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Abstract - There is an increasing interest in understanding the processing and properties of Cr-Mo alloy steels. Of these 
steels, the modified 9Cr-1Mo steel known as T91/P91 has a wide range of industrial application. During welding this grade 
undergoes change in microstructure, increase in hardness and decrease in impact toughness. The present study is concerned 
with the comparative study of the effect of post weld heat treatment (temperature and soaking time) on the mechanical 
property of hot wire GTA welded SA213 T91 alloy steel tubes. The results of hardness and impact strength measurements 
suggest that post weld heat treatment of 2h at 760°C is optimum to re-establish the strength of T91 steel after welding.    
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I. INTRODUCTION 
 
In the 1970s, Oak ridge national laboratory developed 
a new alloy system, commonly referred to as 9Cr-
1Mo-V that provides excellent high temperature 
properties [1]. Since P/T-91 was modified with 
vanadium, nickel, aluminium, niobium and nitrogen, 
it developed very high hardness [2]. Most T91 tubes 
for power plant application are supplied in the 
normalized and tempered condition because this heat 
treatment develops the required service properties [3]. 
Welding is an important means of fabrication of this 
material for power plant application. During welding 
it undergoes change in microstructure and the high 
alloy content provides very high hardenability. This 
means that martensite will form readily in the weld 
and HAZ even upon slow cooling [4]. The excellent 
high temperature properties require the creation and 
maintenance of a tempered martensite structure, 
which provides high tensile strength and high creep 
resistance at elevated temperatures. Failure to obtain 
this precise microstructure after welding will 
drastically degrade the alloy’s high temperature 
properties. The fact that this degradation in high 
temperature properties is not always detectable with 
standard QA tests, makes the matter worse [5].This 
necessitates the use of proper post weld heat 
treatment (PWHT) after welding to ensure that all 
required properties are restored in the component. 
For, P/T-91 base material, the lower critical 
temperature (AC1) depends on composition. 
However weld metal may have an AC1 temperature 
ranging from 780°C to 800°C for (Mn+Ni) 
composition between 1 to 1.5 wt. % [6]. According to 

ASME Section VIII, the minimum holding 
temperature during PWHT of P/T-91 weld is 730°C 
with a minimum holding time of 1hr/inch thickness. 
If the PWHT is conducted at an appropriate 
temperature and time, the welded joint exhibits 
favourable mechanical properties. However, if the 
PWHT temperature is too low, the weld metal 
exhibits inadequate toughness due to insufficient 
tempering effect. On the contrary, if the PWHT 
temperature is too high, the tensile strength at 
ambient and elevated temperatures becomes 
insufficient due to over tempering [7].The objective 
of this investigation is to study the effect of different 
PWHT on impact toughness, hardness value and 
microstructure of the welded joints. 
 
II. EXPERIMENTAL WORK 
 
The base material was taken from a seamless tube of 
ASTM A213 T91 steel received in normalized and 
tempered condition, with the outer diameter of 63.5 
mm and wall thickness 12 mm. The chemical 
compositions of T91 tube was evaluated by optical 
emission spectroscopy and given in Table 1. AWS 
ER90S-B9 filler wire of diameter 0.8 mm was 
selected for welding trials. The chemical composition 
of filler wire was evaluated by optical emission 
spectroscopy and is listed in Table 2. For joint 
preparation, the T91 alloy steel tube was cut using 
circular saw machine to make samples of length 
140mm each. The joints to be welded were machined 
as per the schematic diagram shown in figure 1(a) 
and a typical view of edge prepared tubes is shown in 
figure 1(b).  

 

Table 1: Chemical composition of ASTM A213 T91 Steel 

 



International Journal of Mechanical And Production Engineering, ISSN: 2320-2092,        Volume- 5, Issue-3, Mar.-2017 
http://iraj.in 

Effect of Post Weld Heat Treatment on Mechanical Properties of Hot Wire GTA Welded Joints of SA213 T91 Steel 
 

83 

Table 2: Chemical composition of ER90S-B9 

 
 

 
Figure 1- (a) Edge preparation of joint as per ASME B31.3; (b) T91 tubes after edge preparation 

 
Hot Wire TIG welding process was selected to weld 
the SA213 T91 tubes. As per B31.3 (Process Piping 
Code) this material requires a pre-heat of 175°C 
whereas the ASME Boiler and Pressure Vessel Code 
require minimum preheat of 200°C. Hence for the 
safe side it was recommended for a minimum preheat 
of 220°C and inter-pass temperature be limited to a 
minimum of 200°C to prevent cold cracking anda 
maximum of 300°C in order to prevent hot cracking 
and to allow each pass to at least partially transform 
to martensite prior to the start of next pass. The 
welding was carried out using stringent weld bead to 
avoid the excess heat input. The completion of weld 
required total 7 layers and 12 weld passes as shown in 
Figure 2 which shows single weld bead up to 3 passes  
 

Table 3 Welding Parameter window 

 
 

 
Figure 2: Classification of weld deposition 

 
After completion of welding, the quality of the joint 
was evaluated using X-ray radiography as per ASME 
Sec V code. Defect free welded joints were taken for 
PWHT which was carried out at two different 
temperature and three different soaking time. Once 
the post weld heat treatment was completed, the weld 
cross section was cut in order to characterize the 
weldment with macro structural analysis, hardness 
test, impact test and metallurgical study. For macro 
structural analysis the specimen was milled, ground, 
polished and then etched using theVillella’s reagent 
(1g picric acid, 5 ml HCL, 100 ml methanol) and 
examined under the microscope. The hardness was 
taken from each location of the weld cross section, 
base metal, HAZ and weld metal. The specimen 
dimension for impact test was in accordance with 
AWS B4.0. A transvers specimen of dimension 
55x10x10 mm was cut from the cross section of the 
weld. The Charpy impact toughness test was carried 
out to characterize the ability of different 
microstructure to absorb energy during the process of 
fracture. 
 
III. Result and Discussion 
 
Mechanical Properties of Post weld Heated T-91 
Steel 
3.1 Hardness Test: Variation of hardness value 
(Vickers Hardness) across the weld cross section at 
760°C PWHT temperature for 1h, 2h and 4h soaking 
time is shown in figure 3(a). 1 hour soaking time 
gives higher hardness for all the regions where as the 
hardness value improved with 2 hours soaking time. 
On increasing the soaking time from 2 h to 4 h the 
hardness value increased but still less than the 
hardness at 1 h soaking time.Figure 3(b) shows the 
variation of hardness value (Vickers Hardness) across 
the weld cross section at soaking temperature of 790° 
C. Here hardness value was found to decrease with 
increase in soaking time. This decrease in hardness 

value is due to recovery of martensite matrix and coarsening of precipitates at 790°C. 
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Figure 3. Hardness values along transverse axis to the weld at 1, 2 and 4 h soaking time at (a) 760°C; (b) 790°C 

 
Figure 4 shows the effect of soaking temperature at same soaking time. It is evident that effect of soaking 
temperature is more than effect of soaking time. With increase in soaking temperature hardness is reduced at all 
locations for 1h, 2h and 4h soaking time. This can be attributed to rapid recovery, recrystallization and grain size 
growth at higher temperature. 
 

 
Figure 4. Hardness values along transverse axis to the weld at (a)1 h at 760°C and 790°C; (b) 2 h at 760°C 

and 790°C; (c) 4 h at 760°C and 790°C 

 
3.2 Impact Toughness 
 

 
Figure 5 shows the Impact toughness of the base metal and 

welded samples subjected to different PWHT. 

 
At 760° C soaking temperature the impact strength 
increases with increase in soaking time. Whereas at 
Figure 5. Charpy Impact Strength at room 
temperature790° C soaking temperature, there is only 
marginable change in impact value at different 
soaking time. In as welded condition, the weld region 
exhibits poor toughness compared to base material, 
but PWHT increased the toughness. 
 
The slight decrease in impact toughness with increase 
in soaking time at 790°C soaking temperature can be 

attributed to the coarsening of micro precipitates. At 
760°C soaking temperature, impact toughness is low 
at 1 hour soaking time because the tempering of 
martensite in the microstructure is not effective. With 
increase in soaking time the tempering gets complete 
leading to increase in toughness. At 790°C, tempering 
is effective at 1 h itself. 
 
CONCLUSION 
 
 Microstructure of T91 steel has resulted 

different structural transformation with varying 
heat treatment temperature and time such as 
un-tempered martensite, fine martensite, alpha 
ferrite, fine and coarse precipitates, etc. 

 Heat affected zone is thin due to less heat input 
in Hot Wire TIG welding process  

 The toughness of T91 steel heat treated at 
760°C increases with increasing soaking time. 
This is attributed to formation of fine tempered 
martensitic. The steel soaked for 2h at two 
different temperature (760 °C and 790 °C) has 
resulted in optimum hardness. 
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