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Abstract 

Failure of a suspension clamp made of hot dip galvanized cast iron in 154kV transmission tower was investigated. Metallurgical analysis of a 
crack of the clamp was performed using a digital microscope, an optical microscope, and a scanning electron microscope. It was revealed that 
the crack surface was covered by continuous zinc layer. Distinctive casting skin was found underneath both the outer surface and crack surface. 
The result showed that pre-existing crack had been formed in the fabrication, and liquid metal embrittlement during hot dip galvanization 
may assist crack propagation. 
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I. Introduction 

A suspension clamp is mechanical component in hanging 
fittings of overhead power line. Although it is generally designed 
with high factor of safety, any failure of suspension clamp might lead 
to serious problem in power system [1,2]. 

Cast iron is one of the most widely used materials on 
mechanical fittings in the electrical industry. Its cost effectiveness on 
mechanical properties is well known especially for complex-shaped 
fabrication. Cast iron features a good combination of tensile 
strength, impact resistance and damping capacity. For enhanced 
environmental resistance, hot dip galvanizing is the most frequently 
used in the industry, which covers the surface of the metal with 
protective material. 

In manufacturing process of cast iron, casting skin is generated 
by metal-mold interaction, which indicates decarburized layer of 
cast iron in the sub-surface of casting. The microstructure 
underneath casting surface is different compared to the bulk 
regarding amount of graphite, graphite morphology and matrix 
structure [3]. Oxidation in the interface with mold can be followed 
by decarburization in the casting or hot dip galvanizing process [4-
6]. The casting process of white-heart malleable cast iron 
distinctively comprises decarburization and carburization process 
performed in oxidizing atmosphere [7]. 

Hot dip galvanizing is an efficient way to protect the base metal in 
the corrosive environment [8-10]. Hot dip galvanizing comprises 
several chemical processes such as degreasing, pickling, and fluxing 
prior to galvanizing [11]. Occasionally, cracking occurs in the process of 
hot dip galvanizing such as distortion cracking, hydrogen 
embrittlement, strain-age embrittlement, and liquid metal 
embrittlement [12, 13]. Those cracking is usually covered by the zinc 
coating and not detected until operating stress applied in service [13]. 

 
 
In this paper, the crack in a hot dip galvanized suspension 

clamp made of cast iron was investigated. The cracking was 
discovered in the inspection after 40-year service. Root causes of the 
cracking of the clamp were analyzed by metallurgical analysis. Sub-
surface microstructure beneath the crack surface was 
metallurgically investigated relating with fabrication issues. Simple 
preventive action was suggested for the manufacturers. 

 
 

II.  EXPERIMENTAL 

Visual observation on the crack was performed with digital 
camera. Chemical analysis of base material was obtained using an 
optical emission spectrometer. Fracture surface was observed with 
a digital microscope. Its cross-section was metallurgically examined 
using a digital microscope, an optical microscope, and a scanning 
electron microscope. Chemical elements composed of cracked 
region by elements was obtained by electron dispersive 
spectrometer. 

 
 

III.  result and discussion 

A. Visual observation 

Fig. 1 shows fractured suspension clamp. About 50mm 
transverse crack was found in a shoulder where a U-bolt clamp being 
inserted into nearby as shown in Fig. 1(d). The product was corroded 
to some extent overall. 

https://en.wikipedia.org/wiki/December
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B. Chemical analysis 

Chemical composition of material used for suspension clamp 
was obtained by optical emission spectrometer. The location 
examined is shown in Fig. 1(b) which is indicated by the blue lines. 
The product was made of cast iron and its composition by elements 
in comparison with typical malleable and compacted graphite cast 
iron [14] are listed in Table. 1. 

 
C. Fractography 

Fracture surface was entirely covered with oxides as shown in 
Fig. 2, so that the traces of crack propagation were not sensible. For 
assessing metallurgical characteristics of the fracture surface 
beneath the oxides layer, cross-section of a black rectangular ‘A’ in 
Fig. 2 was sectioned. The analysis will be addressed in the following 
section. 
 
D. Metallurgical Analysis 

Cross-section of fracture surface ‘A’ in Fig. 2 was observed by 
microscope as shown in Fig. 3. Note that the fracture surface was 
covered with continuous white colored layer under black layer 
indicated by the red arrow in Fig 3(a). The chemical compositions of 
the white and the black layer using EDS are listed respectively in 
Table. 2 and 3. It was revealed that the white layer consists mostly of 
zinc while the black layer zinc and oxygen. In morphology, the 
columnar layer in white below the black seems zinc-iron 
intermetallic compounds comprising zeta (ζ) phase which features 
numerous tiny crystals [8, 12, 15] in Fig. 3(b) and 4. 

Furthermore, the distinctively decarburized zone near the 
surface was noticeable in Fig. 3(a). In Fig. 3(b), The covering layers 
on the fracture surface and microstructure beneath the layer were 
more visible in detail. The microstructure of the sub-surface consists 
of ferritic rim, pearlitic layer and depleted graphite. These features 

 
 
Fig. 2. Fracture surface obtained by digital microscope 
 
 
 

 
 
Fig. 3. Digital micrograph of cross-section of fracture surface etched by 4% 

nital solution (a) low magnification (b) Higher magnification of the 
region indicated by red arrow in Fig. 2(a) 

 
 
 

TABLE 2 
Chemical composition of ‘Zinc Layer’ in Fig. 3(b) 

Element Composition (w.t%) 
O 3.51 
Fe 7.81 
Zn 88.69 

 
TABLE 3 

Chemical composition of ‘Oxides’ in Fig. 3(b) 
Element Composition (w.t%) 

O 33.29 
Al 1.23 
Cl 0.41 
Fe 2.38 
Zn 62.69 

 
 
 

 
 
Fig. 1. A cracked suspension clamp (a) Front view (b) Top view (c) Inner 

view of a shoulder (d) Outer view of a shoulder 
 
 
 
 

TABLE 1 
Chemical composition of the suspension clamp obtained by an optical 

emission spectrometer 
Element C Si Mn P S Ni Mg Cu Fe 

The 
clamp 

3.78 1.06 0.60 0.007 0.11 0.03 0.004 0.12 Bal. 

Malleable 
cast iron 

[14] 

2.2-
2.9 

0.9-
1.9 

0.15
-1.2 

0.02
-0.2 

0.02
-0.2 

- - - Bal. 

Compacted 
graphite 
cast iron 

[14] 

2.5-
4.0 

1.0-
3.0 

0.2-
1.0 

0.01
-0.1 

0.01
-

0.03 
- - - Bal. 
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are clearly distinctive in comparison with microstructure of the base 
metal. All the features can be formed through decarburization of the 
inner matrix microstructure, which are composed of casting skin in 
the casting. The casting skin exist beneath not only outer surface but 
also fracture surface. Fig. 4 shows the microstructure of the surface 
and sub-surface of the crack more in detail. 

Fig. 5 shows the distribution of the chemical elements in the 
vicinity of the crack surface. The iron abundant area must be base 
metal. Carbon was detected partially in the inner region where 
graphite exists in Fig 4 while sulfur was distributed in condense 
manner. Above the iron region, there is a continuously distributed 
zinc and sodium layer which is probably a hot dip galvanized coating 
layer. The outer layer is composed of environmentally abundant 
mixtures such as aluminum, silicon, and oxygen. 
 
E. Discussion 

It is known that casting skin such as ferritic rim, graphite 
depletion is generated in the casting process by metal-mold 
interaction due to oxidation [3]. The casting skin appearing on the 
subsurface beneath the crack clarify that the crack occurred during 
casting process. Furthermore, the uniformly distributed zinc layer 
on the fracture strengthens our hypothesis that the initial crack had 
existed before hot dip galvanizing. 

More interestingly, intergranular cracks filled with zinc were 
found as shown in Fig. 6 and 7. Filled zinc in the in Ztergranular 
crack tells us that crack was generated after casting process, and 
before/during hot dip galvanizing. These intergranular cracks can 
occur by hydrogen embrittlement, liquid metal embrittlement [16, 
17], or temper embrittlement [16, 18, 19]. Hydrogen embrittlement 
is related to acid pickling and fluxing with ZnCl2 and NH4Cl. However, 
it only happens in high strength steel and iron. When surface crack 
is related to galvanizing, liquid metal embrittlement (LME) is 
important degradation factor [17]. LME often features the crack 
filled with zinc layer. The pre-requisite for the LME cracking includes 
material susceptibility, stress concentration factor, high level of 
residual stress, and the presence of molten metal such as zinc in this 
case [1, 7]. High roughness generated by sand casting followed by 
fluxing in galvanizing can contribute to liquid metal embrittlement 
as high stress concentration factor [8, 17]. High stress concentration 
factor due to micro-crack by metal-mold interaction or pre-existing 
crack boosts LME significantly. However, LME mostly occurs with 
high tensile strength steel and iron [12, 21, 22]. Relating to LME in 
mild strength material, it happened when the significant residual 
stress had existed [23]. LME is principally only crack propagation 
phenomenon [16, 24]. For complex shaped structure, stress due to 
differential thermal expansion during hot dip galvanizing can be the 
driving force to the LME [21]. In mild strength material, an 

 
 
Fig. 6. Scanning electron image of cross section of the fracture surface near 

outer surface which reveals multiple intergranular cracks 
 
 
 

 
 
Fig. 7.  Elemental mapping of the cross-section of the crack surface in the 

vicinity of the outer surface at which zinc was penetrated in the 
intergranular cracks.  

 
 
 

 
 
Fig. 4. Microstructure of cross-section of the fracture surface obtained by 

optical microscope which shows covered with zinc compound layer 
and oxides. 

 
 
 

 
 
Fig. 5.  Elemental mapping of the cross-section of the crack surface which 

shows thick zinc coated layers on the S curve shaped iron surface 
and graphite depletion zone beneath the zinc coated layer.  

 
 
 



Jaehong Lee, et al., Metallurgical Failure Analysis on a Suspension Clamp in 154kV Electric Power Transmission Tower 

240 

intergranular crack was not driven by LME but by other 
embrittlement such as temper embrittlement [21]. Hot dip 
galvanizing temperature which is about 450°C corresponds to the 
typical range of temper embrittlement [18-20]. Especially for cast 
iron, high silicon and sulfur which usually manipulated in casting as 
carbon manipulator can influence temper embrittlement in severity 
[20]. It had not been reported that liquid metal cracking in hot dip 
galvanizing made the sub-surface beneath the crack decarburized. In 
the contrast to this, the cracking with filled zinc have been reported 
many times which is attributed to pre-existing crack irrespectively 
of the LME [12, 21, 25]. Subsequently, the importance of LME 
mechanism in this case is limited because it was not the root cause 
to main crack initiation. Nonetheless it might influence not only 
secondary crack propagation in Fig. 6 but also propagation of pre-
existing crack. For remedial action of the root cause of failure, casting 
defects such as hot tear, cold shut should be prohibited by casting 
simulation which can perform residual stress analysis [27], and 
optimize the design of gate, feeding, and mold [26]. Furthermore, 
every pre-existing crack would be filled with molten material after 
hot dip galvanizing. Afterwards non-destructive testing would not be 
effective for the crack except several expensive methods for instance, 
X-ray inspection. Consequently, it is important that the foundry 
manufacturer inspect the casting defect prior to galvanizing and 
prevent from damaging in the galvanizing process through reliable 
quality control process in the procedures. Roughness enhancement 
through elimination as-cast skin by machining [28] or mold coating 
improvement [29] would be beneficial in lowering stress 
concentration for liquid metal embrittlement. Temper 
embrittlement during hot dip galvanizing can be alleviates by some 
heat treatment. Low cooling rate during hot dip galvanizing and pre-
treatment before galvanizing which heated the product up to about 
650°C and quenching prevent embrittlement [18-20]. 

 
 

REFERENCES 

[1] Dz upon, Miroslav, et al. "Failure analysis of overhead power line yoke 
connector." Engineering Failure Analysis, vol. 33, pp.66-74, Oct., 2013. 

[2] Zhu, Bin, Zhoujie Zhu, Yongmin Jin, Kai Wang, Yilin Wang, and Yisheng 
Zhang. "Multilayered-Sheet Hot Stamping and Application in Electric-
Power-Fitting Products," Metals, vol. 9, no. 2, pp.215, Feb., 2019. 

[3] Boonmee, Sarum, “Ductile and Compacted Graphite Iron Casting Skin-
Evaluation, Effect on Fatigue Strength and Elimination,” Ph.D. 
dissertation, Materials Science and Engineering, The Ohio State 
University, Columbus, OH, USA, 2013. 

[4] Roy Elliott, “An introduction to cast irons,” in “Cast iron technology,”, 
Butterworth-Heinemann, 1st ed., London, UK, 1988. 

[5] Stefanescu, D., et al., "Quantification of casting skin in ductile and 
compacted graphite irons and its effect on tensile properties," 
International Journal of Metalcasting, vol. 2, no. 4, pp. 7-28, Oct., 2008, 
https://doi.org/10.1007/BF03355433 

[6] Bramfitt, Bruce L., and Arlan O. Benscoter, “Alteration of 
Microstructure” in “Metallographer's guide: practice and procedures 
for irons and steels,” ASM International, 2001. 

[7] Bravo, P. M., M. Preciado, and J. M. Alegre, "Failure analysis of 
galvanized iron pipeline accessories of a fire protection system," 
Engineering Failure Analysis, vol. 16, no. 2, pp.669-674, 2009 

[8] I. C. Okafor et al., "Effect of Zinc Galvanization on the Microstructure 
and Fracture Behavior of Low and Medium Carbon Structural Steels," 
Engineering, vol. 5, no. 8, pp. 656-666, Aug., 2013. 

[9] Feldmann, Markus, et al. "New rules in DASt-Richtlinie 022 for 
avoiding liquid metal assisted cracking (LMAC) of prefabricated 
structural steel components during hot-dip galvanizing," Steel 
Construction: Design and Research vol. 2, no. 2, pp.119-130, 2009. 

[10] James, M. N, "Residual stress influences on structural reliability," 
Engineering Failure Analysis vol. 18, no. 8 pp.1909-1920, 2011. 

[11] Wetzel D. Batch hot dip galvanized coatings. ASM handbook. Surface 
engineering, vol. 5. ASM International; 1994. p. 360–71. 

[12] James, M. Neil, "Designing against LMAC in galvanised steel 
structures," Engineering Failure Analysis, vol. 16, no. 4, pp. 1051-1061, 
2009. 

[13] Carpio, J., et al., "Stress corrosion cracking of structural steels 
immersed in hot-dip galvanizing baths," Engineering Failure Analysis, 
vol. 17, no.1, pp.19-27, 2010. 

[14] Radzikowska, Janina M., “Guide to Engineered Materials”, Adv. Mater. 
Process., vol. 159, no. 12, pp. 46, Dec., 2001. 

[15] Marder, A. R, "The metallurgy of zinc-coated steel," Progress in 
materials science, vol. 45, no. 3, pp. 191-271, 2000. 

[16] Sun, Min, and Zhengyuan Ma, "Effects of heat-treatment and hot-dip 
galvanizing on mechanical properties of RHS," Journal of 
Constructional Steel Research, vol. 153, pp.603-617, 2019. 

[17] Ling, Zhanxiang, Min Wang, and Liang Kong. "Liquid metal 
embrittlement of galvanized steels during industrial processing: A 
review," Transactions on Intelligent Welding Manufacturing, Springer, 
Singapore, 2018. 25-42. 

[18] Marshall, Leslie H. Embrittlement of malleable cast iron resulting from 
heat treatment, US Government Printing Office, no. 245, 1923. 

[19] 奥本武臣, and 近藤賢治, "黒心可鍛鋳鉄の衝撃特性に対する熱処理時間

および冷却方法の影響," 日本金属学会誌, vol. 26, no. 3, pp.204-209, 

1962. (abstract only) 

[20] 奥本武臣, and 近藤賢治. "黒心可鍛鋳鉄の衝撃特性におよぼす珪素の影

響." 日本金属学会誌 26.3 (1962): 195-199. (abstract only) 

[21] DiGiovanni, Christopher, et al. "Cracking in welded steel platform 
structures during hot-dip galvanization," Engineering Failure Analysis, 
vol. 79, pp. 1031-1042, 2017. 

[22] Gagne, M., and K. I. Heyrynen. "Environmental Embrittlement of 
Ductile Iron," 1989. 

[23] Clegg, R. E., and D. R. H. Jones, "Liquid metal embrittlement in failure 
analysis." Soviet materials science: a transl. of Fiziko-khimicheskaya 
mekhanika materialov/Academy of Sciences of the Ukrainian SSR, vol. 
27, no. 5, pp.453-459, 1992. 

[24] Mraz, L., and J. Lesay. "Problems with reliability and safety of hot dip 
galvanized steel structures." Soldagem & inspecao 14.2 (2009): 184-
190. 

[25] Leighfield, C., and M. N. James, "The conclusion from one million 
tonnes of experience in galvanizing steel–LMAC is not a primary 
instigator of cracking," Engineering Failure Analysis, vol. 106, 2019 

[26] Xiao, L., et al. "Reducing “cold shut” defects in the “H” process aided by 
computer simulation," International Journal of Cast Metals Research, 
vol. 11, no. 2, pp.71-81, 1998. 

[27] Motoyama, Yuichi, et al. "Verification of the simulated residual stress in 
the cross section of gray cast iron stress lattice shape casting via 
thermal stress analysis," Metallurgical and Materials Transactions A, 
vol. 45, no. 4, pp.2315-2325, 2014. 

[28] Kopycin ski, D., E. Guzik, and A. Szczęsny. "The effect of the number of 
eutectic grains on coating growth during hot dip galvanising of ductile 
iron castings," Archives of Foundry Engineering, vol. 14, 2014. 

[29] Torrance, J. W., and D. M. Stefanescu, "Investigation on the effect of 
surface roughness on the static mechanical properties of thin-wall 
ductile iron castings," AFS Transactions, vol. 112, pp. 757-772, Feb., 
2004. 

 

https://doi.org/10.1007/BF03355433



