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weld metal joining T91 to T22 is clarified 
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ABSTRACT. T22 and T91 are 
chromium-molybdenum steels that are 
utilized in steam boilers and piping. 
Welding T91 steel to T22 steel must be 
followed by postweld heat treatment 
(PWHT) according to the manufacturer's 
instructions. Performing the PWHT in- 
side a boiler is complicated and expen- 
sive. It is therefore of great importance to 
know about the necessity of the PWHT 
for tubes made of T22 and T91 steels. 
Our research concentrates on this sub- 
ject. The studied specimens consist of 
weldments between T91 and T22 steel. 
Part of the specimens were thermally 
treated after welding according to the 
manufacturer's instructions. The ther- 
mally treated and untreated specimens 
were characterized by "wet" composi- 
tion analysis, optical microscopy, scan- 
ning electron microscopy (SEM) com- 
bined with energy dispersive x-ray 
spectroscopy (EDS), and tested by mea- 
surements of hardness, tension, and 
creep. The study showed that the mi- 
crostructure of T22 steel consists of fer- 
rite, pearlite and precipitates, while T91 
steel consists of tempered martensite and 
precipitates. The heat-affected zone 
(HAZ) ofT22 steel contains upper bainite 
and ferrite, while the HAZ of T91 steel 
consists of martensite. The weld metal is 
mostly martensitic though bainite and 
ferrite were observed too. The PWHT 
caused phase transformation from upper 
bainite to ferrite and tempering of the 
martensite. In addition, precipitation, 
coarsening and spheroidization of the 

M. REGEV, S. BERGER and B. Z. WEISS are 
with Technion - -  Israel Institute o f  Technol- 
ogy, Dept. o f  Materials Engineering, Haifa, Is- 
rael. 

precipitates were observed. Tension tests 
showed that thermally t~eated specimens 
have a lower yield strength than un- 
treated specimens. A fracture occurred at 
the end of the HAZ of the T22 steel. It has 
a ductile appearance with a characteris- 
tic cup-cone shape. Microhardness mea- 
surements showed a hardness drop at the 
thermally treated specimens. Creep tests 
showed classic creep behavior, namely, 
the creep curve consists of three regions. 
No improvement of creep resistance was 
observed in thermally treated, compared 
to untreated, specimens. The creep frac- 
ture has a ductile appearance with a cup- 
cone shape and was observed in the T22 
steel. The main conclusion of this re- 
search is that PWHT does not modify 
creep properties of a weldment between 
T22 and T91 steel tubes. 

Introduction 

There is a great interest in improving 
the efficiency of power generation boil- 
ers. Various solutions have been pro- 
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posed to improve their efficiency such as 
raising their operational temperature and 
pressure combined with improving the 
thermal and mechanical properties of 
their constructing materials. This solu- 
tion led to development of high-temper- 
ature steels such as T91. The T91 steel 
was developed approximately 20 years 
ago (Ref. 1) for the liquid metal fast 
breeder reactor (LMFBR) and is charac- 
terized by improved thermal and me- 
chanical properties at high temperatures 
and pressures compared to other ferritic 
steels, and in some cases even to 
austenitic stainless steels (Refs. 1-10). 
The T22 steel has inferior high-tempera- 
ture properties compared to the T91 
steel. The T22 and T91 steels are both 
used in steam boilers, whereas the T91 
tubes are used at higher temperature and 
pressure conditions, while the T22 tubes 
are installed at lower temperature and 
pressure regions. The T22 tubes and T91 
tubes are attached by welding. The 
weldment, according to the manufac- 
turer's instructions (Ref. 1 ), should be fol- 
lowed by postweld heat treatment 
(PWHT) at 720°C for 30 minutes. Per- 
forming the PWHT inside a boiler is tech- 
nically very complex due to the limited 
access to the weldment region. The in- 
fluence of the PWHT on the thermal and 
mechanical stability of the weldment be- 
tween tubes ofT91 steel to T22 steel and 
its necessity are not clear, and to the best 
knowledge of the authors, no research 
study on this subject has been published. 
This paper contributes to the under- 
standing of the influence of the PWHT of 
weldments between tubes made of T91 
and T22 steel on their thermal and me- 
chanical stability by presenting and dis- 
cussing the microstructure, hardness, 

WELDING RESEARCH SUPPLEMENT I 261-s 



Table 1 - -  Chemical Composition (wt-%) of the T91 and T22 Steels 

Element 

Steel 

T91 (Ref. 2) 

T91 
(supplier's CMTR) 
T22 (Ref. 2) 

T22 
(supplier's CMTR) 

C Mn P S Si Cr Mo V Nb N Ni AI 

0.08- 0.3- 0.02 0.01 0.2- 8.0- 0.85 0.18- 0.06- 0.03- 0.4 0.04 
0.12 0.6 (max) (max) 0.5 9.5 1.05 0.25 0.1 0.07 (max) (max) 
0.102 0.435 0.02 0.006 0.309 8.63 0.951 0.214 0.09 0.03 0.23 

0.05- 0.3- 0.03 0.03 0.5 1.9- 0.87- 
0.15 0.6 (max) (max) (max) 2.6 1.13 
0.15 0.36 0.022 0.02 0.44 2.24 0.88 

Table 2 - -  The Chemical Composition of the Filler Metal 

Element C Mn P S 
Electrode 

ER90S-B3 0.07-0.12 0.4-0.7 0.025 0.025 
(Ref. 11 ) (max) (max) 
ER90S-B3 0.1 0.56 0.008 0.007 
(supplier's CMTR) 
E9018-B3L 0.05 0.9 0.03 0.04 
(Ref. 11 ) (max) (max) (max) (max) 
E9018-B3L 0.037 0.89 0.015 0.019 
(supplier's CMTR) 

Si Cr 

0.4-0.7 2.3-2.7 

0.57 2.55 

0.8 2-2.5 
(max) 
0.31 2.3 

tension, and short-term creep tests of 
such weldments. 

Exper imenta l  Procedures  

The research specimens were from 
tubes (57.15 mm OD) made of T91 and 
T22 steels. The chemical compositions of 
these steels are shown in Table 1 (Ref. 2). 

The studied specimens were prepared 
by cutting segments ofT91 and T22 tubes 
and welding one to another. The config- 
uration of the weldments is shown in Fig. 
1. The welding of the butt joint is com- 
posed of three layers. The first layer was 
done by gas tungsten arc (GTA) welding 
using ER9OS-B3 2.4-mm filler metal. The 
other two layers were made with a 2.5- 
mm E9018-B3L covered electrode. The 
compositions of the fil ler metal and the 
electrodes are shown in Table 2. 

T22 o 

I 

J / / J / / J  / 

i00 -~' 

T91 
I j To be welded here 

I _ 1.6-2.4 

- - ~  - - ° - -  

Fig. 1 Vertical cross-section view of  the tubes before welding. 

The electrode currents were 160 A for 
the first layer and 85-90 A for the other 
layers. The electrode voltage was 10-1 6 
V for the first layer and 20-27 V for the 
other layers. The welding velocity was 
approximately 3.5 cm/min. The tubes 
were preheated before welding to 200°C. 
Half of the weldments were thermally 
treated after welding. The PWHT was 
done for 30 min at 720°C, at a heating 
rate of 180°C/h and a cool ing rate of 
14°C/h. The specimens taken from the 
base metal were longitudinal and trans- 
verse as indicated in Fig. 2. Radiographic 
photographs were taken from all the 
weldments in order to detect defects. The 
studied specimens were prepared only 
from high-quality weldments. The speci- 
mens taken from the weldments included 
all the weldment  regions, i .e., weld 
metal, heat-affected zone and unaffected 
region in the metal. The weldments were 

tested with and without 
PWHT. Three specimens 
of each type were exam- 
ined to increase statisti- 
cal reliability. Chemical 
compositions of the base 
metals were studied by 
using "wet analysis" 
technique. Surface mor- 
phology and composi- 
tion of specimens of the 
base metal and weld- 
ments were studied using 
optical microscope, 
scanning electron mi- 
croscopy (SEM) com- 
bined with energy disper- 
sive x-ray spectroscopy 

M o  

0.9-1.2 

1.02 

0.9-.2 

1.085 

Cu Ni Others 

0.35 0.2 0.5 
(max) (max) (max) 
0.12 AI 0.008 

(EDS). Hardness and microhardness of 
the base metal and all the weldment sub- 
zones were measured. The microhard- 
ness and EDS measurements were taken 
at the mid wall thickness and from the in- 
termediate layer of the weld metal. Six- 
teen tension tests were performed, eight 
of them on the base metals (four on the 
T91 steel and four on the T22 steel) and 
eight on the weldments (four on weld- 
ments which were thermally treated and 
four on weldments which were not ther- 
mally treated). Twenty-one creep tests 
were performed. Table 3 lists the impor- 
tant experimental details of these tests. 
Creep test specimens (Fig. 3) were taken 
from welded tube segments and since the 
wall thickness of these tubes is only 5 
mm the curvature of the tube could not 
be el iminated by machining. Conse- 
quently, the specimens were not standard 
creep test specimens. The grips were de- 
signed in such a manner that the tension 
stress acts through the longitudinal axis 
of the specimen and therefore, no bend- 
ing stresses wil l  develop. The lateral and 
longitudinal cross section surfaces of the 
broken creep specimens were studied 
using SEM to locate the failure zone and 
characterize the surface morphology of 
the fracture. 

Exper imenta l  Results 

Chemical analysis 

The chemical analysis of the base 
metals (T91 and T22 steels) confirmed 
that their compositions fulfi l led the re- 
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quirements of the ASTM A-213 standard 
Table 3 1 The Experimental Details of the 

(Ref. 2)--Table 1. Creep Tests 

Microstructure 

The microstructure of T22 steel con- 
sists of equiaxed grains of ferrite matrix 
and of about 30 vol-% pearlite (Fig. 4). 
The average grain size of the ferrite ma- 
trix is about 13 pm. 

The microstructure of the T91 steel 
consists of tempered martensite matrix 
and homogeneously distributed precipi- 
tates - -  Fig. 5. Average grain size is about 
6 IJm. No microstructural changes were 
observed between longitudinal and trans- 
verse specimens of both base metals. 

The weldment between the T91 and 
the T22 steels can be divided into five 
subzones where microstructural and 
compositional studies were done - -  Fig. 
6: the T91 fine-grained HAZ, the T91 
coarse-grained HAZ, the weld metal, the 
T22 coarse-grained HAZ and the T22 
fine-grained HAZ. 

The microstructure of subzone 1 and 
subzone 2 (the T91 HAZ) consists of 
martensite. The average size of the pri- 
mary austenite grain in the coarse- 
grained HAZ is about 30 lam, while in the 
fine-grained HAZ, it is only about 5 pm. 
Precipitation and spheroidization of the 
precipitates can be noticed only in the 
thermally treated specimens (compare 
Fig. 7A with 7B for the coarse-grained 
HAZ and Fig. 7C with Fig. 7D for the fine- 
grained HAZ). 

Untreated weld metal (Fig. 8A) con- 
sists mostly of martensite, though re- 
stricted zones of ferrite and bainite were 
distinguished. EDS measurements (taken 
from the intermediate layer of the weld 
metal) detected about 5 wt-% of 
chromium content. In thermally treated 
specimens (Fig. 8B), a mixture of phases 
composed of ferrite, bainite and spheri- 
cal precipitates is observed. 

The coarse-grained and fine-grained 

HAZ of the thermally untreated T22 steel 
(Fig. 9A and C, respectively) are com- 
posed of ferritic and upper bainitic mix- 
ture. No microstructural difference was 
noticed between these two sub-zones 
except for average grain size, which is 
approximately 30 IJm in the coarse- 
grained HAZ and 5 pm in the fine- 
grained HAZ. In the thermally treated 
coarse-grained HAZ (Fig. 9B) ferrite and 
spherical precipitates can be seen inside 
the grains and at the grain boundaries. 
Upper bainite is observed only in a few 
regions. The thermally treated fine- 
grained HAZ (Fig. 9D) also has ferrite 
and spherical precipitates but no upper 
bainite. Spherical precipitates of the 
thermally treated specimens in both the 
coarse-grained and fine-grained HAZ 
are scattered inside the grains and at the 
grain boundaries. 

Hardness Tests 

Tests showed no difference in hard- 
ness between the longitudinal and trans- 
verse directions. The hardness of the T22 
steel was found to be 49.16 +0.55 HRA 
and the hardness of the T91 steel was 
found to be 57.6 _+0.43 HRA. These re- 
sults fulfill the requirements of the ASTM 
A-213 standard Ref. 2). 

Microhardness Tests 

The microhardness profiles of the 
thermally treated and untreated weld- 
ments (Figs. 10 and 11, respectively) are 
similar. In the untreated specimen (Fig. 
10), the hardness of the T91 base metal 
is about 250 Hkn. It then increases by a 
"step function" to a constant value of 
about 450 Hkn in the HAZ of the T91 
steel. The hardness decreases to about 
425 Hkn in the weld metal, and then it 
sharply decreases linearly with increas- 
ing the distance from the weld metal in 
the HAZ of the T22 steel. Finally, it 

Number of Load (MPa) Temperature 
Specimens (psi* 10 ~) (°C) PWHT 

5 110/15.95 650 no 
3 110/15.95 625 no 
4 110/15.95 650 yes 
3 110/15.95 625 yes 
3 100/14.5 650 no 
3 100/14.5 650 yes 

reaches a constant value of about 180 
Hkn in the base metal area of the T22. 
The microhardness profile of the treated 
specimen (Fig. 11) is characterized by a 
smoother change of hardness in the tran- 
sition from one sub-zone to another and 
lower hardness values at the HAZ of both 
the T91 (33% reduction) and the T22 
steel and at the weld metal (35% reduc- 
tion). 

Tension Tests 

Tension tests of T22 and T91 base 
metals and weldments yield the follow- 
ing parameters: yield stress ((~y), ultimate 
tensile stress ((~ut~), elongation, and re- 
duction of area - -  Table 4. The values of 
all the tension test parameters are within 
the requirements of the ASTM A-213 
standard (Ref. 2). The various stresses 
measured in the T91 steel are higher than 
those of the T22 steel. 

Creep Tests 

All the creep curves of the welded 
specimens are shaped in a classic creep 
curve, which consists of three regions. A 
typical creep curve of a thermally un- 
treated specimen, tested at a temperature 
of 625°C and a load of 110 MPa, is 
shown in Fig. 12. Nineteen creep speci- 
mens out of 21 tested failed in the T22 
steel zone. The location of the failure was 
either at the base metal or at the end of 
the HAZ adjacent to the base metal (the 

Fig. 2 - -  Schematic description of  the location 
from which specimens were taken for charac- 
terization. 1) weldment; 2) base metal-longitu- 
dinal; 3) base metal-transverse. 

2'~ gi 14 ! 
107 ~1 
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: : -> - rY_"  ..... t 

147 tt 

Fig. 3 - -  A drawing of the creep test specimen. 
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Fig. 4 - -  Opt ical  micrograph o f  the T22 steel 
base metal. 

Fig. 5 - -  Opt ical  micrograph o f  the Tg l  steel 
base metal. 

Fig. 6 - -  Cross-section opt ical  micrograph o f  
the weldment  subzones where microstruc- 
tural and composi t ional  studies were done. 

Fig. 7 - -  SEM nTicrographs ot the T91 steel HAZ. A - -  thermal ly untreated coarse-grained HAZ;  
B - -  thermal ly treated coarse-grained HAZ;  C - -  thermally untreated f ine-grained HAZ;  D - -  
thermal ly treated f ine-grained HAZ. 

I-HAZ). No correlation between the fail- 
ure zone (HAZ or base metal) and the test 
parameters, i.e., load, temperature and 
thermal treatment, was found. The time 
to rupture varies from tens to hundreds of 
hours. No improvement of the creep re- 
sistance due to the PWHT was detected. 
The average time to rupture of the ther- 
mally treated specimens was lower than 
that of the thermally untreated specimens 
but the difference was within the scatter- 
ing range of the results. The scattering 
range was up to 44% of the average time 
to rupture at a given stress and tempera- 
ture. 

However, the average rupture time of 
the specimens tested at 650°C and 100 
MPa was found to be 135 h for the un- 
treated specimens and 59 h for the 
treated specimens. This change of rup- 
ture time is outside the scattering band. 
No influence of the thermal treatment on 
the elongation or reduction of area was 
detected in the specimens tested at all 

temperatures and loads. The creep test 
parameters and results are summarized 
in Table 5. 

Fractography 

The surface morphology of the creep 
fracture was found to be similar in all the 
studied specimens. The fracture is char- 
acterized by a ductile "cup-cone" type 
with about 10-mm neck. At the T22 steel 
subzone, microvoid coalescence (Fig. 
13) can be observed. 

In addition, along the fracture line 
(Fig. 14), deformation of the T22 grains 
(in the case of Fig. 14, this refers to the 
HAZ grains but similar deformation was 
noticed in the base metal too) and inter- 
granular separation can be observed. 
Closer observation (with higher magnifi- 
cations) shows intergranular and trans- 
granular microvoids, which in most of 
the cases are located near the second 
phase particles. 

Discussion 

Chemical Composition and Microstructure 

Chemical analysis confirmed that the 
composition of the T22 and the T91 
steels fulfi l ls the requirements of the 
ASTM A213 standard (Ref. 2). The weld 
metal was found by EDS to contain 5 wt- 
% of Cr, which is an average Cr content 
between T91 steel and T22 steel. It is, 
therefore, reasonable to assume that dur- 
ing the welding a dilution of Cr and prob- 
ably other elements occurred in the melt 
from the T91 steel. 

Microstructure studies showed that 
the T91 HAZ consists of martensite, 
which would be expected according to 
the CCT diagram of T91 steel (Ref. 1) 
when it is exposed to temperatures be- 
yond approximately 1080°C and cooled 
to room temperature at a cooling rate 
higher than approximately 200°C/h. The 
microstructure of the T22 HAZ consists 
of ferrite and upper bainite. This mixture 
can be obtained, according to the CCT 
diagram of the T22 steel (Refs. 12, 13), at 
cooling rates lower than approximately 
40°C/s. In the HAZ of both T22 and T91 
steels, the matrix grain-size gradually de- 
creases with increasing the distance from 
the weld metal toward the base steel. 
This can be explained by a gradual de- 
crease of the time within the austenitic 
range with increasing the distance from 
the weld metal leading to a smaller grain 
growth. Phase transformation, which 
took place at the weld metal from the 
mixture of martensite, ferrite and bainite 
to ferrite+precipitates, can be expected 
due to the thermal treatment. The ther- 
mal treatment of the weldments caused 
precipitation and spheroidization of the 
precipitates. The precipitates of the T91 
HAZ are probably M23C 6 (M stands in 
most of the cases for Cr and in the rest of 
the cases for Mo or Fe) and QX (Nb-V 
carbonitrides) (Ref. 9). The precipitates of 
the T22 HAZ are probably M23C 6 (M 
stands for Cr or Fe), M7C 3 and Z6C (Z 
stands for Fe4Mo 2 or Fe3Mo 3) (Ref. 14). 
The spheroidization of the precipitates is 
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Table 4 - -  Average Values of Tension Tests Results of the T91 and T22 Base Metals and Weldments 

Specimen 

Tension Parameter 

y (MPa)/(psi*l 03) 
UTS (MPa)/(psi*l 03) 

elongation (%) 
reduction of area (%) 

well  known in the literature and occurs 
because of energy considerations (Ref. 
15). 

Mechanical Properties 

The general trend of both the hardness 
test and the tension test (in addit ion to the 
result that both steels fulfil l the require- 
ments of the ASTM A213 standard) is that 
the T91 steel is characterized by higher 
resistance to plastic deformat ion.  The 
hardness values, the yield strength and 
the ultimate tensile strength of the T91 
steel are higher than those of the T22 
steel. This can be attributed to the fol- 
lowing reasons: 

1) Dispersion strengthening mecha- 
nism. The precipitates were observed to 
be homogeneously dispersed only in the 
T91 steel. 

2) Strain hardening mechanism due to 
high density of dislocations in the T91 
steel (Ref. 1), which influences the resis- 
tance to plastic deformation. 

3) Composi t ion hardening mecha- 
nisms. The T91 matrix is composed of 
tempered martensite, which is harder 
compared to ferrite matrix in the T22 steel. 

The values of the elongation and the 
reduction of area of the T91 steel are 
lower than those of the T22 steel, which 
indicate lower ductil ity. The microhard- 
ness profiles of the weldments can be 
correlated to the microstructure of the 
we ldments '  subzones. The sharp in- 
crease (a "step funct ion")  of hardness 
from the T91 steel to its HAZ can be ex- 
plained by the transition from tempered 
to untempered martensite. The T22 HAZ 
is composed of ferrite and bainite mix- 
ture. The microhardness increase when 
passing from the T22 base metal to the 
T22 HAZ can be explained by the ap- 
pearance of the bainit ic structure. The 
gradual decrease of the microhardness in 
the T22 HAZ as the distance from the 
weld interface increases can be related to 
the reduction of the bainite content in the 
mixture (due to lower temperatures at the 
distant zones). The hardness of the weld 
metal, which is lower than that of the T91 
HAZ but higher than that of the T22 HAZ, 
can be related to the microstructure, 
which is composed of a mixture of 
mainly martensite wi th some bainite and 
ferrite. Thermal heat treatment at 720°C 

T22 Steel T91 Steel 

346 +_ 4.3/50.17 _+ 0.62 
512 ± 7.4/74.24 ± 1.07 

25.9 _+ 0.36 
67 ± 3.1 

417 _+ 3.2/60.47 +_ 0.46 
641 ± 7.5/92.95 -+ 1.09 

19.9 ± 0.33 
71 ± 2.7 

Treated Weldment 

273 ± 6.9/39.59 ± 1 
511 ± 8.3/74.10 ± 1.20 

11.5 ± 1.3 
64 ± 3.9 

Table 5 - -  Creep Tests Parameters and Results 

Elongation 
Load Time to at 

(MPa)/ Temperature Rupture Rupture 
(psi* 103) (°C) (h) (%) 

110/15.95 650 42 16 
110/15.95 650 32 27.2 
110/t 5.95 650 67 22.6 

Untreated Weldment 

110/15.95 650 37 19 

110/15.95 650 45 19.3 
110/15.95 650 42.5 16.7 

110/15.95 650 43 16.6 

110/15.95 650 32 20.1 

110/15.95 650 34 15 

110/15.95 625 212 13.1 

110/15.95 625 154 20 

110/15.95 625 272 11.2 

110/15.95 625 182 14.4 

110/15.95 625 227 13.5 

110/15.95 625 136 18.1 

100/14.5 650 135 12.25 
100/14.5 650 162 10.4 
100/14.5 650 109 14.8 
100/14.5 650 57 11.3 
100/14.5 650 44 17.5 
100/14.5 650 77 12.4 

for 30 minutes led to hardness decrease 
at the HAZ and weld metal sub-zones. 
This results from the fo l lowing processes: 

1) Recovery and stress relaxation. 
2) Tempering of the martensitic phase 

at the weld metal and at the T91 HAZ. 
3) Transformation of a substantial part 

of the upper bainite at the T22 HAZ into 
ferrite and precipitates. 

4) Precipitation and spheroidization 
of the precipitates, which cause di lut ion 

347 _+ 6.3/50.32 + 0.91 
523 _+ 12.6/75.84 _+ 1.83 

11.8 +_ 0.37 
69 + 2.8 

Reduction Location 
of Area (%) of Rupture PWHT 

76 T22 HAZ no 
78 T22 HAZ no 
81 T22 no 

base 
metal 

70 T91 no 
base 
metal 

68 T22 HAZ no 
78 T22 yes 

base 
metal 

76 T22 yes 
base 
metal 

76 T22 yes 
base 
metal 

72 T91 yes 
base 
metal 

65 T22 no 
base 
metal 

84 T22 no 
base 
metal 

55 T22 no 
base 
metal 

72 T22 yes 
base 
metal 

66 T22 yes 
base 
metal 

77 T22 yes 
base 
metal 

54 T22 HAZ no 
51 T22 HAZ no 
62 T22 HAZ no 
67 T22 HAZ yes 
64 T22 HAZ yes 
59 T22 HAZ yes 

of the solid solution (reduction of solid 
solution hardening) and coarsening of 
the precipitates (reduction of precipita- 
tion hardening). 

The tension tests showed that the frac- 
ture occurred at the T22 sub-zone. This 
region has the lowest resistance to plas- 
t ic deformat ion compared to all the 
weldment  sub-zones (as obtained from 
the hardness tests), and it is therefore ex- 
pected to receive maximum deformation 
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Fig. 8 - -  Opt ical  micrograph o f  the weld metal. A - -  thermal ly untreate& B - -  thermal ly 
treated. 

Fig. 9 - -  Opt ical  micrographs o f  the T22 steel HAZ. A - -  thermal ly untreated coarse-grained 
HAZ;  B - -  thermal ly treated coarse-grained HAZ;  C - -  thermal ly untreated f ine-grained 
HAZ;  D - -  thermally treated f ine-grained HAZ. 

until ductile fracture (cup and cone type) 
is obtained. The location of the fracture 
was always at the end of the T22 HAZ, 
probably at the I-HAZ, which according 
to Roy and Lauritzen (Ref. 14) and Smith, 
et  al. (Ref. 16), is the weakest zone due 

500 

400 

300 

200 

-15 
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T91 metal T22 

 aront 
m e t a l  . . . . . . . . .  / m e t a l  

i 
-10 -5 0 5 10 15 

Distance [mm] 

to the lack of Mo2C fine carbides. Ten- 
sion tests show that the yield point of the 
weldment decreases while the ultimate 
tensile stress, elongation and reduction 
of area remain almost the same as a re- 
sult of the thermal treatment. It can there- 

fore be seen that 
the thermal treat- 
ment affects the 
elastic but not the 
plastic behavior 
of the weldment. 
It is complex to 
explain this be- 
havior since the 
tension behavior 
is influenced by 
five subzones, 
which differ in 
composition and 
microstructure. 

Fig. 10 - -  Microhardness prof i le o f  the thermal ly untreated weldment. 

Creep Tests 

The most 
important result 
of the creep tests 
is that the PWHT 
did not improve 

the creep resistance of the weldments. 
The average time to rupture of the ther- 
mally treated specimens was always 
shorter but within the range of the scat- 
tering band compared to the untreated 
specimens. Only in one experiment con- 
ducted at 650°C and 100 MPa, the rup- 
ture time was shorter in the thermally 
treated specimens beyond the range of 
the scattering band. This can be ex- 
plained by various processes which 
occur in the weldment and especially in 
the T22 HAZ during the PWHT such as 
phase transformation, precipitation and 
spheroidization of the precipitates. For 
example, the T22 HAZ is characterized 
by the existence of upper bainite and 
high stresses left after the welding. In ad- 
dition, the high temperature of the weld- 
ing process causes melting of the car- 
bides and consequent increase of the 
solid solution concentration. Stress fields 
and oversaturated solid solution retard 
dislocation movement. The thermal heat 
treatment relieves these stresses and 
causes precipitation (dilution of the solid 
solution) and spheroidization. Conse- 
quently, creep resistance decreases. 
Though this processes may explain the 
results obtained, one more point, the ex- 
pected scattering range compared to the 
experimentally obtained one, should be 
emphasized. It is known from the litera- 
ture (Ref. 1) that typical scattering of the 
times to rupture for the T91 steel tested at 
650°C and 110 MPa is about 75% from 
the average time to rupture. The average 
time to rupture of the creep tests con- 
ducted at 100 MPa and 650°C was 135 
h for the thermally untreated specimens 
and 59 h for the thermally treated ones. 
If one takes the 135 h as a reference, then 
the difference between the average times 
to rupture is about 56%. In the two other 
pairs of creep test groups, the difference 
was within the scattering range. In addi- 
tion, it should be mentioned that the re- 
ported results in the literature refer to a 
standard creep specimen with highly ac- 
curate geometrical dimensions. The 
specimens of this research had an allow- 
able geometrical tolerance of their cross- 
section up to +1% (higher accuracy 
couldn't be achieved because of techni- 
cal constraints). Referring once again to 
the creep test results from the T91 book 
(Ref. 1 ), such a tolerance can cause about 
20% scattering of the time to rupture. It is 
therefore recommended to consider not 
only the metallurgical factor, but also the 
geometrical tolerance when analyzing 
the trend of shortening the time to rup- 
ture due to the PWHT. Since part of the 
specimens failed in the base metal and 
another part at the HAZ, and there are 
mechanical and metallurgical differ- 
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Fig. 11 - -  Microhardness profi le o f  the thermally treated weld- 
ment. 

ences between the base metal and the 
HAZ, any comparison of the various duc- 
tility percentages should take this fact 
into account. This is done in Figs. 15 and 
16 where the ductility is given as a func- 
tion of rupture time for weldments that 
failed at the same location (the T22 HAZ 
in Fig. 15 and the T22 base metal in Fig. 
16). It can be seen from Figs. 15 and 16 
that no substantial difference in ductility 
exists between the thermally treated and 
the untreated specimens at the tested 
temperature. There is a general tendency 
of a decrease in ductility with increasing 
the time to rupture. A possible explana- 
tion is once again the process of precipi- 
tation and coarsening of the precipitates 
with increasing the time. The precipitates 
cause local stress concentrations and be- 
have as microcrack nucleation sites. 

Consequently, the ductility decreases. 
It is worth remembering that the creep 
tests conducted in this research work 
were rather short-term tests. There are 
empirical ways to correlate test results 
with long-time service (Larson -Miller pa- 
rameter, for example), but the accuracy 
of such predictions improves when 
longer-term creep tests results are used. 
The results obtained in this research jus- 
tify, in our opinion, conducting longer- 
term creep tests. 

As for the creep curve shape, in gen- 
eral, when the temperature and the stress 
become higher the creep curve changes 
in the following manner (Ref. 17): 

The second stage becomes shorter 
until it vanishes almost completely. The 
primary and tertiary stages become 
shorter in time but the strain in each be- 
comes higher. The existence of a "clas- 
sic" creep curve in which the secondary 
stage is the long one, as in our case, char- 
acterizes intermediate values of stresses 
and temperatures. As for the two speci- 

mens that failed at the T91 steel, they 
failed, as was mentioned before, at the 
base metal. The failure zone was not 
close enough to the weldment so the as- 
sumed defects could not be detected by 
the radiographic test. The aim of this re- 
search was to investigate the influence of 
the PWHT so there was no special inter- 
est in investigating these two specimens 
because one of them was thermally 
treated and the other was not. 

Fractography 

The fracture of the creep tested spec- 
imens occurred in most of the cases in 
the T22 steel. Though there were two fail- 
ures at the T91 steel, they are considered 
to be exceptional due to the following 
reasons: 

1) Nineteen specimens failed at the 
T22 steel zone vs. only two specimens 
that failed at the T91 steel zone. 

2) According to the literature survey 
done for this research, the T91 steel has 
improved creep properties compared to 
the T22 steel, and therefore the T22 is ex- 
pected to fail first. 

3)The surface of the fractured T91 
specimen was found to have larger dim- 
ples compared to the fractured T22 spec- 
imen (about 30 pm average diameter, 
compared to about 10 pm, respectively). 
This may indicate pre-existing defects 
that caused the T91 to fail first. 

The surface morphology study of the 
fractures by SEM lead to several possible 
fracture mechanisms. One mechanism 
consists of intergranular separation, since 
microvoids were observed near the grain 
boundaries and triple points in most of 
the cases. The other mechanism consists 
of transgranular separation and is sup- 
ported by the appearance of microvoids 
inside the grains in part of the cases and 
by substantial grains-deformation. The 

presence of the microvoids near second- 
phase particles strengthens the idea that 
the second-phase particles serve as nu- 
cleation sites of microvoids (Ref. 17). 
Both mechanisms are probably active in 
obtaining the fracture in the studied spec- 
imens. According to Chu (Ref. 12), long- 
term fracture is governed by intergranu- 
lar cavitation so the fracture mechanisms 
observed in these short-term tests are not 
representative of the fracture mode ex- 
pected during service. The last point to 
be discussed is the failure zone. In all the 
creep tested specimens that failed at the 
HAZ the failure occurred at the I-HAZ. 
Since no mapping of the precipitates was 
done in this work the explanation of Roy 
& Lauritzen (Refs. 14,16) for the inferior 

Fig. 13 SEM micrograph ol the surface 
of  the creep fracture at the T22 steel. 

Fig. 14 - -  SEM micrograph ~)l a ~ reeI) liac- 
ture line at the T22 steel subzone. 
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625°C for weldments that failed at the T22 base metal. 

strength of the I-HAZ can be accepted. 
The reason for its relative weakness is, as 
in the case of the tension tests, the ab- 
sence of Mo2C fine carbides. As for the 
specimens that failed at the T22 base 
metal, no tendency of a shift of the fail- 
ure zone as a function of test conditions 
is distinguished, and so no correlation 
can be found. It therefore seems reason- 
able to assume that the creep properties 
of the T22 base metal and the I-HAZ are 
similar when referring to short-term 
creep tests. The failure zone can then be 
dictated by local stress concentrations, 
i.e., defects, geometrical tolerance, etc. 

Summary, Conclusions 
and Suggestions 

The influence of the PWHT on the 
properties of T91 steel to T22 steel weld- 
ments was studied in this research. The 
microstructure of the base metals was 
found to consist of ferrite and pearlite for 
the T22 steel and tempered martensite for 
the T91 steel. Both materials are charac- 
terized by equiaxed grains. The diameter 
of an average T91 steel primary austenite 
grain is about 6 pm, the diameter of an 
average T22 steel grain is about 13 pm. 

The microstructure of the thermally 
untreated weld metal is composed of 
martensite and bainite and ferrite in re- 
stricted areas. The T91 HAZ (thermally 
untreated) is composed of martensite, the 

T22 HAZ (thermally untreated) 
is composed of an upper bainite 
and ferrite mixture. The PWHT 
causes phase transformation 
from upper bainite to ferrite and 
precipitates, tempering of the 
martensite, spheroidization and 
coarsening of the precipitates. 

The T91 steel was found to 
have improved hardness and 
tensile properties compared to 
the T22 steel. This superiority is 
related to precipitation harden- 
ing due to homogenous disper- 
sion of fine precipitates, high- 
dislocat ion density and solid 
solution hardening. 

Tension tests conducted on 
welded specimens show that 
the thermally treated specimens 
have lower yield strength. Mi- 
crohardness test results show a 
substantial hardness drop of the 
thermal ly treated specimens, 
which can be related to the met- 
al lurgical processes occurring 
during the PWHT. The creep 
curves of all the welded speci- 
mens, both thermal ly treated 
and untreated, are composed of 
three stages. The PWHT did not 

improve the creep properties of the spec- 
imens. Nevertheless, longer-term creep 
tests and hydro tests are recommended 
before putting thermally untreated weld- 
ments into service. Another creep test, 
which is technically complicated but can 
yield important results, is a creep test on 
a whole tube. A reduction of the ductil- 
ity with test duration was noticed. This 
reduction can be related to microstruc- 
tural changes occurring during the creep 
test. 

All the tension test specimens failed at 
the interface between the T22 HAZ and 
the T22 base metal. The fracture was a 
ductile cup-cone type. Nineteen creep 
specimens out of the 21 tested failed at 
the T22 steel. The creep fracture was 
ductile, characterized also by a cup-cone 
shape. Intergranular separation was no- 
ticed mostly but transgranular voids were 
observed too. A substantial grain defor- 
mation was seen near the fracture line. 

The thermally treated and untreated 
specimens didn' t  suffer from cracking 
problems. 
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