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1. Abstract 

Since the 1900s, steel penstocks have been used as the 
main equipment of hydropower stations, and their materials 
have been improved to have higher strengths and thicker 
walls in tandem with the increase in the power generation 
capacity in successive years. In the 2000s, high tensile 
strength steels of 950MPa class (or HT950 class steel) have 
come to be employed prior to the adoption in other welding 
applications. This paper introduces the welding consumables 
for HT950 class steels. 

2. Introduction 

  A steel penstock is the main equipment for hydropower 
generation and is a typical steel structure of high tensile 
strength steel. In Japan, welding was adopted for the first 
time for the construction of the steel penstocks of Chubu 
Electric Power's Nakabusa Power Station and Tohoku 
Electric Power's Torisaka Power Station in 1925-1926. 
Afterwards, with the increase in the power generation 
capacity, high tensile strength steels of 780MPa class (or 
HT780 class steel) were adopted for the construction of 
Kyushu Electric Power's Ohira Power Station in the 
mid-1970s [1]. Later, as the power generation equipment was 
scaled up, high-efficient welding construction methods that 
enabled man-hour savings were examined to meet the 
requirements for increasing the water head, diameter, and 
wall thickness of penstocks; meanwhile higher-strength steels 
for penstocks were desired to be developed [2]-[5]. To meet 
such requirements, manufacturers of steels and welding 
consumables researched to develop 950MPa-class high 
tensile strength steels and suitable welding consumables in 
the 1980s-1990s [6]-[18].  

In response to the materials development, a standard of 
"Technical Guide for Applications of 950N/mm2 Class High 
Tensile Strength Steels (HT100) in Penstocks" (JESC H0001) 
was enacted by the Japan Hydraulic Gate and Penstock 
Association in November 2000; and, HT950 class steels were 
used for the penstock of Tokyo Electric Power's Kannagawa 
Power Station for the first time in autumn of 2001 [19]-[20]. 

This hydropower station is a large-scaled pumped storage 
hydropower plant with an available head of 653 m and is the 
first power station using HT950 class steels in Japan. 

3. Required properties of welding consumables  

The Technical Guide JESC H0001 specifies the following 
requirements in principle to prevent fracture of a steel 
penstock at a minimum service temperature of 0°C.   

(1) A base metal shall arrest propagation of a brittle crack.  
(2) Welds (weld metal and base metal heat-affected zone) 

shall not initiate a brittle fracture.  
Since it is difficult for a weld to secure toughness equivalent 
to the base metal, this standard aims primarily to arrest with 
the base metal an unexpected brittle crack initiated in a weld 
at 0°C.  

The mechanical properties required by the standard for 
welds are shown in Table 1. The tensile strength shown in 
Table 1 is the minimum tensile strength (test method: JIS Z 
3121:1993) required for butt weld joints. The Charpy impact 
properties are specified with fracture appearance transition 
temperature and absorbed energy that were computed as per 
the G grade of WES 3003:1973. 
 
TABLE 1: REQUIRED PROPERTIES OF WELDED JOINT 

Thickness t (mm) t≦100 100<t≦200
Tensile strength

(MPa) ≧950 ≧930

vTrs　(℃) ≦-10 ≦-15
-10℃ -15℃

≧47JvETemp (J)
 

 
As regards the welding conditions, standard preheat 

temperature, interpass temperature, and welding heat input 
are specified. The preheat and interpass temperatures for 
preventing weld cracking are specified for a plate thickness 
of 50 mm max. and of over 50 mm, respectively, as shown in 
Table 2. Since the amount of diffusible hydrogen changes 
depending on the water content of welding consumables and 
the welding process, it is specified for every welding process.  
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TABLE 2: PREHEATING AND INTERPASS 
TEMPERATURES 

Thickness t Preheating temp. Interpass temp.
(mm) (℃) (℃)
t≦50 ≧100 100～230

50<t≦200 ≧125 125～230
t≦50 ≧100 100～230

50<t≦200 ≧125 125～230
GMAW t≦50 ≧80 80～230
GTAW 50<t≦200 ≧100 100～230

SAW

SMAW

Welding
process

 
 
With respect to cracking test method, both the y-groove weld 
cracking test (JIS Z 3158) and the U-groove weld cracking 
test (JIS Z 3157) are specified for SMAW, GMAW and 
GTAW, and the multilayer-weld cracking test is specified for 
SAW. Also, the postheating (150°C x 2h or more) to remove 
diffusible hydrogen is recommended. The maximum welding 
heat input is specified as 5.0 kJ/mm max., and the average 
welding heat input is specified as 4.5 kJ/mm max. in 
consideration of the strength and toughness of welds. In 
addition, the welding consumables for HT950 class steels are 
required to possess almost the same weldability and usability 
as required for those for HT780 class steels. 

4. Targeted properties and  
developed welding consumables   

In the 1990s, elasto-plastic fracture mechanics was applied 
from the standpoint of securing the safety of steel structures, 
and a minimum CTOD (crack tip opening displacement) 
value of 0.1 mm was given as an index to evaluate the 
toughness of welds. The targeted properties shown in Table 
3 were set based on this index for developing the welding 
consumables. The target values of Charpy absorbed energy 
and fracture appearance transition temperature were defined 
in the light of references such as WES 2805. In order to 
acquire consistently the target value in the CTOD test, the 
stable fracture mode (δm) was taken as the index.  
 

TABLE 3: TARGETED PROPERTIES 

Weldability

TS
(MPa)

vE0℃

(J)
vTrs
(℃)

CTOD
(mm, 0℃)

Safe preheating
temperature

without cracks (℃)

≧950 ≧100 ≦-45 ≧0.1 ≦100

Mechanical properties of welded joint

 
 

The welding consumables developed are those four kinds: 
SAW flux/wire for pipe seam welding, SMAW covered 
electrode, and GMAW solid wire and GTAW filler wire for 
pipe girth welding. In the development of welding 
consumables, fracture toughness and cold crack resistance 
were taken as the main subjects because they were likely to 

become problems in the welding of high tensile strength 
steel structures. 

5. Procedures of development 

5.1 Improvement of toughness 

Generally, as the strength of ferritic metals increases, the 
plastic deformability decreases, and thus the toughness is 
likely to reduce; and weld metals in particular, unlike steels, 
contain generally a high amount of oxygen (reaching 
300-1000 ppm) because gas elements (such as oxygen and 
nitrogen) in the air and shielding gas enter a weld metal 
during welding. For this reason the weld metal, as compared 
with steel, is characterized by coarser crystal grain and lower 
ductile crack resistance caused by higher transformation 
temperature, thereby causing lower toughness. These 
characteristics are more remarkable for the martensite and 
bainite structures which are major microstructures of the 
weld metal having a tensile strength of more than 610MPa. 
As shown in Fig. 1, the following measures are important to 
improve the toughness of weld metals.  

- Refine microstructure by reducing oxygen content.  
- Improve ductile crack resistance by reducing oxygen 

content.  
- Make the matrix of microstructure tough by adding nickel.  
- Change a lath-like bainite structure to an acicular ferrite 

structure.  
 

Improvement of
fracture toughness

Strengthening of
matrix with Ni

Acicular ferritic
microstructure

Refining
microstructure

Improvement of ductile
fracture property

Ultra-low oxygen
technique

 
 
FIGURE 1: METHODS OF IMPROVING FRACTURE 

TOUGHNESS OF HT950 WELD METAL 
 

Of these measures, how to reduce oxygen content was the 
greatest theme. A decrease in oxygen content can reduce 
transformation temperature to refine microstructure and 
increase the true strain, thereby improving ductile fracture 
energy.  

How to reduce oxygen content necessarily differs for every 
welding process; however, promotion of the deoxidation 
reaction in a molten metal is fundamentally effective. As to 
the SMAW covered electrode and the SAW flux, it was 
examined to add the deoxidizing elements and to increase 
basicity. However, since these measures are likely to degrade 

Conference on High Strength Steels for Hydropower Plants - Takasaki

7 - 2



the welding usability, additional measures had to be 
employed to maintain the welding usability. With respect to 
the GMAW solid wire, Ar+5～10%CO2 was used for the 
shielding gas in order to minimize the oxygen source in the 
arc atmosphere, and it was examined to add the deoxidizing 
elements in the wire. These studies clarified that the oxygen 
content of weld metal could be reduced to about 150-200 
ppm with the acceptable welding usability and productivity 
of the welding consumables. This oxygen content level can 
be regarded as a revolutionary, low level compared with 
conventional welding consumables. Figure 2 shows the 
Charpy impact test results (test method: JIS Z 2242) of 
SMAW covered electrodes, which represents the typical 
effect of reducing oxygen content on the toughness 
improvement for the weld metal. In order to evaluate ductile 
crack resistance, the JIC test (ASTM E1820-1999) was carried 
out. The JIC test results of SMAW covered electrodes and  
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FIGURE 2: EFFECT OF REDUCING OXYGEN 

CONTENT IN SMAW WELD METALS ON 
ABSORBED ENERGY 
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FIGURE 3: EFFECT OF REDUCING OXYGEN 

CONTENT IN WELD METALS ON 
FRACTURE TOUGHNESS OF JIC VALUE 

 

SAW consumables are shown in Fig. 3. The J value in stable 
fracture is increased by reducing oxygen content.  
  The alloying with Ni can be considered to suppress the rise 
of yield stress at low temperatures to make the microstructure 
matrix tougher; hence, the proper amount of Ni in the weld 
metal was judged effective to improve the toughness [21].  

Because high toughness could not be expected for the weld 
metal that consists of lath-like bainite structure, it was 
considered indispensable to create an acicular ferrite 
microstructure (or bainite with nucleation sites in crystalline 
grains) to obtain high toughness for the said strength level 
weld metal. In order to obtain an acicular ferrite 
microstructure, it was thought necessary to provide 
nucleation sites suitable for the cooling rate of weld metal for 
each welding process [22][23]. The microstructures of weld 
metals by SMAW are shown in Fig. 4. In comparison with 
the conventional electrode weld metal that contains 300 ppm 
oxygen, the developed electrode weld metal containing 180 
ppm oxygen features the more refined microstructure due to 
the lower oxygen content. In addition, the typical thin-film 
electron microscopy is shown in Fig. 5, in which the acicular 
ferrite created with the nucleus of Ti-bearing oxide or TiN is 
exhibited.  
 

[Ｏ]=300ppm

[Ｏ]=180ppm  
 
FIGURE 4: MICROSTRUCTURES OF SMAW WELD 

METALS CONTAINING 300- AND 180-PPM 
OXYGEN 
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1μm

 
FIGURE 5: TEM MICROGRAPH OF SMAW WELD 

METAL 
 

The improved toughness of weld metal was obtained by 
the three main measures discussed above. As to GTAW filler 
wires, they are inherently feature a low oxygen content of 50 
ppm or less, the research was focused on the improvement of 
the cold crack resistance. 

5.2 Improvement of cold crack resistance 

 As the strength of weld metal increases, the weld metal 
becomes more susceptible to hydrogen embrittlement so that 
a small amount of hydrogen diffused in the weld metal and 
the heat-affected zone of the base metal tends to cause cold 
cracking. For preventing this type of cracking, it is effective 
to control the strength of weld metal within a permissible 
range and to minimize hydrogen sources, as observed in Fig. 
6 [24]. In order to ensure the weldability or the 
preheat/interpass temperature control comparable to that for 
the abovementioned HT780 steel, hydrogen source had to be 
reduced to a lower level.  

The main hydrogen sources are moisture entered from the 
air during welding and that contained in a welding 
consumable (the others include moisture on the base metal 
surface). As to the SMAW covered electrode and the SAW 
flux, the moisture content of the covering and flux was 
decreased, and the hydrogen partial pressure in the arc 
atmosphere was reduced by adjusting the flux ingredients. 
For the SMAW electrode covering, the raw materials with 
lower water content were used and the baking temperature for 
the electrode was raised; for the SAW flux, the content of 
CO2-generating raw materials such as carbonates and the 
content of F-generating raw materials such as fluorides were 
optimized. In addition, the inherent moisture absorption 
nature of these welding consumables was improved by 
optimizing the binder and other raw materials. As regards the 
GMAW solid wire and the GTAW filler wire, the lubricant 
coated on the wire surface was examined. In these studies, 
the welding usability of the welding consumables was also 

optimized to ensure the requisite of traditional weldability. 
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FIGURE 6: RELATIONSHIP BETWEEN TENSILE 

STRENGTH, DIFFUSIBLE HYDROGEN 
AND MINIMUM PREHEAT/INTERPASS 
TEMPERATURE FOR HIGH TENSILE 
STRENGTH WELD METALS 

 
 

6. Various characteristics of  
developed welding consumables  

The typical chemical compositions of the weld metals 
made by the developed welding consumables are shown in 
Table 4. The welding consumables developed in 
consideration of higher toughness have the weld metal design 
of the nominal compositional system of 
C-Si-Mn-2.5~3.5%Ni-(Cr)-Mo and the oxygen content of 
200 ppm or less. Moreover, the developed SMAW covered 
electrode and SAW flux are of ultra-low hydrogen type; the 
SAW flux is a bonded type to ensure the hydrogen content of 
ultra-low level. 

6.1 Weld joint properties  

Table 5 shows the typical weld joint properties of the 
developed welding consumables tested on HT950 steel with a 
thickness of 50 mm. Although the SMAW covered electrode 
and the SAW flux/wire have designs with slightly 
undermatching tensile strength in consideration of better cold 
crack resistance, the tensile strength of the weld joints 
satisfies 950MPa. The Charpy absorbed energy and fracture 
appearance transition temperature of the weld joints satisfy 
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the target values sufficiently. The CTOD test results of the 
weld joints conducted with side-notch specimens having the 
notch in the middle of the weld metal have satisfied the target 
value in the stable fracture mode (δm). 
 
TABLE 4: CHEMICAL COMPOSITIONS OF WELD 

METALS BY EACH WELDING PROCESS 

C Si Mn P S Ni Cr Mo O
SMAW 0.05 0.39 1.35 0.004 0.003 3.37 0.58 0.46 0.016
SAW 0.09 0.53 1.79 0.011 0.002 2.60 0.07 0.75 0.019

GMAW 0.06 0.34 1.34 0.005 0.003 2.60 0.46 0.75 0.016
GTAW 0.06 0.30 1.43 0.004 0.006 3.18 0.81 0.96 0.001

Welding
process

Chemical composition  (mass %)

 
 
 
TABLE 5: MECHANICAL PROPERTIES OF WELDED 

JOINTS BY EACH WELDING PROCESS 

MPa Location of
fracture -60℃ -40℃ -20℃

Flat 2.5 965 *1 Weld metal 85 112 137 ＜-60
0.26(δm)
0.27(δm)

Vertical 3.5 960 *1 Weld metal 72 104 138 ＜-60
0.22(δm)
0.23(δm)

3.3 959*1 Weld metal 105 113 120 ＜-60
0.26(δm)
0.25(δm)

4.5 962*1 Weld metal 100 136 152 ＜-60
0.27(δm)
0.26(δm)

GMAW Flat 1.3 1019*2 --- 82 96 111 ＜-60
0.17(δm)
0.18(δm)

GTAW Flat 5.0 1002*2 --- 208 212 224 ＜-60
0.66(δm)
0.64(δm)

1) Tensile test: *1:Welded joint (JIS Z3121 No.1 Specimen)
                      *2:Weld metal (JIS Z3111 A1 Specimen), Location 1/4t
2) Charpy impact test: JIS Z3111 V-Notch specimen, Location 1/4t
3) CTOD test: WES 1108-1995, Specimen size:B=W=50mm

SMAW

SAW Flat

Welding
process

Welding
position

CTOD
(at 0℃)

mm

Heat
input

kJ/mm

Absorbed energy
J vTrs

℃

TS of butt
 welded joint

 
 
 

6.2 Cold crack resistance  

  The cold crack resistance of multilayer weld of the 
developed welding consumables was confirmed by the 
window frame restraint weld cracking test with HT950 steel. 
This cracking test has widely been used for confirming the 
cold crack resistance of root-pass weld and multilayer weld 
because the intensity of restraint of the weld joint is 
sufficiently high. In the case of a multilayer weld of high 
strength steel, the piling up of diffusible hydrogen takes place 
in the weld due to the entry of hydrogen in every pass, which 
causes the higher tendency of cold cracking as compared with 
the one root pass. The results of 40-mm thick multilayer weld 
cracking test using the base metal with a plate thickness of 50 
mm are shown in Table 6.  

With the GMAW solid wire and the GTAW filler wire, the 
cold crack resistance is considerably good with a crack arrest 
temperature of 50°C or lower. With the SMAW covered 

electrode and the SAW flux/wire, the crack arrest 
temperatures are 100°C or lower with immediate postheating. 
Any of the welding consumables have satisfied the target 
performance and revealed that the welding procedure 
comparable to that for the conventional HT780 welding 
consumables may be applied. 
 
TABLE 6: PREHEAT & INTERPASS TEMPERATURES 

NEEDED FOR PREVENTING COLD 
CRACKING OF MULTILAYER WELDS BY 
EACH WELDING PROCESS IN WINDOW 
FRAME RESTRAINT WELD CRACKING TEST  

50 75 75※ 100 100※ 125 150

SMAW - - × × ○ ○ ○

SAW - - ○ × ○ × ○

GMAW ○ ○ - ○ - - -

GTAW ○ ○ - - - - -

   ○：No cracking、  ×：Cracking

   ※：With postheating(150℃×2hrs)

Welding
 process

Preheating and interpass temp.  (℃)

 
 

7.Conclusions 

The welding consumables for HT950 steel have been 
developed focusing mainly on the improvement of notch 
toughness and cold crack resistance, and the contents have 
been detailed in this paper. These welding consumables have 
already been used for the construction of steel penstocks of 
two hydropower stations and are highly evaluated. It is 
expected that HT950 steel will become the main steel for 
penstocks for the future, and the developed welding 
consumables introduced here will contribute to technical 
establishment in this industry.  

For further improvement in the welding efficiency, lower 
preheat temperature and higher heat input are cited as future 
challenges. In order to meet the challenges, revolutionary 
technology will be required to reduce diffusible hydrogen and 
improve notch toughness. 
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