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Estimation of Cracking Susceptibility of Nodular Graphite

Cast Iron by the Implant Test*

—Study on the Weld Cracking of Nodular Graphite Cast Iron (Report 1)—

By Shosuke ITOMURA**, Kenki HESHIKI** and Fukuhisa MATSUDA***

Abstract

A study on the cracking susceptibility of nodular graphite cast ivon by means of the implant test at different heat inputs

is described. Most of the implant specimens were 6 mm in diameter and made without notchiag.

Weld heat inputs, with

the use of 4 mm diameter DFCNiFe type clectrode (55% Ni-Fe), were changed as 1.8, 2.1 and 2.4 k J|mm with 1.67 mm/sec

travel speed and 50 mm bead length.
applied.

After welding, when the temperature of the HAZ cooled to abous 673K, the load was

The implant specimens were fractured at about 373K, which was beiow the Ms temperature of the cast iron used. In
the heat input range of the present study, when the heat input was increased, the lower critical stress of fracture slightly increased ;

but it went up to only below one half of the sirength of the base metal.
the martensite structure witl. the highest micro-vickers hardness number, about 900.

intergranular fracture with partly quasi-cleavage fracture mode.
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1.

Introduction

Cast iron still remains a difficult material to weld
though steel welding technology has made great
progress in recent years. Cast iron weldings are
now mainly employed in repair works and not posi-
tively in weld structural works because of the low
reliability of the cast iron weld joint. Cast iron weld-
ing studies have used various methods such as arc
welding®, electroslag welding®? and -electron beam
welding®. A successful example of gas welding of
nodular graphite cast iron with the filler material of
high silicon hyper-eutectic nodular graphite cast iron
has also been reported”. If we can succeed in get-
ting a reliable enough cast iron weld joint by means
of arc weldnig, -the most popular process of weld
structure, then cast iron may cease to be a difficult
material to weld, which is now beset by the problem
of weld cracking due to the formation of white cast
iron in the fusion zone and martensite in HAZ. Weld
cracking is the first problem to be solved for improving
the reliability of cast iron weld joint.

In this paper the authors explored the possibility
of estimating the cracking susceptibility of nodular
graphite cast iron by the implant test. This material
was adopted for the test because it has excellent pro-
perties such as high strength, ductility, machinability
and wear resistance and is used often as a structural
member in place of steel.

2. Materials and Experimental Procedure

The base material is nodular graphite cast iron of

The implant specimens were fractured at the part of
The fracture surface consisted of mainly

Nodular graphite cast iron, Weld cold cracking, Implant test, Martensite transformation start

590 MPa tensile strength (FCD 60) and the electrode
adopted is Fe-Ni base electrode for csat iron (equiv-
alent to JIS DFC NiFe, 4 mm diameter) which is
readily available in the general market and is there-
fore convenient for practical applications. Table 1
shows the chemical compositions and tensile strength
of the base metal and the deposited metal. The
base metal has a microstructure of “bull’s eye”, or
nodular graphite surrounded by circular ferrite in
the pearlite matrix as shown in Fig. 1. Implant
specimens are machined to the shape and size shown
in Fig. 2 from cast bar deflection test pieces of 30 mm
diameter and 500 mm length. The implant specimen
usually has a circumferential notch or a spiral notch,
but in this experiment the specimens were mainly
smoothed specimens 6 mm in diameter. For com-
parison, 5 pieces each of the smoothed specimens and
the circumferential V-shape notched specimens (0.5
mm depth of notch, 5 mm diameter at the notch
bottom and 0.1 mm notch tip radius) were subjected
to tension tests, and both specimens showed nearly
the same mean strength, 605.6 MPa and 606.6 MPa
respectively.

A study by Noguchi® of the rupture stregnth of
round cast iron bar with circumferential notch analy-
ses shows that nodular graphite cast iron changes in

Table 1 Chemical compositions and tensile strength of
nodular graphite cast iron used and deposited
metal

Chemical compositions (wtZ) T.S.
c Si Mn P s Mg Ni (MPa)
FCD 60 3.55 2.79 0.47 0.024 ©0.011 0,03 — 605.6
Depo.metal
posmetal | 0.99 0.28 1.90 0.007 0.002 — 54.34 | 520
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Fig. 2 Size and shapes of implant specimens

strength with notching, the same as steel does. This
behavior is different from that of flaky graphite cast
iron, which is regarded generally as a material with
low sensitivity to notching. In his report the ex-
perimental results show about FCD 60 when the
elastic stress concentration factor @ is up to 2.6, but
in the present work the value of @ is 7.2. This number
is obtained by Neuber’s methed® applied to the size
of the notched specimens mentioned above. For
this size of notch, the notch effect of tiny ncdular
graphite grains dispersed in the matrix may be greater
than the three-dimensional restriction effect of the
notch, and this might lead to no difference in strength
between the smoothed and notched specimens. In-
deed practically no effect of the notch was found in
the results of the implant test as shown later in Fig.
5-B. Fig. 3 shows the size and shape of the backing
plate. The mild steel plate (SS 41) is grooved to a
depth of 3 mm and drilled with holes to insert the
implant specimens so that the bead length becomes
50 mm as the electrode maker recommends. This
method permits the test to be made eight times with
one backing plate. Granjon” reported that the ther-
mal cycle of the implant test specimen coincides with
the thermal cycle which is determined by the charac-
teristics of the backing plate when the materials of
the test specimen and the backing plate differ from
each other. Figure 4 shows the cross sectional macro-
photographs of the beads on the same size backing
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Fig. 3 Size and shape of backing plate

>
Backing plate S$S41 FCD 60 2mm
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Fig. 4 Macrophotographs of welds, backing plate: SS41 (left),
FCD60 (right), heat input: 2.1k]J/mm

plates of SS 41 and FCD 60 respectively. Though
the penetration of the cast iron plate was deeper be-
cause of its lower melting point, the penetration of the
implant test specimens was almost the same in spite
of the difference of backing plates. As mentioned
later, all the implant test specimens fractured at HAZ,
so the difference in materials between the specimen
and the backing plate seemed to pose no problem.
As shown in Table 2 the heat input was changed in
three stages. The experiments were executed at rcom
temperature without preheating or postheating. To
obtain the heat cycle at HAZ, holes were drilled from
the bottom side of the backing plate at two points,
each 10 mm from the test specimen on both sides
along the welding line and almel-chromel thermo-
couples were inserted into these holes so that the heat
sensing points came at the position of the weld bond.
Based on the mean thermal cycle obtained after several
experiments, the starting time of the test loading was
determined and the temperature of HAZ at the time
of fracture of the implant specimen was estimated.
Table 3 shows the cooling time from 1073K to 773K
at each stage of the heat input. The standard starting

Table 2 Welding conditions

Welding speed 1.67mm/sec

Bead length 50mm

Heat input 1.8kd/mm, 2.1kd/mm, 2.4kJd/mm
(Welding current) 120A 140A 160A
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Table 3 Cooling time from 1073K to 773K at par.ially
1
melted zone FCD60,Ni55%-Fe electrode
- - . QO smoothed specimen
Heat input Cooling time (sec) O spiral notch
kJ/mm 1073K-773K A circumferential notch
500 T T T T
1.8 3.9 Tests start
2 1 at this temp.
. " .
2.4 . = 400k | o 2 |
o
& I %o
time of loading was set at 10 seconds after the arc b ‘ %
passed the center of the test specimen. At that time 9 300k I P 4
the temperature of HAZ was comparatively high, < I O°§
being around 673K. The reason for setting the 3 Oer —-— s
loading start time at such a high temperature is that < (A) Heat Input 1.8kJ/mm g'—_f
the temperature at which the martensite transforma- 200 L L 1 L
tion does not yet occur at HAZ is thought to be de- 600 500 400 300
sirable. This is in accordance with a report® which 500 7 t' tart ter; ' L
says that the weld crack of high carbon steel is con- = est s P
sidered a kind of quenching crack due to the marten- a blank 683 K .,
site transformation. The testing apparatus employed 2z wolk| ® 553 K °o = |
in this study is a lever type tester which applies a b A 313 K 20 Og
load to the test specimen by removing pressure from g 2 653 K ° og‘D
the oil jack supporting the preset weight. It reaches n A OAx, oA
the set load in 1.5 seconds while the temperature drops 300 | | 603 K >0 i
about 40K. %_ Ger ——— COBZ._
a =
; ; ; < (B) Heat Input 2.1kd/ o
3. Experimental Results and Discussion eat Input c.lkdJ/mm
200 | | 1 1
3.1 Results of Implant Test 600 500 400 300
Figure 5 shows the relation between the applied 500 est It i ' ' r
stress and the temperature of the bond line at the = a?stﬁiss faerme_
time of fracture at each stage of heat input. Each dot % ° o
in the diagrams represents a temperature at which the  400H 8 o 9 -
test specimen fractured, and when the specimen did o I %8
not break until the temperature dropped to 323K, & 4, o °
the test was stopped. This is shown by an arrow \ 9 45000
mark in the diagram. In the case of 2.1 kJ/mm 300 _J Ger Y N
welding heat input (Fig. 5-B), most tests started load- = o>
ing at 683K, but several tests started it below 683K. a o=
They are shown by the marks @ A M in the diagram. < (C) Heat Input 2.4kJ/mm 1
The test results show that circumferential notch speci- 200 6(l) o s (l) 0 2 (')0 300

mens and spiral notch specimens fractured in the same
range of temperatures, and little difference was found
between the smoothed specimens and notched speci-
mens. In all the stages of welding heat input, the
specimens fractured at around 373K, regardless of the
load starting temperature. There was a tendency to
shift to the hotter side as the applied stress increased.

The critical rupture stress increases as the welding
heat input increases, but the increment is small, the
critical stress for 1.8, 2.1 and .2.4 kJ/mm of heat input
being 250, 274 and 290 MPa respectively. The fact
that the fracture happens at a constant temperature,
around 373K with little variation according to the
stress, time and heat input is considered to be related
to the quench cracking”. For evidence, small test
pieces having 3 mm diameter and 10 mm length were
machined from the implant test specimens and sub-
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Fig. 5 Results of implant tests, heat input: 1.8k]J/mm (upper),
2.1kJ/mm (middle) and 2.4kJ/mm (lower)

jected to the continuous cooling transformation measur-
ing apparatus to find the martensite transformation
start temperature (Ms point), and the result is shown
in Fig. 6. The thermal cycle given to this test was
the same as that in the implant test on 2.1 kJ/mm heat
input (4.5 seconds for cooling from 1073K to 773K),
and the maximum heating temperature was altered.
The diagram shows a remarkable drop in the Ms
point with an increase in maximum heating tempera-
This is considered to be due to a difference of
carbon diffusion from the graphite grains to the matrix
structure during the thermal cycle, and this means

ture.
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Fig. 6 Relationship between maximum heating temperature

and Ms. temperature of cast iron used

that different spots in the welding heat-affected zone
of cast iron have different Ms points according to their
thermal cycles. The fact that the temperature at
which fracture occurs (shown in Fig. 5) is obviously
lower than the Ms point (shown in Fig. 6) means that
the fracture occurs after the martensite transformation
begins to progress on the weld bond line.

3.2 Structure of Fractured Region

It has been reported that the welding bond line of
cast iron contains a ledeburite structure which is formed
from high carbon melt by rapid cooling and is the

1 composite region

II unmixed zone

IIT partially-melted zone
IV true heat-affected zone
Fig. 7 Microstructure of welds, heat input: 2.1k]J/mm
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metastable eutectic structure seen in the Fe-C double
diagram. The authors tried to find out the relation
between the ledeburite structure and the weld crack
of cast iron by means of observation and analysis of
the bond line structure according to the suggestion of
Savage'® who proposed a detailed definition of the
bond line. The bond line has been loosely defined
and used with widely different meanings.

Figure 7 shows a microstructure of the weld region
of nodular graphite cast iron subdivided according to
the proposal of Savage. In region III, a ledeburite
is seen around nodular graphite grain. This lede-
burite can be considered a metastable eutectic struc-
ture solidified from the melt produced by the effect
of “constitutional liquation’. This means the liquation
of the matrix due to lowering of the melting point
caused by carbon concentration increased by carbon
diffusion from graphite grains to the matrix during
the process of welding. Hereafter we refer to the
section where any ledeburite is found as the ‘‘partial-
ly-melted zone”, and to the section where no ledeburite
is found as the “true heat-affected zone”.

Figure 8 shows an example of the microstructure of
the fractured region of a specimen which was frac-
tured at 405K under the stress of 404.7 MPa and
welding heat input of 1.8 kJ/mm. This is a photo-
graph of the fractured part of the backing plate side
which was nickel-plated on the face of the fracture,
cut longitudinal by an electro-spark machine and
ground for microscopic observation. The upper part
of the photograph is the composite region side and the
lower nickel-plated part is the true heat-affected zone
side. Close observation reveals that the fracture occurs
at the martensite structure in the true heat-affected
zone adjoining the partially-melted zone where nodular
graphite grains are surrounded by a ledeburite. Mi-
crostructures of the fractured zone show the same
pattern regardless of the welding heat input and the
specimens with circumferential and spiral notches
fracture at the martensite structure, the same as the
smoothed specimens do.

Figure 9 shows an example of a SEM image of a
fractured section of a smoothed implant specimen
fractured at 348K under the conditions of 2.1 kJ/mm
of heat input and 278.3 MPa of applied stress. Most

1 00um

Fig. 8 Microstructure of fractured region
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Fig. 9 Fractographs of the specimen fractured at 248K,

heat input: 2.1kJ/mm, applied stress: 278 MPa,
(a): center, (b): circumference

of the central area of the fractured part is occupied
by intergranular fracture and partly by quasi-cleavage
fracture. The circumferential part consists of a wide
quasi-cleavage fracture area and a partial intergra-
nular fracture. Black grains in the photograph are
nodular graphite and the fractograph shows that al-
most no plastic deformation is followed by a fracture,
which takes place in the martensite structure. This
pattern of fracture differs obviously from that of the
tension test specimen which contains dimples and river
patterns, and it proves itself to be formed by a brittle
fracture due to the formation of martensite structure.
As the fracture took place instantaneously without
preliminary changes, any data that could give infor-
mation concerning the progression of fracture were
not obtained. Even close observation of the fractured
section could not detect the starting point of cracking
in either the central or circumferential part of the
section. Alse, the heat-affected zone of the non-
fractured specimens was surveyed carefully, but an
arrested crack could not be found. These are the
problems that remain for future study.

3.3  Hardness Distribution of the Fractured Region

Figure 10-(A) and (B) show examples of hardness
distribution of the weld zone measured by a micro-
Vickers hardness tester, with 2.94 N of testing load.
(A) is the diagram for a non-fractured implant speci-
men, with the origin of the coordinate axes set at the
upper end of the specimen. (B) is for a specimen
which fractured at 354K under the stress of 356.5
MPa was nickel-plated on the fractured surface. The
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Fig. 10 Hardness distributions of welds (left: A) and fractured
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origin of the coordinate axes is located on the frac-
tured surface in the longitudinal cross section. The
diagram (A) shows an abrupt rise in hradness at
around 2mm depth from the implant end. This
hard place is located just at the above mentioned
weld boundary where the ledeburite solidification
and the martensite transformation took place. Good
correspondence of the hardness distribution between
(A) and (B) diagrams proves that the fracture took
place in the structure around the highest hardness
zone.

Figure 11 shows the change of critical rupture stress
and the hardness at the fractured region according to
the change in welding heat input. The hardness of
the fractured region has a considerably high value,
such as 900 to 950 Hy,y, with little regard to the change
in heat input. As shown in Table 3, the cooling
times from 1073K to 773K are 3.9 seconds and 4.9
seconds for the heat input of 1.8kJ/mm and 2.4kJ/mm
respectively. The slight difference in cooling time is
considered to have no significant influence on hard-
ness, although the critical rupture stress shows a slight
increase.

3.4 Dyffusive Hydrogen

As the implant test of steel is mainly employed in
the study of the delayed cracking due to the diffusive
hydrogen which tends to accumulate at the stress-
concentrated spots, the shape, size and location of
notching have been studied and designed such that
the fracture takes place at the notch'™. However
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it has been reported that the implant test of high
carbon steel is not affected much by diffusive hy-
drogen', and another report says that the under-
water welding test using nickel core wire electrode
accumulates little diffusive hydrogen because the weld
metal forms an austenite structure containing much
solid solution of hydrogen'?.

To study the effect of diffusive hydrogen on the
results of the present work, diffusive hydrogen from
the beads of 50 mm length laid with the testing elec-
trode on three pieces of cast iron plate was collected
in mercury according to the standard procedure of JIS
Z3113. The measurement after 96 hours showed al-
most no diffusive hydrogen. Based on the result of
this test, the authors considered that no hydrogen par-
ticipated in the cracking of the present study.

3.5 Estimation of Cracking Susceptibility

Unlike in the case of steel, the implant test of nod-
ular graphite cast iron proved that the critical rupture
stress can be obtained in a specific range of tempera-
tures after the martensite transformation progresses to
a certain extent, while a change in the testing load and
starting time of the loading has little effect. The fact
that the fracture takes place at the high hardness part
in the heat-affected zone, and the critical rupture stress
rises only slightly as the welding heat input increases,
means that the test results have been obtained as an
effect of welding.

In the case of steel many reports of weld cracking
have been presented, and the implant test has been
standardized in WES 1104 as a testing method of cold
cracking at the heat-affected zone of steel weld. But
in this report no survey is made to find out the cor-
respondence with other weld cracking tests, and no
other report of weld cracking test of nodular graphite
cast iron to be compared with ours is available at pre-
sent, so it will raise a problem if we conclude only from
the results stated above that the implant test can lead
to an estimation of cracking susceptibility of nodular
graphite csat iron. Here the authors state only that
the critical rupture stress at the heat-affected zone of
nodular graphite cast iron can be obtained from the
implant test.

4. Conclusions

The following is a summary of the results of an
implant test of nodular graphite cast iron of 590 MPa
class tensile strength welded with coated arc welding
electrode of 55%, Ni-Fe base (JIS DFC NiFe) at room
temperature.

(1) The implant test can give the critical rupture
stress at the heat-affected zone of nodular graphite
cast iron.

(2) A fracture of the implant test specimen takes
place at about 373K, without regard to the loading
start temperature. The temperature at which the
fracture takes place shifts slightly to the hotter side
as the loading stress increases, but in any case it is
lower than the starting temperature of martensite
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transformation of the specimen, or the fracture takes
place after the martensite structure develops to a
certain extent. The critical rupture stress increases
slightly as the welding heat input shifts from 1.8k]J/
mm to 2.4kJ/mm, but in any case it is less than one
half of the strength of the base metal.

(3) The fracture takes place at the martensite
structure of high hardness in the true heat-affected
zone adjoining the partially melted zone. SEM ob-
servation of the fractured section reveals that the
greater part of the central area of the fractured sec-
tion consists of intergranular fracture, and most of
the circumferential part consists of quasi-cleavage
fracture accompanied with no plastic deformation.

(4) As the notch effect of tiny grains of graphite
dispersed in the matrix is a dominant factor in cast
iron implant testing, no difference between the smooth-
ed specimens and the notched specimens is found, and
therefore notching the specimens is not necessary.
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