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ABSTRACT

There are strong environmental and 
economic demands to increase the 
thermal efficiency of fossil fuel fired 
power stations, and this has led to 
a s teady  in c rea se  in steam  
tem p e ra tu res  and p ressu res  
resulting in worldwide plans for ultra- 
supercritical power plants. Modern 
life martensitic 9-10% Gr-steels are 
used widely to fulfil the requirements 
resulting from the design aspects.

Basic in ve s tig a tio n s  on the 
w e ld a b ility  of m odern 9-10%  Cr 
creep res is tan t s tee ls  w h ich are 
p re se n tly  in use to fu lf il th is  
requ irem en t w ere  pe rfo rm ed  on 
pipes P91, E911 and a W-containing 
cast steel G-X 12 Cr Mo WVNbN 10
1 1. Gleeble simulation representing 
the  m anua l m eta l a rc  w e ld ing  
process were app lied to produce 
HAZ-simulated microstructures. After 
different post weld heat treatments 
they were tested using hardness 
tests, metallographic investigations, 
constant strain rate 1ests, creep and 
toughnes tests. Main attention was 
given to the softening effect in the 
HAZ and its influence on the creep 
resistance of the welded material.

This decrease shown by simulated 
and manufacturing welded samples, 
seems to be less pronounced of the 
W-modified version than observed at 
P91 material.

INTRODUCTION

There is a substantial and growing 
interest in operating thermal power 
plants at relatively high temperatures 
and/or pressures for improving thermal 
e ffic iency that bring lower CO^ 
em ission. M ateria ls w ith fe rr itic / 
m artens itic  m icrostructu re  are 

, preferred, because of their favourable 
physical properties such as good 
therm al conductiv ity  and low 
coe ffic ien t of therm al expansion, 
coupled with higher resistance to 
thermal shock [1,2]. These are some 
of the advantages relative to austenitic 
stainless steels. For these reasons, 
there has been a growing demand for 
high-strength, high-chromium ferritic 
steel, wh ich has resu lted  in the 
deve lopm ent and app lica tion  of 
several kinds of 9 to 12% chromium 
steels. The developm ent of these 
materials as a function of the 100.000 
hours creep rupture strength at 600°G 
can be seen from Fig.1 [3]. The main 
steps in the development are different

in various countries, such as in the 
US, the European nations and Japan. 
In Europe, particulariy in Germany the 
gap between the application range of 
the fe rr itic  steel P22, German 
designation 10 GrMo 9 10, and the 
austenitic stainless steels regarding 
the ir creep resistance were 
successfully bridged in the past by 
using the 12% chromium steel X20 
GrMo V 121 [4]. Since 1975 a new 
modified 9% chromium steel has been 
deve loped in the US under the 
leadership of ORNL and standardised
i.e. as P91 in ASTWI A335 (Gemian 
designation X I0 GrMoVNb91) in the 
eariy 1980’s. This development led to 
the application of tungsten containing 
9-12%  chrom ium  steels, which 
show ed h igher creep resistance, 
compared to the type P91.

W ith in  the  fram ew ork  of the 
European CO ST 501 programme 
(D eve lopm en t of M a te ria ls  for 
Advanced Steam Cycles [5]) a cast 
version of a tungsten modified 10% 
Cr-steel for castings and later a 9% 
Gr version for pipes and forging, 
called E911, was designed to fulfil 
the increased demands on the creep 
strength for advanced design values 
for fossil fired power plants.
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TAB. I : CHEMICAL COMPOSITION IN W I-%  OF MATERIALS INVESTIGATED

Material C Si Mn P S Cr Ni Mo W V Nb N

X10 CrMoVNb 91 (P91) 0.099 0.385 0.40 0.017 0.004 8.75 0.128 0.96 0.03 0.204 0,07 0,058

E911 0.11 0.18 0.40 0.015 0.003 8.61 0.21 0.92 0.99 0.19 0,089 0,065

G-X 12 CrMo WVNbN 1011 0.12 0.29 0.62 0.027 0.003 10.51 0.93 0.99 0.99 0,22 0,08 0,048

Cromocord 10M 0.09 0.24 1.00 0.012 0.007 9.60 0.9 1.05 1.03 0.2 0,06 0,05

100 000 h Creep Rupture Strength at 600°C

35 M pa 60-80  M pa 80-100  M pa 120 -140  M pa
(Expected)

X20CrMoV12 1 HCM12 HCM12A

Fig 1 : Development progress of 9-12% Cr creep resistant steels [3]

For a successful service application 
and accep tance  in p rac tice , the 
w e ld a b iiity  and the  long  tim e 
behaviour of the newly developed 
m a te ria ls  is one of the  m ost 
im portant aspects. The c reep  
rup tu re  s tre n g th s  of the  pa ren t 
materials P91 and X20 CrMoV12 1 
are compared to the creep rupture 
strengths of cross welds specimens 
[1], It can be observed, that the 
creep rupture strength of cross weld 
sam ples is at h igher tem perature 
remarkably lower than that of the 
base material.

EXPERIMENTAL PROCEDURE 

Investigated materials
As fo r the m a te ria l P91, the 
investigations fo r the study were 
pe rfo rm ed  on a seam less  p ipe, 
p roduced  by p ilg e rm ill ro lling  
process, dimension 149mm outside 
diameter and 20mm wall thickness. 
The newly developed COST steel 
E911, com es from  M annes- 
mannrohren-W erke, Germany. The 
tests were realised on a seamless 
pipe with 336mm outside diameter 
and 62mm wall thickness. For the

cas tin g  m a te ria l G -X 12 CrMo 
W VN bN  10 1 1, the  m ate ria l 
investigated comes from the valve 
body trial casting produced by Georg 
Fischer Schaffhausen, Switzerland. 
The manufacturing weld was carried 
ou t by Voest A lp in e  S tah l Linz 
Foundry, Austria, in the framework of 
CO ST 501 Round II. As fo r the 
w e ld in g  rod, C rom ocord  10M 
produced by Oerlikon Welding Ltd., 
S w itzerland , was used. Table I 
shows the chemical composition of 
the materials investigated.
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HEAT-AFFECTED ZONE ■ 
SIMULATION

The d iffe re n t m ic ro s tru c tu re s  
appearing in the heat-affected zone 
(HAZ) of fusion welds show different 
p rope rtie s , depend ing  on th e ir  
thermal history [6]. The simulation of 
weld thermal cycles is a powerful 
m ethod to in ve s tig a te  HAZ- 
m icrostructures. Com pared to the 
H AZ-m icrostructure of real jo ints, 
s im ulated m icrostructures can be 
produced in relatively large volumes. 
This leads to a transparent variation 
of welding parameters and helps to 
reduce sca tte r in tes ting  results 
which is caused by inhomogeneties 
in real w e lded  m ic ros truc tu res . 
E ffec ts  of loca l g ra d ie n ts  in 
m ic ro s tru c tu re , p ro p e rtie s  and 
residual stresses are not taken into 
account when using HAZ simulation 
technique.

For s im ulation a G LEEBLE 1500 
machine was used. The weld thermal 
cycles which are needed as input for 
the s im u la tio n  p rocess  were 
ca lcu la te d  from  D. R osen tha l's  
solution of Fourier’s heat conduction 
equa tion  in a s im p lif ie d  ve rs ion  
derived by N. N. Rykalin [7]. These 
equations allow the representation of 
the w e ld  the rm a l cyc les  by the 
coo ling  tim es be tw een two 
tem p e ra tu res  (re s p e c tiv e ly  the 
cooling tim e between 800°C and 
500°C -t the peak temperature 
(Tp), the preheat temperature and 
the p la te  th ickn e ss . For th is  
in ve s tig a tio n  the  the rm a l cyc les

Fig. 2 : Thermal cycles calculated for various peak temperatures between 
1300°C and 760°C (SE...heat input, To...preheat temperature, 

tgyj... cooling time between 800^C and 500°C, d... wall thickness), [8]

applied were selected to represent 
a manual shielded metal arc welding 
process with heat input of 225°C kj/ 
cm and a preheat temperature of 
225°C. These conditions led to a 
corresponding cooling time between 
800°C and 500°C of 21, 6 seconds, 
see figure 2 [8].

IN V E S T IG A T IO N S  ON 
HA Z-SIM ULATED AND  
W ELD E D  M ATERIALS

Using real welds from material P91, 
E911 and G-X 12 C rf^oW V N bN  
1011, metallographic investigations, 
hardness tests and creep rupture 
tests were performed. The results of 
P91 investigation were presented in 
[1 ], the  resu lts  of cas t s tee l 
investigation were sum m arised in 
[5 ], C oncern ing  G leeb le  HAZ- 
sim ula ted sam ples from  m ateria l 
P91,E 911and G-X 12 Crf\/loWVNbN

1011 special attention was given to 
the evaluation of the soft zones in 
the HAZ by metallographic investi
gations, using light microscopy and 
TE f^, hardness tests, toughness 
tests as well as constant strain rate 
tests. A dd itiona lly , creep rupture 
tests were performed to investigate 
the creep strength behaviour of the 
soft zone at the HAZ region.

RESULTS AND DISCUSSION 

Hardness

In hardness tests across a weld 
seam of m ateria l P91, it can be 
observed that these types of steel 
show a tendency to form a soft zone 
in the fine grain HAZ after post weld 
heat treatment (PWHT), figure 3. The 
hardness in the zones was found to 
be =20HV,g lower than that of the 
unaffected  base m ateria l. The 
hardness profile across a weld seam
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of E911 and G-X 12 CrMoWVNbN 
1011 show a sim ilar curve to that of 
P91, figure 3. To define the zone in 
which maximunn soften ing occurs, 
specimens where subjected to HAZ- 
s im u la tio n  at d iffe re n t peal< 
temperatures in the range between 
760°C and 950°C according to fig 2. 
The hardness was tested in the “as 
w e ld e d ” , s im u la te d  and in the  
sim ulated and tem pered condition. 
The te m p e rin g  c o n d itio n s  a fte r  
welding were 7 5 0 °C /2 h  air cooled 
fo r P91 respective ly 760 '’C /2h fo r 
E911 and 730°C/12h for material G- 
X 12 CrMoWVNbN 1011.

The results of the hardness tests 
perform ed on the weld s im u la ted  
microstructures of the three materials 
are p re sen ted  in f ig u re  4 as a 
function of the peak temperature for 
both  tem p ere d  and “as w e ld e d ” 
condition. The hardness of the base 
materials tested is shown on the left 
side of the diagram figure 4. It is not 
in fluenced by therm al cycles w ith 
peak te m p e ra tu re s  up to abou t

850°G. The beginning oc/y-transfor- 
mation as a function of heat cycles 
can be observed by the increase of 
ha rdness  in the  “a s -w e ld e d ” 
condition. After stress relieving, the 
hardening effect disappears in the 
materials as can be observed from 
fig u re  4. In the  range  of peak 
tem peratures between 900°C and 
950°C in the materials, a minimum 
hardness can be observed. The 
hardness here is about 10HV,q lower 
than the remaining values.

CONSTANT STRAIN RATE TESTS 
ON HAZ-SIMULATED MATERIALS

Constant strain rate tests at 600°C 
using a constant strain rate of 
e=10-^s ' were applied on specimens 
which have been subjected to HAZ- 
s im u la tio n  and subsequen t 
tempering to investigate the principal 
influence of the HAZ-softening effect 
on the creep resistance. This test 
method was first applied on this type 
of steel in [9]. The maximum stress 
g ives  in d ic a tio n s  on the  creep 
res is tance of the m icrostructures 
tested. The results of these tests, 
p e rfo rm e d  at 600°C  a pp lie d  on 
m icrostructures, produced by weld 
s im u la tio n  w ith  d iffe re n t peak 
temperatures, are shown in figure 5. 
For the unaffected base material P91 
a maximum stress of 280 MPa and 
fo r G-X 12 CrM oW VNbN 1011 a 
stress of 260 MPa was measured. 
For peak temperatures in the range 
of 875 to 920°C, there is a significant 
decrease in the maximum stress,

O -X  12  C rM oW V N bN  1 0  1 1. •Im uiat«d thvrm al cy c l*
O -X  12  C rM oW V N bN  1 0  1 1. s lm u la tsd  thsrm al cycl«-«>730*C /12h 
P 0 1 . •Im ulatod th«rm al c y c f*
P 0 1 . • im ulalad tharm al cycl««>7eO *C /2h  
EQ11. •Imulatod thorm al c y d «
E d i 1. ■Im ulat«d thsrmAi cycl«<*'7SO*C/3h

8 5 0  
emp«ra(ur«. *C

9 0 0

Fig. 4 : Results of hardness measurements on specimens of P91, E911& G-X 
12 CrMoWVNbN 1011 subjected to weld thermal cycle simulation treatments 

(softening behaviour of HAZ)
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Fig.5 ; Results of constant strain rate tests on specimens of P91 & G-X 12 
CrfvloWVNbN 1011 subjected to weld thermal cycle simulation treatment 

followed by tempering (HAZ-softening)

ana logous w ith  the decrease  in 
hardness. The minimum in the stress 
versus peak temperature curve is for 
the material P91 at 250 MPa and 
9 2 0 “C, fo r the m a te ria l G -X 12 
CrMoWVNbN 1011 at 240 fllPa and 
875“C, The measured minimum of 
stress is about 10% lower than that 
measured for the unaffected base 
material. The in ve s tig a tio n  of 
material E911 is in progress.

TOUGHNESS TESTS

For the  in ve s tig a tio n  of the 
toughness behaviour in the different 
areas of the heat-affected zones of 
welded material P91 and G-X 12 
GrfvloWVNbN 1011 toughness tests 
on HAZ-sim ulated m icrostructures 
using Charpy V-notch samples were 
perform ed. The H A Z -s im u la tions 
were applied according to the heat

cycles described in figure 2, using 
peak te m p e ra tu re s  of 1300°G, 
representing a coarse grain region of 
the HAZ and a double cycle with a 
peak tem p e ra tu re  of 1300°G 
followed by a second thermal cycle 
with a peak temperature of 900°G. 
This double cycle represents a fine 
grain transform ation  of a coarse 
g ra in , w h ich  can occur in the 
multilayer welding.

For the optimisation of the influence 
of PW HT d iffe re n t annea ling  
conditions were selected and are 
described in the figures 6 and 7.

Figure 6 shows the Charpy V-Notch 
toughness as a function of testing 
tem perature for the different HAZ 
m ic ro s tru c tu re s  and PWHT 
cond itions  fo r the m ateria l P91. 
F igure  7 show s the toughness 
behaviour in the HAZ of the cast 
material G-X 12 Crf\^oWVNbN 1011. 
In all investigations, the toughness of 
the una ffec ted  base m ate ria l is 
plotted for comparison. As can be 
seen from  these  d iagram s, the 
toughness behaviour of HAZ weld

Fig. 6; fvlaterial P91, Charpy V-notch toughness of 
simulated heat-affected zone (cooling time tj,5=22s),[9]

Fig.7 : Material G-X 12 CrMoWVNbN 1011,
Charpy V-notch toughness of simulated heat-affected zone 

(cooling time tj,j=21s)
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s im ulated m icrostructures, can in 
th is kind of steel be expected in 
about the same level as those of the 
base m a te ria ls , w hen the  HAZ 
m icros truc tu res  w ill be annealed 
after welding, although, the wrought 
material P91 shows a much higher 
basic toughness com pared to the 
cast m aterial G-X 12CrMoW VNbN 
1011. The influence of the thermal 
cycles caused by welding on the 
microstructure and on the toughness 
is s im ila r. The  lo w e r le ve l of 
toughness observed in the casting 
material is mainly the result of the 
different grain size and the presence 
of a certain amount of “Delta-Ferrite” 
in the microstructure in the casting. 
Im p rovem en ts  in o p tim is in g  the  
chemical analysis have been applied 
in the  m eantim e to succe ss fu lly  
enhance  the toughn ess  le ve l.

Therefore it can be expected from 
this investigation, that the toughness 
level in the heat-affected zone will 
also increase when the toughness 
leve l of the base m a te ria l is 
improved.

CREEP RUPTURE TESTS ON HAZ- 
SIMULATED MATERIALS

Creep rup ture  tests  on sam ples 
which were designed to represent 
materials containing microstructures 
caused by a peak tem perature of 
900°C or 920°C were perform ed. 
The results are shown in figure 8 and 
are compared with results obtained 
on c reep  sam p les  m ade from  
un in flu e n ce d  base m a te ria l and 
welded joints. As can be seen from 
figure 8 the creep resistance of plain 
HAZ simulated materials falls for all 
investigated m aterials, remarkably

below the creep resistance of the 
u n in flu e n ce d  base m ate ria l. 
C om paring  the behav iou r of the 
material P91 to the material E911 
and G-X 12 CrMoW VNbN 1011 it 
can be revealed that the softening 
effect in the W-modified material on 
the creep behaviour, at high stress 
levels, is lower than that of material 
P91. Creep test of original welded 
and stress relieved samples of the 
cast steel show a sim ilar curve.

CR EEP RUPTURE TE STS ON 
CROSS WELD SAMPLES

The current status of the creep tests 
at 6 0 0 X  w ith a tes ting  tim e of 
30,000 hours is shown in figure 8. 
The cast steel G-X 12 CrMoWVNbN 
1011 and pipe version E911 appears 
to have a creep strength which is at 
least as high as that of modified 9%

1000  --
(0
Q.
5

O)co

♦  > ® 1 .  & • • •  7 « 0 - C / 2 h .  ( « 0 0 ‘ C )
■ QX-12. t>mmm mmtmrtml. 730“C/12n. (0OO*C)

EOI’ . !>••• 7SO"C/». (dOO'C).  r> SI. MmulsIM (Tp.azO'C). 760-C/2r<. (800-C)

QX-IJ. .||T»H«I  ̂(Tp-MO-O). r30*c/i*n. («oo-<̂  
e o l  1. w s ld a d  lolrit. S M A W .  7»0*C rtt> . (•O O 'C )  
c m  I .  lom i. S A W .  m r c a t t .  ( • o t r c )
o x - 1 2, S M A W .  TM fC/tin. (•O IT C )

S too
0)
££
a3cr
aoa>
o

10 10 100
Tim e, h

1000 10000 100000

Fig. 8: Results of creep rupture tests of P91, E911 and G-X 12 CrMoWVNbN 10 1 1 base material, 
welded joint and soft zone HAZ simulated materials [5].
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Base Material Base Material H A Z Weld Metal

i i i i i i i i i i i i i i i i i i i i i l i i r i i i i i i n

Base Material H A Z  Weld Metal

Fig. 9 : Fracture location at cross weld samples,
G-X 12 CrMoWVNbN 10 1 1 / Cromocord 10M 

a) [150 MPa, 600°C, 3.919 h] b) [75 MPa, 600°C, 20.175 h]

CrMo Steel P91. At high stress levels 
the fracture is located in the base 
material. As the app lied  s tress  
decreases and the rup ture  tim e 
increases, the fracture location shifts 
near to the fine grain region in the 
HAZ. M icrostructural investigations 
of broken creep rupture samples is 
shown in figure 9.

CONCLUSIONS

Previous investigations [1, 9] have 
shown that the weldability of the heat 
res is tan t m a te ria l P91 can be 
described  as ve ry  sa tis fac to ry . 
Although in a heat affected zone, a 
drop in the creep resistance can be 
observed. Com pared to the base 
material a loss of creep resistance 
measured in cross weld samples of

welded P91 material of about 20% 
to 25%  have to be taken in to  
account. Basic investigations using 
mainly the Gleeble HAZ-simulation 
technique revealed that this drop in 
the creep resistance occurred in the 
fine grain area of the heat affected 
zone, where the peak temperature 
reached a level of about 900 to 
950°C. The aim of this study was to 
investigate whether newly developed 
W -containing materials, with higher 
creep resistance than P91 material 
show similar behaviour in the welded 
condition. The resu lts  ob ta ined  
revealed that the behaviour of the W- 
m od ified  cast m a te ria l G-X 
12C rM oW VN bN 1011 and pipe 
m a te ria l E911 show s s im ila r 
b eh av io u r rega rd ing  the creep

resistance in the heat-affected zone 
than P91. Hardness tests, constant 
strain rate tests and short time creep 
tes ts  on H A Z-s im u la ted  
microstructures showed that also in 
W -modified 9-10% Cr-steels creep 
resistant steels a drop of the creep 
strengths in the welded area have to 
be taken info account. The firs t 
results of HAZ-simulated short time 
creep tests showed that this drop is 
less than observed in P91 pipe 
material. At stresses lower than 150 
MPa, the fracture location shifts from 
the base material into the softened 
fine grain HAZ. At 600°C the data 
points of the weldments are below 
those of the base material by more 
than 25%. In the design of welded 
components made from these types 
of m ateria ls, th is  effect must be 
taken into account.
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