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Alloy Steels exhibiting superior creep 
rup tu re  s tren g th  and exce lle n t 
resistance to thermal fatigue have 
been developed for use in recent 
years. These s tee ls  have been 
included in the list of materials by the 
ASTM, the ASME codes apart from 
other International codes like the 
DIN 17175. These steels also are 
se lec ted , today, fo r th e ir  h igher 
strength to weight ratios compared to 
the conventional Low Alloy Cr-Mo 
Steels h itherto em ployed for high 
temperature service.

The modified 9Cr - IM o  (P91) steel 
is one such steel developed in USA 
for fast breed reactor components 
operating at 600°C. This steel has 
superior creep strength as compared 
to the Type 309 stainless steel in this 
temperature range. At temperature 
ranges in the vicinity of 540°C, the 
m a rte n s itic  s ta in le ss  s tee l X20 
CrMoV 12 1 (X20) possesses better 
c reep  s tren g th  than the  s tee l 
mentioned above. The P91 and X20 
s tee ls  w ith  th e ir  su p e rio r creep  
s tren g th  ab ly  f il l the w ide  gap 
observed in creep strength between 
the low  a lloy  s te e ls  and h igh ly  
alloyed austenitic stainless steels.

[Modified 9 C r- ir^ o  stee ls con ta in  
controlled addition of Nb and V. This 
addition sufficiently increases creep 
strength. This steel gained ASTM 
app rova l in 1983 fo r e leva ted  
tem pera ture  app lica tion  w ith the 
specification as ASTM A335 P91 
(P91) for piping. Table-1 gives the 
chemical composition of the steel. 
The X20 CrMoV 12 1 steel has been 
used widely especially in Germany. 
It has been in use in Power Plants 
s ince  1960 ’s, and the  chem ica l 
composition is given in Table-1. This 
paper discusses the salient features 
of ASTM A335 P91 and X20 CrMoV 
12 1 steel, with emphasis on their 
welding characteristics.

Transform ation Behaviour and 
MIcrostnicture

The Time Temperature T ransfo r­
m ation d iag ram  and C ontinuous 
Cooling Temperature of P91 and X20 
steels are given in Fig.1 and Fig. 2. 
The CCT diagrams of P91 and X20 
are quite sim ilar After normalising at 
1050“C precip ita tion of chromium 
carbide occurs in X20 CrMoV 12 1 
at the  tem p e ra tu re  of 700°C to 
900°C and the  M artens itic  s ta rt 
tem perature (Ms) is about 300”C. 
On acce le ra te d  coo ling , fu lly  
martensitic structure is obtained for 
larger wall thickness. Compared to 
X20 C r Mo V121, the Ms

TABLE 1
CHEMICAL COMPOSITION OF ASTM A335 P91 AND X20 CrMoV121

Elements

P91 Composition / Wt. % X20 Composition / Wt.%

As Per 
Specification As Analysed

As per 
Specification As Analysed

C 0.80 - 0.12 0,10 0.17 - 0.23 0,21
Si 0.20 - 0.50 0,40 0.5 max. 0,26
Mn 0.30 - 0.60 0.44 1.0 max. 0,64
P 0.020 <0,01 0,03 max. 0,018
S 0.010 <0.01 0,02 max. —

Cr 8,0 - 9.5 8.0 10,0 - 12,5 11,1
Ni 0.40 <0,10 0,03 - 0,8 0.7
Mo 0.85 - 1.05 0,96 0,8 - 1,2 0.8
V 0,13 - 0,25 0,20 0,25 - 0,35 0.25

INDIAN WELDINU JOURNAL, JANUARY 1999
11



Ch#w«*l C 5f Mn P 5 N Al Cr Ni Mo V Nb
1%) 0.0 0J 6 0.(2 1017 D.05« 0.024 8 7 5 a i3 0.96 [120 0 0 7

K»00 -  
9 0 0  -  

800 -  

7 0 0  -  

6 0 0  -  

500  -

too -
3 0 0  - 

*200- 
100

Actb | t 0 * C A*C

N orm alizing  Tem perBlure 1040*C  
H old in g  T im e  20  M in .
G rain  S ire  A fte r Q uenching A S T M  ID

M s

---- 1------ r
I S«c 1 0 ' X )*  to ’  10'* lo ’

C ooling T im e b e tw e en  8 00  and 500 'C  
I--------- 1--------------1---------
1 10 too

Reduced W all Thicknass S( 1 ■ ^  |m m | (or A ir Cooling f  , f  3^5

TEM PERATURE T R A N S FO R M A TIO N  D IAG R AM  
IX  1 0 C / M o V N b 9 1 )

teo o

IMO

1200

1000

E
"  000 

600 

iOO 

200 

0

F ig .1

A  + C A u« t» a*ndC«rb>d«
F + C Fffritf indCwbW*
M  M a n tn tk t
Ms (•mperaiurt
Mp Marttmiit • fln^  i»mp*ritur«

AuttenM tzKktn  ; 30 mkn. 104CTC

^  H a rd n M t  H V  10
...... 50% t/wiffornwilenitmperMur*

C* M X  •  r<  N b l IC. N)

A .C *

A u su n iM  gra in  l i n  : A S T M  10 
------ -I ...................... I----------1 r - r r

io'

C o n tin u o u s  C o o lin g  T ra n s fo rm a t io n  D ia g ra m  
fo r  th e  9 %  C r  S te e l.

Owmkal
CMnpoMon

l»l
c Si VVi P s N Al cr Ni M) V Hi

)J0 ).2i 0.47 oozs )009 )CJ73 000} 11.59 0J9 0.9t o n -
Temperature f*C] 
tooo 1

900

800

700
600

500

too
300

300

100

N orm « littng  T«m p«rM ur* 1050*C 
H o ld ing  T trn * B M in.
Grain S in  A fta r Ou«nchtr>g A STM  4-5

10 *0  

f *C

xr 10« 10» 10-*
CooJIfVQ T im *  b fttw M n  800 »nd 500*C

—1— K)«

t  10 X)0
Rsdoced W all T H e k n « * i S|1 - g  (m m l fo r A ir  Cooling

TEMPtRATURE TRANSFORMATION DIAGRAM 
(X 2 0 C rP A 3 V t3 1 )

F ig .2 C o n t in u o u s  C o o lin g  T ra n s fo rm a t io n  D ia g rd f i i 
fo r  X 2 0  C r S te e l M o  V 1 2  1

temperature of P91 steel is higher by 
100°C. The martensitic hardness for 
P91 is comparatively lower, by 150 
HV, than that observed fo r X20. 
These effects are due to different 
leve ls  of ca rbon  c o n te n t in the 
steels. The lower hardness value is 
adva n ta geou s  fo r w o rka b ility . 
Besides, the cold cracking tendency 
is remarkably reduced and cooling to 
RT is rendered possible. Both the

steels show high dislocation density 
in the su b -g ra in  s tru c tu re  and 
coherent fvIX precipitates. The fine 
su b -g ra in  s tru c tu re  w ith  high 
dislocation density is the key factor 
fo r high creep s trength . Th is  
dislocation density decreases during 
service at high temperature due to 
recovery processes. Typ ica l 
m ic ros truc tu re  of the s tee ls  are 
shown in Fig. 3 and Fig. 4.

Physical and Mechanical Properties

One of the important properties of 
material to be used in Power Plants 
are thermal expansion and thermal 
c o n d u c tiv ity . Tab le 2 g ives the 
physical properties of both the steels 
and these  p ro p e rtie s  are not 
dependent on the microstructure but 
on the lattice structure. As can be 
seen from the Table 2, the X20 and
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P91 have com parab le  phys ica l 
p ro pe rtie s  and these  are qu ite  
su p e rio r to the h igh ly  a lloyed  
austenitic stainless steels. The room 
tem p e ra tu re  te n s ile  and im pact 
properties of P91 and X20 steels are 
given in Table-3. The P91 steel 
shows better impact properties than 
X20. Fig. 5 show s the e leva ted  
temperature strength for the alloys 
P91 and X20. It is quite evident that 
P91, at temperature range 550°C to 
600°C is superior to X20.

Welding Characteristics of ASTM  
A335 P91 and X20 CrM oV12 1 
Steels

Welding of ASITW A335 P91 Steel

The m odified 9Cr-1M o steels are 
read ily  w e ldab le  p rov ided  
recom m ended w e ld ing cond itions 
and heat treatments are followed. As 
the s te e l’s m ic ro s tru c tu re  a fte r 
Normalising & T ra in ing  is of 
m artens ite , H ydrogen induced 
Cracking (HIC) is a potential risk. 
Pre-heating in the temperature range 
200-250°C is generally followed to 
avoid HIC. The electrodes are to be 
baked prior to welding. SMAW and 
GTAW welding process are easily 
employed for welding of P91. SAW 
process can also be used for P91 
steel and the pre-heat used is about 
230-250°C. The in te rpass te m p ­
erature during welding should not 
exceed 350°C max. and the flux 
should be adequately baked to keep 
the hydrogen at low levels. Table-4 
gives the typical composition of SMA 
and SAW weld metal deposits. A

TABLE 2
PHYSICAL PROPERTIES OF ASTM A335 P91 AND X20 Cr Mo V 12 1 STEELS

P91 X 20
Temp

°C
Thermal

conductivity
W /m .K

Co-efficient 
Linear Expansion 

10-®m/m/°K

Thermal
conductivity

W /m .K

Co-efficient 
Linear Expansion 

10^ m/m/K

20 26 — 24 . —

50 26 10.6 24 —
100 27 10.9 24 10.8
200 28 11.3 25 11.2
300 28 11.7 25 11.6
400 29 12.0 26 11.9
500 30 12.3 26 12.1
600 30 12.6 26 12.3

TABLE 3
ROOM TEMP. MECHANICAL PROPERTIES ASTW A335 P91 AND 

X30CrMoV121 STEELS

Steel UTS YS %E Impact Energy
(N/mm') (N/mm') LO=5.6SVSO J.(Mln)

Long. Trans. Long. Trans.

P91 585-850 415 17 14 68 41
X20 690-840 490 17 14 48 34

Post Weld Heat Treatment of 740°C 
±15°C is administered to the weld 
which w ill improve the toughness 
and also remove any risk to stress 
corrosion cracking.

Welding of X20 CrMoV 12 1

The X20 CrMoV 12 1 steel under 
normal rates of cooling after welding 
is strongly m artensitic. W ith high 
carbon levels specified fo r creep 
p ro pe rtie s , the s tee l deve lop es  
extremely high hardness in HAZ of 
the weld and th is zone is highly 
susceptib le  to hydrogen induced 
cracking. W elding processes with 
low potential for hydrogen are to be

TABLE 4
TYPICAL COMPOSITION OF WELD 

METALS

Chemical Composition Wt.%
Element Manual 

Metal Arc 
Weld Metal

Submerged 
Arc Weld 

Metal

C 0.098 0.088
Si 0.34 0.50
Mn 0.54 0.35
P 0.013 0.012
S 0.007 0.006
Cr 8.93 8.79
Ni 0.90 0.81
fi/lO 1.00 0.93
V 0.20 0.10
Nb 0.044 0.041
N 0.035 0.045
Al 0.002 0.009
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Fig.3; Tempered Martensite structure - P91 Fig.4; Needle like Martensite seen - X20 Cr Mo V I 2 1
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Fig.5: Allowable Stresses for steels 
TP 316 LN mod., P 91 and X20 Cr MoV 12 1

Fig.6: Temperature Regimes for Austenitic and 
Martensitic welding and PW HT

employed, to avoid the risk of cold 
cracking.

Welding of X20 CrMoV 12 1 can be 
done in two regimes ie. “Austenitic 
w e ld ing” or “M artensitic welding". 
The welding regimes are defined by 
the working tem pera ture  adopted 
while welding, A preheat above the

M artens itic  s ta rt (Ms) w ill be of 
austenitic type while those below Ms 
is Martensitic welding. The control of 
te m p e ra tu re  is q u ite  v ita l fo r 
obtaining sound welds with requisite 
p rope rtie s . F ig .6  show s the 
schem atic  fo r the austen itic  and 
m a rte n s itic  type  of w e ld ing .

Extensive work has been carried out 
in these areas.

After completion of welding, the X20 
CrM ov 12 1 weidm ent should be 
co o le d  to 80°C to fa c ilita te  
tra n s fo rm a tio n  of aus ten ite  in to 
martensite. Sufficient time should be 
given for completion of the above
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transform ation and th is aspect is 
quite important for tfie weldment and 
any shortcoming in this temperature 
range will drastically affect the weld 
properties.

Im m ed ia te ly  a fte r  co m p le tio n  of 
transfo rm ation  to m artens ite , the 
weldment, without cooling to RT, is 
given a PWHT at 760 deg C plus or 
m inus 10°C. By th is  PW HT 
tem p e re d  m a rte n s ite  is fo rm ed 
which gives the weldment sufficient 
toughness and the s tresses are 
relieved. In addition to the above the 
risk to stress corrosion cracking is 
also reduced.

The above d isadvan tage can be 
overcom e by adopting m artensitic 
welding, as the pre-heat is below Ms, 
the  a u s te n tie  is tra n s fo rm e d  to 
martensite during welding process. 
This brittle martensite is converted 
in to tem pered m artens ite  by the 
subsequent layer deposit. This will 
lead to higher toughness in t!ie part 
of the weld metal deposited. As a 
resu lt, lo w e r s tru c tu ra l t ra n s fo r ­
m ation  s tre ss  w ill o ccu r du rin g  
in te rm ed ia te  coo ling , as there  is

a lre a d y  a ce rta in  am oun t of 
tem p ere d  m a rtens ite  p resen t, 
com pared with austenitic welding. 
The reduction  of s tru c tu ra l 
transformation stresses is due to the 
reduction in the residual austenitic 
content as compared with austenitic 
welding. Hence, the risk of cracking 
is reduced. Thus, in te rm ed ia te  
cooling at temperature below SOX 
is possible if martensitic welding is 
em ployed. M a rte n s itic  w e ld ing  
seems to be relatively advantageous 
in comparison to austenitic welding 
for any fabrication industry. Fig 6 
shows the weld and heat treatment 
cycle of “Austenitic” and “Martensitic” 
welding .

To obtain defect-free welds in the 
root pass while welding of X20 some 
industries use low alloy steel filler. 
The root welding is completed with 
GTAW passes with filler wire with a 
composition of 2.25 Cr - 1Mo, ie. 
AW S -E R 90X , w h ile  o the rs  use 
matching com position. The filling  
passes are done us ing  SM AW  
process. The advantage of using 
2 .25C t. - 1Mo f i l le r  is tha t the  
m anipu la tion of the weld pool is

eas ie r. The m a tch ing  f ille r  w ith  
h igher a lloying content is slightly 
difficult to manipulate as the weld is 
quite viscous. This technique can be 
used fo r th ick  p ip ing  and is not 
recommended for thinner tube wall 
thickness. The high tem pera ture  
p ro p e rtie s  are not s ig n if ic a n tly  
affected by adopting this technique. 
In addition to the aforementioned 
aspects, the cracking tendency at 
the root is reduced. The typ ica l 
arrangem ents fo r pre-heating and 
PW HT using resistance pad and 
induction coil for X20 pipings are 
shown in Fig 7 to Fig. 9.

Summary

The modified 9Cr - IM o  steel with 
ASTM A 335 P91 (Piping) Steel with 
supe rio r creep p roperties , better 
w o rk a b ility  and good w e ld ing  
c h a ra c te r is tic s  is the  s tee l fo r 
elevated temperature piping. While 
X20 Cr MoV 12 1 steel also possess 
good creep properties welding of this 
steel requires stringent adherence to 
the procedure.
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