 kJ/cm
771 Iv—!—rv| TTIT"TI T I 'l""l Li T T T V17T
h A E
k N HY-130(F)F130(150°C)
L ‘__. .
1001 v LA HY-130(F)-F130(100°C) |
foy A
o~ - v <> DA—— -
E A HY-10 LENO(T5°0)
> o 20— 1
x HY-130(F)+F130(75°C)
~ - o)
=]
@ B O,
[
¢ ool
L7
Preheating temperature (°C)
'g I Combination R.T.4] 75 ] 100 | 150
= w-130E+e3a] O [©O[—| @
g_' - HY-130(E)+E130B| — V]| — —_—
< HY-130(F)+F130 | — | A A
L w0 0 | 0O |—] —] — |
HY-110  +E110 —_— 0 —_— —_—
*:Room temperature
0 e | ol a2 a1l 1 L1 a1 dad
1 10 100 1000 10000

Fracture time (min.)

Fig. 1 Relation between applied stress and fracture time
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(a) HY-130(E) plus E130A, applied
stress o=15 kg/mm?, without
preheating

(d) HY-90 plus E90, ¢==>50 kg/mm?,
without preheating

Transactions of JWRI

without preheating

(e) HY-90 plus E90, ¢=90 kg/mm?,
without preheating

Vol. 6, No. 2 1977

&

(b) HY-130(E) plus E130A, 0¢=90kg/mm?, () HY-130(F) plus F130, ¢=85 kg/mm?,
preheating temperature Tp=75°C

(f) HY-110 plus E110, ¢=285 kg/mm?,
Tp=75°C

Photo. 1 Macrophotograph of transverse cross section of TRC test speicmen

nominated by the authors.

3.3.1 IG. Region

The designation 1G. is an abbreviation of inter-
granular fracture along columnar crystal boundary
of prior austenite. The fracture surface of IG, region
macroscopically has a directional appearance and gives
a brilliant impression, as seen in Photos. 10 and 11
lately mentioned.

The microfractograph of 1G. region in a low magni-
fication, Photo. 2(a), shows a large portion of smooth
surface and a small portion. of rough surface. The
smooth portion is magnified in Photo. 2(b), which
shows intergranular fracture along the columnar
crystal boundary of the prior austenite in the weld
metal. Many voids, hairlines and occasional dimples
are seen on the fracture surface, which suggest an
existence of some plastic deformation at the fracture.
Inclusions are often observed in these voids and
dimples as shown in Photo. 2(c), and the EDX result,
Photo. 2(d), shows existences of Si, Al, Ti and Mn
in the combination of HY-130 (E) plus EI130A. Oc-
casionally Cr and S were also detected.

The rough portion of Photo. 2(a) consists of quasi-
cleavage fracture surface or dimple fracture surface as
a transgranular fracture. An example of the quasi-
cleavage fracture surface is shown in Photo. 2(e),
which is different from that resulted from brittle frac-
ture in a low temperature and thus is considered to
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be resulted from hydrogen embrittlement. This frac-
ture surface also suggests some plastic deformation,
judging from existences of many tear ridges and
voids. Thus the IG, region above defined contains
a small portion of the transgranular fracture such as
the quasi-cleavage and the dimple fractures in addition
to the pure intergranular fracture.

By the way, estimating from the contour of IG,
region of HY-130 or HY-110 shown in Photos. 10,

11 and 14 lately mentioned, the IG, region seems to
propagate as a fan-like shape from a pivot situated at

the root edge which corresponds to the crack-initiated
part. - On the other hand, it is well known'?~!¥ that
hydrogen-induced crack occurs intergranulary in the
lowest stress intensity factor. In the TRC test, the
stress intensity factor becomes larger as the crack
propagates, because the applied load is constant.
Therefore the above mentioned pivot part is considered
to be the crack initiation point for the whole of the
root crack. Therefore the elucidation of the fracture
mode at the pivot part is considered to be a key to
solve the basic cause for the weld cracking of HY-130.
For that reason the fracture surfaces of seventeen pivot
parts of IG, regions of the combination of HY130 (E)
plus E130A are investigated in detail.

The general appearance of the fracture surface near
the pivot part is shown in Pheto. 3, where the lowest
end is the root edge and the part of a mark S is the
pivot part. The fracture mode at the vicinity of the
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(a) lower magnification

(¢) inclusion on intergranular fracture surface

(e) quasi-cleavage fracture part

mark S is essentially identical with that in Photo. 2(a).
However, fracture surfaces resulted from solidification
crack were observed at only two among seventeen
pivot parts. One example is shown in Photo. 4,
where a solidification crack is observed in the outlined
area. The fracture surface in a higher magnification,
Photo. 5, shows a dendritic feature. This certainly
corresponds to a micro hot crack which grew into a
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(b) typical example in higher magnification

8947 1WY
HB= 18EV-CH

|
|
g,
|

(d) EDX result of the inclusion in (c)

Photo. 2 Microfractograph of IG. region, HY-130(E) plus
E130A, o=15 kg/mm?, without preheating

delayed cracking. However, there was no micro
solidification crack in the specimen of the lowercritical
stress (0=15kg/mm?). Therefore it will be concluded
that the micro solidification crack is not the basic
cause of the weld cracking of HY-130.
3.3.2 QC. Region

The designation QC, is an abbreviation of quasi-
cleavage fracture which has a directional appearance
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initiated part of I1G. region, HY-1 30(E) plus E130A,
c=15 kg/mmz, without preheating

2% R
Photo. 4 Rare example of microfractograph near t

i

he crack-

initiated part of IG. region, HY-130(E) plus E130A,
=20 kg/mm?, without preheating

owing to the columnar crystals of prior austenite in
the weld metal. This QC, region was observed only
in the combination of HY-130 (F) plus F130 with GTA
welding.

The microfractograph of QC, region in a low mag-
nification is shown in Pheto. 6(a), where the fracture
surface more than half is occupied by the quasi-cleavage
fracture having a directional appearance and the re-
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maining portion, which is located at the center in
Photo. 6(a), is occupied by the intergranular fracture
similar to that in the IG, region. The quasi-cleavage
fracture surface is magnified in Photo. 6(b), which also
considered to be resulted from hydrogen embrittle-
ment and is similar to that in Photo. 2(e) except for
the appearance of somewhat smaller plastic deforma-
tion. The intergranular fracture surface is magnified
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Phto. 5 icrfractograph of solldlation crack in the out-
lind area in hot 4

(a) lower magniﬁcation

' (b) tpll examle in hlgmagmﬁcatlon

(c) intergranular fracture part
Photo. 6 Microfractograph of QC. region, HY-130(F) plus

F130, 6 =92 kg/mm?, T,=75°C
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in Pheto. 6(c), where many hair lines are observed.
3.3.3 CD. Region

The designation CD, is an abbreviation of quasi-
cleavage plus dimple fracture which has a directional
appearance owing to the columnar crystals of prior
austenite in the weld metal. Macroscopically the
fracture surface of the CD, region gives a slightly
brilliant impression.

The microfractograph of CD, region is shown in
Photo. 7(a) in a low magnification, whose appearance
is approximately even. The microfractograph in a
higher magnification, Phete. 7(b), shows intermingled
fracture mode of terraced quasi-cleavage fracture and
dimple fracture, which may suggest that the CD,
region is a transient region from quasi-cleavage frac-
ture to dimple fracture. This CD, region is also con-
sidered to be resulted from hydrogen embrittlement.
Therefore it is considered that the CD, region is formed
in a higher stress intensity factor than that in the IG,
region. Namely, the CD, region may be formed
later than the IG, region.

Bh

a) lower magnification

e

) ?3 higher malﬁctlon

Photo. 7 Microfractograph of CDe. region, HY-130(E) plus
E130B, ¢ =90 kg/mm?, T,=75°C
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3.3.4 OQOC Region

The designation QC is an abbreviation of quasi-
cleavage fracture in the heat-affected zone. The
fracture surface of the QC region macroscopically
gives a brilliant impression, but has not a directional
appearance. The general microfractograph of the
QC region is shown in Photo. 8(a), where tear ridges

(a) general appearance

I R %
(b) intergranular fracture part

Photo. 8 Microfractograph of QC region, HY-130(E) plus
E130A, o0=15 kg/mm?, without preheating

and secondary cracks are sometimes observed but
distinct river patterns seen in low temperature brittle
fracture are not observed. Thus, the fracture also
is considered to be resulted from hydrogen embrittle-
ment.

Occasionally intergranular fractures which have not
a directional appearance and thus are judged to occur
in the heat-affected zone are observed together with
the quasi-cleavage fractures as shown in Photo. 8(b).
Because the area of the intergranular fracture is very
small, they are included into the QC region.

An observation with optical microscope of the cross
section of the QC region which was plated with nickel
revealed that the fracture propagated along the mar-
tensite laths.

Vol. 6, No. 2 1977

3.3.5 D region

The designation D is an abbreviation of dimple
fracture. Macroscopically the fracture surface is
dull, silky gray in appearance. In the D region,
only dimple fracture is observed and the majority
are equiaxed dimples as shown in Pheto. 9(a). At
the vicinities of the root edge and the bead surface,

(a) equiaxed dimple, HY-130(E) plus E130A, o=
90 kg/mm?, Tp=75°C

(b) shear dimple, HY-110 plus E110, ¢ =85 kg/mm?
Tp=175°C

(c) smallsized dimple, HY-130(E) plus E130B, ¢
90 kg/mm?, T,=75°C

Photo. 9 Microfractograph of D region
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shear dimples shown in Photo. 9(b) are frequently
observed. Moreover, at an extremely narrow region
near the CD, region, somewhat smaller dimples shown
in Photo. 9(c) are observed, which may be resulted
from hydrogen embrittlement according to Kikuta
et al'®. The EDX analyses of inclusions in the dim-
ples in the combination of HY-130 (E) plus E130A
show the same result as in Photo. 2(d).

This D region is considered to be unaffected by
hydrogen except for the small dimple region. In
other words, it is considered that the D region cor-
responded to a remaining portion which became un-
bearable against the applied load owing to the prop-
agation of the hydrogen-induced crack and thus rap-
idly fractured. A similar fracture mode is reported®
in hydrogen embrittlement of AISI4340 steel with
a stress rupture test.

Welding direction —— o

3.4 Distribution of Various Fracture Regions and Its
Dependence on Applied Stress and Preheating
Temperature

How the various fracture regions mentioned in the
paragraph 3.3 are distributed on the whole of the
fracture surface, and how the distribution depends on
the applied stress and the preheating temperature are
investigated in order to get at the characteristics of the
cracking tendency of HY-130, comparing HY-130 with
HY-90 and HY-110.

341 HY-130
(a) HY-130 (E) plus E130A (SMA welding)

The change in the fracture surface with an increase
of the applied stress is shown in Photo. 10, where under
the each macrophotograph the sketch is written with
a magnification of about two times only in the direc-

10mm

yY VY VY

(a) 0=20 kg/mm?

(b) ¢=60 kg/mm?

T

g .
5 IR T

(¢) ¢=90 kg/mm?
Photo. 10 Variation of light fractograph of HY-130(E) plus
E130A with increase in applied stress, without pre-

heating
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tion of the throat depth. The characteristics of this
combination are that at the lowest applied stress the
IG, region is remarkably dominant and that the IG,
region seems to propagate as a fan-like shape from
the pivot part situated at the root edge, though the D
region becomes gradually dominant in a higher ap-
plied stress. However, since it is reported!®~¥ that
in hydrogen-induced crack the dimple fracture is form-
ed in the highest stress intensity factor, the D region
is not considered to be the crack-initiated part of whole
of the specimen. Moreover, there are few QC regions
at any applied stress. These suggest that the major
problem of the weld cracking of HY-130 exists in the
weld metal.

‘Besides, in Photo. 10(a) the transverse cross section
of a—a’, b-b’, ...and e-¢’ are sketched. These show
that the fractures of the IG., and CD, regions are
nearly perpendicular to the stress axis and that the
fracture of the D region is not perpendicular but is
roughly shear type. Photograph 1(a) and 1(b) cor-
respond to the cross sections ¢-¢” and b-b’ respectively.

Welding direction ————— o

Transactions of JWRI
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The quantitative representation of the relation be-
tween the applied stress and the area fraction of each
fracture region is shown in Fig. 2*. The increase of
the applied stress decreases the IG, region, but in-
creases the D region. The changes in the area frac-

~  [[HY-130(E)<E130A (SMA weiding), TRC Test

ks heat input:17 kJ/cm , without preheating

Swol ' a
g g n/ 1
¢ d
F] a

E | o O : 1G¢ J
< | 3 A :QC )
r \ /

S \ .

gsof g Vicoe |
- \\ u . D

o - \\ - -
21 [ e

o T RN )
s | SO .
[ S~a

% 0. -
£ 0 O-7—aes 50 —B 100

Applied stress , O (kg/mm2)

Fig. 2 Relation between applied stress and area fraction of
each fracture region in HY-130 with SMA welding

1 0mm

© Tp=150°C

Photo. 11 Variation of light fractograph of HY-130(E) plus
E130A with increase in preheating temperature,

¢ =60 kg/mm?

* In Figs. 2-6, data plotted on the abscissa have not zero value
of area fraction, but a finite value close zero.
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tions of the QC and CD, regions are obscure owing to
their few quantities. Venturing to say their tendencies,
the QC region has a slightly decreasing tendency and
the CD, region has a slightly increasing tendency.

The change in the fracture surface with a rise of the
preheating temperature is shown in Photo. 11, and the
quantitative representation is shown in Fig. 3. The
rise of the preheating temperature slightly decreases
the IG, region, but slightly increases the D region.
(b) HY-130 (F) plus F130 (GTA welding)

The change in the fracture surface with an increase
of the applied stress is shown in Photo. 12, where the
QC. region is dominant instead of the IG. region.
Besides, crater cracks as solidification cracks are
formed in both applied/stresses, but there was no evi-

- HY-130(E)+E130A (SMA welding), TRC Test
< heat input: 17 kJicm , applied stress: 60 kg/mm?2
5 —rr— 7T
L100f- n
& i [w]
¢ — ]
s g —0 4
g O: 1Ge #
s L A QC B
] Vi CDc
® 501 oD:D ]
s X :
c
o 3 .
(%3
gt O, O q
2
a S YT Y Pu— n 4 n n 1 I " i " g

0 50 100 150

Preheating temperature (°C)

Fig. 3 Relation between preheating temperature and area

fraction of each fracture region in HY-130 with SMA
welding

Welding direction ————— o

dence which shows the propagation of QC, region from
the crater crack. _

The increase of the applied stress decreases the QC,
region, but increases the D region as shown in Fig. 4.
342 HY-90

The change in the fracture surface with an increase
of the applied stress is shown in Photo. 13, and the
quantitative representation is shown in Fig. 5. The
characteristics of HY-90 are that at the lowest applied
stress the QC region almost occupies the vicinity of
the root edge and that at a higher applied stress the
D region occupies the vicinity of the root edge together
with the QC region. As already mentioned, the D
region is not considered to be the crack-initiated part.
Therefore, the crack must initiate somewhere in the

HY-130(F)+F130(GTA welding) , TRC Test
heat input:17 klicm , preheating temperature: 75 °C
~— — T T v v

100 (- E
L 0 :QCc o0 .
| A :QC 1
D:D
I
-

n
o
T
R

p

Area fraction of each fracture region (%)

L oo

n n I i ) I 1 I A
LAY

100

A
&

(-3

50
Applied stress , 0 (kg/mm?2)

Fig. 4 Relation between applied stress and area fraction of
each fracture region in HY-130 with GTA welding

1 Omm

<crater crack

(b) =92 kg/mm?

Photo. 12 Variation of light fractograph of HY-130(F) plus
F130 with increase in applied stress, Tp=75°C
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QC region. Besides, according to Photo. 1(d) already
mentioned, the root crack propagates from the heat-
affected zone into the weld metal. Consequently the
1G, and CD. region are observed in Photo. 13(a), but
they are less than the QC region. These suggest that
the major problem of the weld cracking of HY-90

2 HY-90+E90 SMA welding) , TRC Test

E heat input: 17 kJ/cm , without preheating

?w ™ T Y T T T M .
- i 0 )
_3 ! o4 4
g | O : 1Ge i
£ } A :QC ]
.3

050_ v : CDc .
S O:D 4
g | ]
o

B 4 .
$ 7B :
< .o OTITRT L

(1] 50 100
Applied stress , 0 (kg/mm2)

Fig. 5 Relation between applied stress and area fraction of
each fracture region in HY-90
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exists in the heat-affected zone.

The increase of the applied stress decreases the QC
region, but increases the D region as shown in Fig. 5.
The IG. and CD, regions seem to be constant within
the error range.

3.43 HY-110

The change in the fracture surface with an increase
of the applied stress is shown in Photo. 14, and the
quantitative representation is shown in Fig. 6. The
characteristics of HY-110 are that the majority of the
fracture surface somewhat resemblestthat of HY-90,
but that there are the 1G, regions initiating at the
root edge, This behavior of the 1G, region is similar
to that in HY-130. In connection with this, the area
fraction of the 1G, region is somewhat much than that
in HY-90, and the area fraction of the QC region is
less than that in HY-90. Besides, it is also observed
that the area fraction of the D region increases to-
gether with the increase of the applied stress.

————

- i B MR Y
o M\}\é\;\;\\\\ 175 W\ W}

WINPT 1S
QCc =

(b) =60 kg/mm?

(¢) 0=80 kg/mm?

Photo. 13 Variation of light fractograph of HY-90 plus E90
with increase in applied stress, without preheating
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Welding direction ——— s

1 0mm

(a) =85 kg/mm?

(b) 0=90 kg/mm?

Photo. 14 Variation of light fractograph of HY-110 plus
E110 with increase in applied stress, T,=75°C

HY-10+E110 (SMA welding), TRC Test
heat input: 17 kJ/cm , preheating temperature:75°C
\ T T T T v T T T T

- D’O -

O IGc i
Aa:QC
V:CDOc
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¥
1

Area fraction of each fracture region (%)

o, 1
A i i I L —L L i o 1
0 50 :Q 100

Applied stress , 0 (kg/mm?2)

Fig. 6 Relation between applied stress and area fraction of
each fracture region in HY-110

H¥90 HY-110,HY-130, TRC Test
heat input: 17 kJ/cm
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Fig. 7 Relation between applied stress and net stress at frac-
ture
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3.5 Application of Fracture Mechanics to Formation
of D Region

As already mentioned in the paragraph 3.3.5, the
majority of the D region are considered to be unaffect-
ed by hydrogen. In other words, it is considered that
the D region corresponded to a remaining portion
which became unbearable against the applied load
owing to the propagation of the hydrogen-induced
crack and thus rapidly fractured. Thus, one of the
criterion of this fracture is that the net stress of the
remaining portion becomes a critical value e.g. the
tensile strength.

The net stress of the remaining portion at the frac-
ture can be obtained by dividing the applied load by
the area of the D region, and is plotted against the
applies stress in Fig. 7. Figure 7 shows that the net
stress are not constant in proportion to their levels of
the tensile strength, but that the net stress increases
together with the applied stress. Moreover, it is ob-
served that the net stresses of HY-90 and HY-130 (F)
plus F130 are higher than those of HY-110, HY-130
(E) plus E130A and HY-130 (E) plus E130B. These
mean that the above mentioned criterion cannot be
accepted.

Considering the D region from a different viewpoint,
the fracture of D region is, in a sense, considered to
be similar to an unstable shear crack propagation ob-
served in the line pipes!’~!®, According to the trans-
verse cross sections in Photo. 10(a), the fracture of the
D region is shear-type as already mentioned. More-
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over, the transverse cross sections suggest that the
reduction of area or the elongation is macroscopically
almost zero even in the D region. That is, the fracture
of the D region is, so to say, macroscopically brittle,
although the fracture is microscopically ductile.

These situations suggest that the linear fracture
mechanics can be approximately applied to the frac-
ture of the D region. Then, the criterion of the
fracture of the D region is that the stress intensity factor
increasing gradually with the propagation of the hy-
drogen-induced crack becomes a critical value, that
is, a fracture toughness.

However, the transverse cross section of the TRC
specimen is like Fig. 8(a), the rigorous calculation is

¢ T . —
hydrogen- -

«@— induced - - w -
cracking - a l —

- —

Fig. 8 Approximation of TRC specimen to single-edge-notch-
specimen

difficult. Thus, the cross section of the TRC speci-
men is approximated to a single-edge-notch specimen
shown in Fig. 8(b), where ¢ corresponds to the applied
stress, W does to the throat depth and a does to the
mean depth of the hydrogen-induced crack. Then the
stress intensity factor K4 is represented as*;
K.=YovJa (1)

where Y is a correction factor for single-edge-notch
specimen given in reference 20, which depends on a/W.

Then, the quotient obtained by dividing the differ-
ence between the total fracture area and the area of D
region by the weld length gives the critical mean depth
of hydrogen-induced crack. By substituting this value
into Eq. (1), the Kic value, which is the critical value
of K4, that is, the apparent fracture toughness can be
obtained. The Kuc values obtained by this method are
summarized in Fig. 9, where the K value of each
combination is roughly independent of the applied
stress, although the scattering is somewhat large. The
mean Kac of the combination of HY-90 plus E90 is
about 200 kg/mm®*2, that of the combination of HY-
110 plus E110 is about 120 kg/mm?®2, that of the com-
bination of HY-130 (E) plus EI130A and E130B is
about 120 kg/mm®2, and that of the combination of
HY-130 (F) plus F130 is about 160 kg/mm®2,

Though these Kac values are too small comparing
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HY80, HY-110, HY130 , TRC Test
heat input : 17 kJicm
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HY-. FI+F. —_— L

HY-90 + o —
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L Canmbination

Kac (kgimm32)
8
T

o
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HY-110 __+E110 — o

*:Room temperature
10 PR S S W § PR SN S B

0 S0 100
Applied stress , 0 (kg/mm?)

Fig. 9 Relation between applied stress and apparent fracture
toughness K sc of weld metal

with the usual K¢ values obtained in the room tem-
perature owing to the above approximations, it is
noteworthy that the ranking of the K.ic values agrees
with that of the energy-absorption of the deposited
metals in Charpy V-notch test shown in Table 2.

By the way, the area of the D region corresponding
to a Kuc value can be obtained by the reverse calcula-
tion. The relation between the applied stress and the
area fraction of the D region for Kaic of 120 and 200
kg/mm?®? is shown in Fig. 10, where the calculated
results well agree with the experimental results. Mo-
reover, the net stress at the fracture can be obtained by
the reverse calculation. This is shown in Fig. 7 for
Kac of 120 and 200 kg/mm¥?, where the calculated
results also well agree with the experimental results.

From these discussions, it will be concluded that
the D region is fractured by the unstable crack propaga-

HY-90 ,HY-110, HY<130 , TRC Test
heat input: 17 kJ/cm
T T T T

L

8

-

s Kac=120 (kg/mm3/2 —
£ AC\‘Q o )8 o —8"ET‘§ v/
2o =N TA
e I A --0-- 1
- | © .- - i
?6 » > - NKac=200 (kg/mm?12) ]
c 50 o]} ] K Preheating temperature (°C)| |
o Combination R.TA | 75 ] 100 | 150
E - HY-130 (E) +E130A [@) ©|— ® |
- HY-130(E)+E130B] — V]—|—
o | o o | — | A — — 1 ]
s 9 HY-90  +E90 [m] —_] ] — g
HY-110  +E110 — Ol —f —
g *:Room temperature h
n I I i 1 I 1 i 1 L
0 50 100

Applied stress , 0 (kg/mm?)

Fig. 10 Relation between applied stress and area fraction of
D region

* The designation 4 of K4 means that the authors consider

the stress intensity factor as an apparent value owing: to
the approximation in Fig. 8.
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tion and that the linear fracture mechanics can be ap-
proximately applied to the fracture.

4. Conclusions

By observing the fracture surface of the root crack
of HY-130, HY-110 and HY-90 undergone the TRC
test with SEM, the clue of the weld cracking of HY-130
has been explored. Main conclusions obtained are
as follows:

M

@

(€)

4)

®)

(©)

@)

®

The detailed observation revealed that the frac-
ture surface consists of three or four fracture
regions among IG.,, QC. CD.,, QC and D
regions.

The IG. region mainly consists of intergranular
fracture along columnar crystal boundary of
prior austenite and partly consists of quasi-
cleavage or dimple fracture. The IG, region
has a directional appearance and is formed in
the weld metal. An increase of the applied
stress decreases the area of IG. region.

The QC, region mainly consists of quasi-cleavage
fracture and partly consists of the same inter-
granular fracture as in the IG, region. The QC,
region has a directional appearance and is formed
only in the weld metal of HY-130 with GTA
welding. An increase of the applied stress de-
creases the area of QC, region.

The CD,. region shows intermingled fracture
mode of terraced quasi-cleavage fracture and
dimple fracture. The CD, region has a direc-
tional appearance and is formed in the weld
metal.

The QC region mainly consists of quasi-cleavage
fracture and partly consists of intergranular frac-
ture. The QC region is formed in the heat-
affected zone. An increase of the applied stress
decreases the area of QC region in HY-90.

The D region consists of dimple fracture and is
formed in the weld metal.

The IG., QC., CD. and QC regions are con-
sidered to be resulted from hydrogen-induced
delayed cracking.

The root crack of HY-130 with SMA welding
predominantly propagates through the weld metal
and contains a large quantity of IG, region in
the lowest applied stress.. Therefore the crack
susceptibility of the weld metal is important in
HY-130. Besides, a micro solidification crack
was observed near the crack-initiated parts of
the IG, region at the root edge, though there
are few. However, it was considered that the
micro solidification crack is not the basic cause
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of the weld cracking of HY-130

The root crack of HY-130 with GTA welding
predominantly propagates through the weld metal
and the QC, region is mainly formed. Thus there
is a little intergranular fracture. It is noteworthy
that the lower critical stress in GTA welding is
far higher than that in SMA welding.

The root crack of HY-90 propagates from the
heat-affected zone into the weld metal and the
QC region is dominant among the hydrogen-
induced cracks in the lowest applied stress.
Threefore the crack susceptibility of the heat-
affected zone is important in HY-90.

The majority of the D region are considered to
be unaffected by hydrogen and to be fractured
by an unstable crack propagation. The criterion
of the fracture is that the stress intensity factor
increasing gradually with the propagation of the
hydrogen-induced crack becomes a critical value.
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