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Abstract: To study the distribution law and random
characteristics of casting defects in steel castings, 24 civil
engineering structural cast steel joints were divided into two
groups: simple cast steel joints and complex cast steel joints.
Three kinds of nondestructive testing ( NDT) methods,
namely, visual, magnetic particle, and ultrasonic inspections,
were used to detect the macroscopic defects in joints. The
NDT results were then statistically analyzed. The results show
that the unfused core support is a common defect of complex
cast steel joints, and the defect can be seen visually, so
excavation and repair welding should be carried out before
castings leave factories. Casting cracks are extremely likely to
occur in the intersection area of tubes, which is called the
ultrasonic inspection blind zone. The occurrence probability of
gas pores on simple cast steel joints is the largest, and the
occurrence probability of core support incomplete fusions on
complex cast steel joints is the largest. However, when cast
steel joints are counted as a whole sample, the occurrence
probability of gas pores is larger than that of core support
incomplete fusions. Therefore, it is the most common defect
in cast steel joints.
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he safety of building structures is not only related to
T people’s life and property but also has an important
impact on a country’s economic development and social
progress'' ™.
production processes, the scope of the application of en-
gineering structures has gradually expanded, and various

With the increasing complexity of modern

structure shapes have been developed for practical engi-
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neering applications. Whether these structures can safely
serve as intended has become an important topic related to
the national economy and people’s livelihood”™ . Steel
structures have been widely used in large stadiums, large-
span structures, and high-rise and super-high-rise struc-
tures due to their lightweightness, high strength,
flexible shape. In the next few decades, the height and
span are still the two main development directions of steel
structures. This development trend will inevitably lead to
a higher-level requirement for the design and manufacture
of steel structures, especially for the connection parts of
components.

Welded joints are made by cutting branch pipes into in-
tersecting surfaces and then connected to main pipes
through intersecting line welds'®™ . Cast steel joints are in-
tegrally cast in factories and connected to steel pipes using
annular butt welds located far away from the core of the
joints. Compared with traditional welded steel joints, cast
steel joints have greater design freedom and more reasona-
ble forces owing to the arc chamfering transitions at the in-
tersection of pipes, and they are easier to process by using

and

circular butt welding instead of intersecting line welding
that is complicated in space and difficult to weld. Hence,
the use of cast steel nodes is beneficial to the entire force
of engineering structures. Therefore, cast steel joints are
widely adopted in real-world structures' "',

Although cast steel nodes play an increasingly impor-
tant role in modernization attributes because of their obvi-
ous advantages, due to the influence of alloy composi-
tion, casting process, casting shape, and other compre-
hensive factors during the casting process, casting de-
fects, such as porosity, shrinkage porosity, slag inclu-
sion, and cracks, are inevitably distributed inside the cast

13
steel node™”!

. The existence of casting defects makes the
overall structure remain in the elastic stage under the
working load, but that near the defects will reach plastici-
ty due to stress concentration, damage, and accumulate
evolution. Studies have shown that major steel structure
engineering accidents are mostly caused by a certain part
of the steel fracture. Furthermore, cast steel components
in engineering structures are often located in the key parts
of the structures, so the internal defects of castings are
very dangerous for the entire engineering structure'*™"'.
The internal defects of steel castings are usually detec-



2 Cheng Jiaming, Gao Yiqi, Yan Huadong, Sun Sijia, and Jin Hui

ted by ultrasonic and magnetic particle inspections before
they leave factories. The quality grade of steel castings is
evaluated according to the national standard GB/T
7233.1—2009"". Nondestructive testing (NDT) is an
effective technique to explore the internal casting defects
of steel castings. However, the literature on the statistical
analysis of NDT results of steel castings is rarely pub-
lished. The lack of data in this aspect affects the research
on the causes and distribution of casting defects and has
restricted the further development and application of cast
steel nodes. Accordingly, in this study, 24 cast steel
joints produced by a steel casting factory were taken as
samples, the casting defects in the joints were detected by
the NDT method, and the random characteristics and dis-
tribution rules of casting defects among groups were stud-
ied. This work can provide references for the optimal de-
sign, production, and application of cast steel nodes.

1 Types and Causes of Casting Defects

The formation of casting defects in steel castings is re-
lated to the design, sand (including coating), melting,
pouring, modeling, finishing, welding, and heat treatment
of castings. In these processes, improper control or unrea-
sonable process will result in casting defects. Some casting
defects are caused by a combination of multiple reasons.
The elimination and reduction of these defects often require
a comprehensive treatment method. According to the na-
tional standard GB/T 5611—2017""", casting defects are
divided into eight categories, namely, metallic projec-
tions; pores; cracks; surface defects; incomplete defects;
size, shape, and mass errors; inclusions; and unqualified
properties, compositions, and microstructures, among
which macroscopic defects are most common. The main
defects related to the internal quality are pores, cracks, in-
clusions, and unqualified properties, compositions, and
microstructures. The details of the characteristics of these

typical defects can be seen in Refs[17 —19].
2 NDT of Cast Steel Joints

Suppliers and demanders need to formulate correspond-
ing NDT plans based on the structural shape of cast steel
nodes and the characteristics of the production process.
Three detection techniques, namely, visual inspection,
magnetic particle inspection, and ultrasonic inspection,
are performed before cast steel joints leave factories. Vis-
ual inspection is simple and convenient, and it is one of
the most basic and commonly used inspection methods for
the casting quality inspection of cast steel joints. It is nec-
essary to polish the detection position smoothly to ensure
the accuracy of detection results when using ultrasonic de-
tection technology to detect cast steel nodes. However, as
the ultrasonic NDT method requires a good coupling be-
tween the probe and tested object, there will be blind are-
as in ultrasonic scanning for complex cast steel nodes,
such as the transition area between each branch pipe and
the main pipe and chamfered area. For the blind area of
ultrasonic flaw detection, the steel casting plant will use
the magnetic particle nondestructive flaw detection meth-
od to detect defects on the surface or near the surface be-
fore the ultrasonic NDT of steel castings.

2.1 Test specimen

The NDT samples were 24 cast steel joints randomly se-
lected from cast steel joints of civil engineering structures
produced from March 2019 to May 2019 in a steel casting
plant. The sizes of the 24 samples ranged from 0.6 to 4.0

m, and the wall thickness distribution ranged from 40 to 60
mm. The 24 cast steel joints were divided into simple or
complex cast steel joints based on whether there is a pipe-
to-pipe intersection area. The appearance of 11 simple cast
steel joints is shown in Fig. 1, and the appearance of 13
complex cast steel joints is shown in Fig. 2.

(k)

Fig.1 Test specimens of simple cast steel joints. (a) J1; (b) J2; (c) J3; (d) J4; (e) J5; () J6; (g) J7; (h) J8; (i) J9; (j) J10; (k) J11
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(m)

Fig.2 Test specimens of complex cast steel joints. (a) Fl; (b) F2; (c¢) F3; (d) F4; (e) F5; (f) F6; (g) F7; (h) F8; (i) F9; (j) F10;

(k) F11; (1) F12; (m) FI3

The engineering structures of the cast steel nodes in the
samples include high-speed railway station roof truss
structures, stadium roof truss structures, and library roof
truss structures. The materials used for cast steel joints
are all G20Mn5N, and their chemical composition and

basic mechanical properties are shown in Tab. 1 and Tab.
2, respectively. The testing results show that the chemi-
cal composition of the test specimens is in full compliance
with the regulation JGJ/T 395—2017"".

Tab.1 Chemical composition of G20Mn5N cast steel %
Mass fraction m(C) m( Si) m(Mn) m(S) m(P) m(Ni)
Specification 0.17 t0 0.23 <0.60 1.00 to 1.60 <0.020 <0.020 <0.80
Test 0.196 0.419 1.53 0.017 0.0116 0.268

Tab.2 Mechanical properties of G20Mn5N cast steel
Yield

Elastic Ultimate

N;ercol;a:ri;al modulus/ strength/ strength/ Elon(g%z:tlon/
GPa MPa MPa

Specification 206 300 480 to 620 =20

Test 230 320 483 31.9

2.2 Visual testing results

Visual inspection is the first and indispensable step of
the factory inspection of cast steel nodes. The defects on
the outer surface of cast steel joints seriously affect the
service performance of cast steel joints due to the action
of corrosion. Visual inspection can preliminarily detect
the defects on the outer surface of cast steel joints.

Through visual inspection, a total of 11 cast steel nodes
were found to have defects in the 24 cast steel nodes, and
only two types of defects were found: unfusion defects
(UDs) and shrinkage defects (SDs). Tab.3 summarizes
the visual inspection results according to two types of
nodes, namely, simple and complex nodes. Among the
11 simple nodes, only one node with casting defects,
i.e., J11, was detected by visual inspection. Two SDs
were also detected in J11. Furthermore, 10 cast steel
joints with defects were detected by visual inspection
among the 13 complex cast steel joints. The 10 complex
cast steel joints all have core support UDs, which are also
found on the F10 cast steel joints. Based on the displayed
statistical results, the probability of SDs on the surface is
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relatively low, regardless of whether it is a simple or
complex cast steel joint node. The surface of simple
nodes generally does not have core support UDs. The
probability of failure of the core support fusion on the sur-
face of a complex cast steel joint is high (up t0 76.9% ).

Tab.3 Statistics of visual inspection results

Type Node No. UD SD No.

J11 No 2

F4 Yes 0

Simple cast F5 Yes 0
steel node F6 Yes 0
F7 Yes 0

F8 Yes 0

F9 Yes 0

Complex cast F10 Yes !
stefl node Fil Yes 0
F12 Yes 0

F13 Yes 0

2.3 Magnetic particle testing results

After the visual inspection of the cast steel nodes, mag-
netic particle inspection of the complex cast steel nodes in
the intersection area of the pipe and tube was carried out
to identify the types and distribution of defects on the sur-
face and near the surface of the intersection area. Magnet-
ic particle testing shall refer to the national standard
GB/T 9444—2007"".
nodes using magnetic powder revealed that 4 of 13 com-
plex cast steel nodes, namely, F10, F11, F12, and F13,
had defects in the intersection area of cast steel joints,
and the defects were all cracks. Four cracks were detected
in F10 and F11, three cracks were detected in F12, and
one crack defect was detected in F13. The probability of
crack defects on the surface or near the surface of com-
plex cast steel joints in the intersection area of pipes was
30.8%.

The flaw detection of cast steel

2.4 Ultrasonic testing results

Visual inspection and magnetic particle inspection are
suitable for the detection of defects on or near the surface
of steel castings, and ultrasonic inspection can be used for
the detection of internal defects of castings. The ultrason-
ic flaw detection process of 24 steel castings shall refer to
the standard GB/T 7233.1—2009"""". The general defect
indication types are given by this standard. For uncertain
defects, other proven and effective NDT methods can be
used for inspection, such as radiographic inspection. Sup-
pliers and demanders can negotiate with each other if no
conclusion can be reached through detection. The instru-
ments used for the ultrasonic flaw detection of steel cast-
ings shall comply with the relevant provisions of the
standard JB/T 10061—1999'*' . The ultrasonic testing in-
strument used in this test is the PXUT-320C digital ultra-
sonic flaw detector. The probe of this ultrasonic flaw de-

tector adopts the longitudinal-wave double-crystal probe,
the probe frequency adopts 2.5 GHz, the coupling agent
adopts the paste function, and the contrast test block is
the ZGS contrast test block for the longitudinal-wave
double-crystal probe.

The ultrasonic NDT results of 24 cast steel joints for
civil engineering structures are summarized in Tab. 4.
Through ultrasonic NDT, four kinds of defects, namely,
inclusion defect (ID), porosity defects (PDs), SDs, and
delamination defects (DDs), were detected in 11 simple
cast steel joints. Four simple cast steel joints have IDs,
seven simple cast steel joints have PDs, three simple cast
steel joints have SDs, and two simple cast steel joints
have DDs. Three kinds of casting defects, namely inclu-
sions, shrinkage cavities, and air pores, were found in 13
complex cast steel joints. There are IDs in three complex
cast steel joints, shrinkage cavity defects (SCDs) in one
complex cast steel joint, and PDs in four complex cast
steel joints. DDs were only detected inside the simple cast
steel nodes, but simple and complex cast steel nodes will
produce IDs and PDs. The results show that the probabili-
ty of PDs is the highest in simple and complex cast steel
joints, the statistical probability of PDs in simple cast
steel joints is 63. 6%, and the statistical probability of
PDs in complex cast steel joints is 30. 8% . The frequency
of PDs is high, and the number of detected defects is also
the largest. 14 PDs were detected in the simple cast steel
joints, which were 3. 5 times the number of IDs, 2.8
times the number of shrinkage PDs, and 7 times the num-
ber of DDs. A total of five pore defects were detected
inside the complex cast steel nodes, which is 1.25 times
the number of IDs and 5 times the number of SDs.

Tab.4 Statistics of the ultrasonic testing results

Number of defects

Type Node No. —n 55 pD scD DD

J1 2
2 1
13 3
J4 3

Simol 15 2 1

1imple cast 16 | 9 1

steel node
J7 1
J8 1
19 1 2
J10 1 2 1
Ji1
Fl 1
F2 1
F3
F4 1

Complex cast

F5 2 2

steel node
Fo 1 1
F7
F8
F9 1
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3 Analysis of the NDT Results
3.1 Statistics of the NDT results

Consequently, the results, including the location of the

most serious defects (LSDs) and type of the most serious
defects (TSDs) corresponding to the number of nodes ob-
tained via visual testing, magnetic particle testing, and
ultrasonic testing, are summarized in Tab. 5.

Tab.5 Summary of the NDT results

Node Defect Number of defects Fusion
Type LSD TSD
No. No. CD ID SD PD SCD DD defect
J1 2 2 No Nozzle PD
2 1 1 No Other DD
13 3 3 No Sprue SD
J4 3 3 No Other PD
Simple cast 5 3 2 1 No Sprue PD
J6 4 1 2 1 No Other PD
steel node n 1 1 No Other D
J8 1 1 No Other PD
J9 3 1 2 No Other PD
J10 4 1 2 1 No Sprue PD
Ji 2 2 No Feed head SCD
Fl 1 1 No Nozzle PD
F2 1 1 No Other SCD
F3 0 No
F4 2 1 Yes Nozzle PD
F5 5 2 2 Yes Nozzle D
Fo6 3 1 1 Yes Nozzle PD
Complex cast
steel node F7 1 Yes Other SCD
F8 1 Yes
Fo 2 1 Yes Intersection ID
F10 6 4 1 Yes Intersection CD
Fl11 5 4 Yes Intersection CD
F12 4 3 Yes Intersection CD
F13 2 1 Yes Intersection CD

The defects detected in the 11 simple cast steel joints
were internal defects, and only two visible SDs existed in
J11. Therefore, more attention should be paid to the in-
ternal defects of simple cast steel joints. In addition to the
internal defects detected by ultrasonic inspection, there
are many surface defects in the complex cast steel joints,
such as unfused core support and crack defects. The core
support UDs can be seen visually, and the crack defects
mostly occur in the intersection area of the tube, which
needs to be detected by magnetic powder. Therefore, it is
necessary to pay more attention to the coordination of
multiple NDT methods for complex cast steel nodes.

A total of 27 casting defects were detected in 11 simple
cast steel nodes, including five types of casting defects,
namely, inclusions, shrinkage porosity, porosity, shrink-
age porosity, and delamination. Concurrently, a total of
33 casting defects were detected in 13 complex cast steel
nodes, including five types of casting defects, namely,
inclusions, shrinkage cavities, porosity, unfusion, and
cracks. The average numbers of defects on each simple
cast steel node and complex cast steel node are 2. 45 and
2.54, respectively. Shrinkage porosity and delamination
casting defects were only found on the simple cast steel
joints, whereas cracks and UDs were only detected on
complex cast steel joints. shrinkages,
pore defects were detected on the simple and complex cast

Inclusions, and

steel nodes.

Among the 24 cast steel nodes, only the F3 node had
no defects detected, and the remaining nodes had differ-
ent degrees and types of casting defects detected. Four
out of the 24 cast steel nodes had crack defects detected,
and the probability of this defect occurring in all cast steel
node samples was 16. 7% . Seven cast steel nodes had
IDs, and the probability of IDs occurring in all cast steel
node samples was 29.2% . Three nodes had SDs, and the
probability of such defects occurring in all cast steel node
samples was 12. 5% . Eleven cast steel nodes had pore
defects, and the probability of pore defects occurring in
all cast steel node samples was 45.8% . SDs occurred in
three nodes, and the probability of such defects in all cast
steel node samples was 12. 5% . Two nodes had DDs,
and the probability of their occurrence in all cast steel
node samples was 8.3% . Ten UDs were detected in the
joints, and the occurrence probability of such defects in
all cast steel joints was 41.7% .

Fig. 3 displays the possibilities of having the different
types of defects in the simple cast steel joints, complex
cast steel joints, and all 24 specimens. As shown in Fig.
3, the occurrence probability of core support UDs and
surface crack defects in cast steel joints has a great rela-
tionship with the joint shape, and the occurrence proba-
bility of the two defects is great for large complex cast
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steel joints with the intersection area of pipes. By combi-
ning the internal and surface defects of cast steel joints,
the probability of having PDs on simple cast steel joints is
the largest, whereas the probability of having UDs on
complex cast steel joints is the largest. When 24 cast steel
joints were taken as the work sample for statistics, the oc-
currence probability of PDs was 45. 8% , which was high-
er than that of UDs (41.7% ). Therefore, pore defects
are the most common type of defects in cast steel joints.

7 Simple cast steel joint
omplex cast steel joint
All test specimens
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Fig.3 Occurrence possibility of the different types of defects
in testing specimens

3.2 Analysis of the characteristic of cast defects

To intuitively understand the morphological characteris-
tics of various defects, Fig.4 shows the shape and type of
representative detected defects in the cast steel nodes.

Fig.4 Typical detected defects of the test specimens. (a) Lo-
cation of the detected defect of J11; (b) Detected SD of J11; (¢) Loca-
tion of the detected defect of F2; (d) Detected SD of F2; (e) Location
of the detected defect of F11; (f) Detected crack defect of F11

J11 is a simple cast steel joint with a simple shape and
smooth transition. A riser SD was detected from the ultra-
sonic inspection, which was manifested as a concentrated
distribution of multiple macroscopic pores connected with
the atmosphere on the outer surface of the cast steel joint.
F2 is a multi-pipe intersection cast steel joint. Its transi-
tion and chamfer zones between the cast steel node
branch pipe and main pipe (R zone) were subjected to
magnetic particle inspection, and the other areas were ul-
trasonically inspected. Consequently, an SD was detec-
ted in the cast steel joint. F11 is a multi-pipe intersection
cast steel node, and its R zone was subjected to magnet-
ic particle inspection. The other areas were ultrasonically
inspected. Two types of defects, i.e., cracks and UDs,
were detected in this specimen. The intersection area of
the cast steel node tube and tube is prone to cracks main-
ly because the wall thickness is relatively large. The
greater the wall thickness, the later the molten steel so-
lidifies. Moreover, the solid line shrinkage of the mol-
ten steel in the solidification zone will be hindered,
which will eventually lead to the generation of cracks. A
casting crack is a very serious defect; once the crack de-
fect is detected, the defect must be repaired. To reduce
the probability of cracks, castings should be designed to
avoid sudden changes in wall thickness. Process ribs or
chilled iron can be added at locations prone to large
stress and late solidification. The cross-section of a sin-
gle sprue should not be too large and try to use multiple
dispersed sprues, among others. In addition, the detec-
ted unfused core support is made of ordinary carbon
steel, of which the surface is tinned. It is mainly used to
fix sand mold and ensure wall thickness. A core support
UD is formed when the core support cannot be complete-
ly melted in the molten iron. Then, the unfused part of
the core support is equivalent to the partial loss of the
cast steel node, to resulting in a corrosion penetration.
Therefore, the core support is not allowed to have de-
fects in the ISO and ASTM standards, and the steel cast-
ing plant must dig out 100% of these defects to repair
welding.

According to the complete NDT results, the nonfusion
of the core support is very common in complex casting
steel joints, and most cast steel joints need repair weld-
ing. Cracks easily appear at the intersection line of
multi-pipe cross cast steel joints. The distribution of in-
clusions is random, and there is no obvious law to fol-
low with the flow of liquid steel. In addition, as shown
in Tab. 5 and Fig. 4, porosity and inclusion are the main
defects of cast steel joints, which are mainly induced by
the improper setting of the casting system, riser design,
and cold iron. To prevent the defect as much as possi-
ble, the location of the pouring riser, rib plate, and
shape of the cast steel joint should be reasonably de-
signed to maintain a sufficient solidification period for



Statistical analysis of nondestructive testing results of cast steel joints in civil engineering structures 7

steel castings. The current research on the NDT of cast
steel joints is limited, although it has provided the gener-
al rule on the defect distribution of cast steel joints in en-
gineering structures. The NDT technology is not very
accurate in the qualitative and location of defects, which
cannot easily obtain the accurate distribution of defects.
Furthermore, the types and distribution of macroscopic
defects in cast steel joints will be analyzed by the NDT
and cutting test, which laid a foundation for further stud-
y on the influence of defects on the mechanical proper-
ties of cast steel joints.

4 Conclusions

1) The outer surface defects of cast steel joints can be
preliminarily detected by visual inspection. Only two de-
fects, namely,
found on the outer surface of 24 cast steel joints. Wheth-
er it is a simple or complex cast steel joint, the occur-

shrinkage cavity and nonfusion, were

rence probability of SDs on the casting surface is rela-
tively low. The core support ND is a common defect in
complex cast steel joints, which can be observed by vis-
ual inspection and will be removed and repaired before
castings leave factories.

2) The magnetic particle detection method was used to
detect the surface cracks of 13 complex cast steel joints.
Crack defects were found in the intersection area of pipes
and tubes of four cast steel joints, among which three
cast steel joints had more than one crack defect on the
surface. Therefore, the intersection area of the cast steel
node is prone to casting crack defects, and this area is
the blind area of the ultrasonic flaw detection of the cast
steel node, to which should be paid sufficient attention.

3) The occurrence probability of pore defects on sim-
ple cast steel nodes is the largest, and the occurrence
probability of UDs on complex cast steel nodes is the lar-
gest. Taking 24 cast steel nodes as an overall sample,
the occurrence probability of pore defects is 45. 8% .
The occurrence probability of UDs is 41. 7% . There-
fore, pore defects are the most common type of defects
in cast steel joints.
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