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Abstract This paper presents the results of a study on the

microstructural and microchemical variations in a multi-

pass Gas Tungsten Arc weld (GTAW) of modified 9Cr-

1Mo steel. The changes brought about in the steel due to

the heating and cooling cycles during welding and the

subsequent effects due to reheating effects during multi-

pass welding are described. Detailed analytical transmis-

sion electron microscopy has been carried to study the type

and composition of the primary and secondary phases in

this steel. The systematic changes in microstructural

parameters such as Prior Austenite Grain Size, martensite

lath size, number density, size and microchemistry of

carbides, have been understood based on the different

transformations that the steel undergoes during the heating

and cooling process. Based on the observed microstructure,

an attempt has been made to identify distinct microstruc-

tural zones and possible thermal cycles experienced by

different regions of the weldment.

Introduction

Modified 9Cr-1Mo steel (grade P91 & T91) finds appli-

cation in power plants for the construction of steam gen-

erators, due to its excellent high temperature creep strength

and high resistance to stress corrosion cracking [1–5].

Earlier investigations of this steel indicate that P91 can be

used safely up to a temperature of 923 K [4]. In addition to

higher creep strength, grade 91 steel has good ductility and

toughness, low thermal expansion coefficient, good

hardenability, resistance towards hydrogen embrittlement

and no susceptibility to reheat cracking. Basically, P91 has

a martensitic structure, which remains unchanged even for

a low cooling rate from austenite. A low concentration of

carbon is preferred to achieve a high Ms (~400 K) as well

as a low hardness of the martensite. Furthermore, the steel

is made superior to conventional 9Cr-1Mo steel with re-

spect to creep properties by the controlled addition of V

and Nb [1]. Relatively stable M23C6 carbides, which pre-

cipitate on boundaries during tempering, provide basic

creep strength to the steel by retarding the subgrain growth

[6]. Finely dispersed, highly stable intergranular V (Nb)

carbides/nitrides (MX) formed during tempering provide

an additional source of creep strength [7–9]. Very fine

mono-carbides V (Nb) C that precipitate within the sub-

grains pin down mobile dislocations and also increase the

creep strength significantly.

Although this steel offers good weldability, the

mechanical properties of the welded joints are found to be

inferior compared to the base metal [10, 11]. The micro-

structures that form in the Heat Affected Zone (HAZ) are

highly heterogeneous due to the different heating/cooling

rates experienced at various distances from the fusion line.

The zone is classified as Coarse Grained (CGHAZ), Fine

Grained (FGHAZ) and Intercritical (ICHAZ) Heat
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Affected Zones, based on their characteristic microstruc-

tures. Failure of the weld joint occurs in the fine grained/

intercritical heat affected zone during high temperature

service, which is often referred as the Type IV cracking

[11–13]. Studies on simulated HAZ microstructures have

shown that tensile/creep properties of the FGHAZ/ICHAZ

are considerably lower, whereas that of the coarse grained

HAZ is better than the weld or base metal [14–16].

Therefore, the microstructural and microchemical changes

that take place in the HAZ during welding need to be well

understood as they influence the performance of the weld

joints during service. Hence, a detailed study was per-

formed to characterize the different microstructures intro-

duced during welding as a function of the thermal cycles

experienced by each region of the weldment.

Experimental

The modified 9Cr-1Mo steel was supplied by M/s Midhani,

India, as round forgings in the normalized (1,333K—1h)

and tempered (1,033 K—1h) condition. The chemical

composition of the steel is given in Table 1. 10-mm thick

plates machined out of the bar were used for fabrication of

the weld. Welding was performed by the manual GTAW

process using modified 9Cr-1Mo filler wire, supplied by M/

s Metrode, United Kingdom. The filler wire composition

and welding parameters are given Tables 2 and 3, respec-

tively. The schematic weld geometry is shown in Fig. 1. A

weld height of approximately 6 mm was achieved by five

successive layers. The number of passes was 12 in each

layer. The weldment is classified as regions W1, W2 and

W3 within the weld and HAZ1, HAZ2 and unaffected BM

in the base metal, as shown in the Figure for the purpose of

this study.

The specimens from sections taken perpendicular to

weld interface were prepared metallographically by stan-

dard preparation procedures. Optical microscopy and mi-

crohardness measurements were performed using a Leica

MeF4A microscope and Leitz Miniload II Vickers Hard-

ness Testing machine under an applied load of 100 g. The

microstructure was studied by Scanning Electron Micros-

copy using a Philips XL 30 ESEM, with Energy Dispersive

Spectroscopy. Analytical Transmission Electron Micros-

copy (ATEM) was performed on thin foils to study the

structure and on extraction replicas to identify the type and

chemistry of secondary phases. Thin-foil specimens for

transmission electron microscopy were prepared by the

window thinning method using 10% perchloric acid in

methanol as the electrolyte. Extraction replicas were pre-

pared from well polished & carbon coated specimens using

Vilella’s reagent. ATEM was carried out using a Philips

CM 200 microscope equipped with a super ultra-thin

window (SUTW) energy dispersive X-ray spectrometer

(EDS) at an operating voltage of 120–160 kV. Quantifi-

cation of EDS spectra was done using the Cliff Lorimer

method with KAB values generated from standard samples

of known chemical composition.

Results and discussion

The results of this study are classified under two major

themes, namely: (1) Microstructural heterogeneity across

the weldment (Weld, HAZ1, HAZ2, and Base metal) dur-

ing solidification, and (2) Effect of reheating on the

microstructure of the weld. The results are presented in the

following sequence. Section ‘Characterization of the base

metal’ deals with the characterization of base metal and

Section ‘Microstructural characterization of weld zone’

describe the weld microstructure. Microstructural hetero-

geneity in HAZ is discussed in Section ‘Microstructural

modifications in the Heat Affected Zone’. Sections ‘Effect

of reheating on the microstructure of weld zone’ and

Table 1 Chemical composition of Base metal (wt.%)

Cr Mo Ni C Mn Si

8.72 0.90 0.10 0.096 0.46 0.32

S P V Nb N Fe

0.006 0.012 0.22 0.08 0.051 Bal.

Table 2 Filler wire composition (wt.%)

Cr Mo Ni C Mn Si S

8.72 0.95 0.80 0.1 0.51 0.25 0.003

P V Nb N Cu O Fe

0.004 0.19 0.07 0.04 0.01 0.004 Bal.

Table 3 Welding procedure and parameters

Process Manual GTAW

Voltage 12 V

Current 90 amps

Filler wire / 2 mm

Welding speed 70 mm/min

No. of layers 5

No. of passes per layer 12

Overlap between passes ~2 mm

Size of the weld bead ~6 mm (W) · 1.2 mm(H)

Pre-heat 200 �C

Interpass temperature 200 �C

Shielding gas Argon @ 10 L/min
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‘Thermal cycles of different regions of weldment’ describe

the effect of reheating in the weld zone and thermal cycles

experienced at different regions of weld, respectively.

Characterization of the base metal

The microstructure of the base metal in the normalized

and tempered condition is shown in Fig. 2a. A tempered

martensitic microstructure with abundant precipitates

along the prior austenite and martensitic lath boundaries

is observed. The average austenite grain size was about

40 lm with an average hardness level of 200VHN. The

thin foil TEM micrograph in Fig. 2b reveals the finer

features showing well-defined, individual laths of tem-

pered martensite with coarse globular carbides along the

boundaries. The average lath size was measured to be in

the range of 0.5–1 lm. It was difficult to observe the finer

carbides due to the high density of dislocations [17],

uniformly distributed in the martensitic matrix. Hence,

further analysis to identify the type, amount and micro-

chemistry of carbides was carried out using extraction

replicas. Figure 2c shows a TEM micrograph of the car-

bon extraction replica of the base metal. The presence of

coarse boundary and interlath precipitates of both globular

and lenticular morphologies (marked A) was observed.

The sizes ranged from 0.2 lm to 0.4 lm. Apart from

these, a uniform distribution of fine (100–150 nm) and

extremely fine (40–80 nm) carbides (marked B in Fig. 2c)

was observed within the laths. A typical selected area

electron diffraction (SAD) pattern from a globular carbide

of type A is shown in Fig. 2d along with its key in

Fig. 2e. The analysis of SAD pattern confirms that the

carbide is M23 C6 along the Æ1 1 1æ zone axis. The mi-

crodiffraction carried out on fine carbides uniformly

present within the laths also identified them as M23C6.

Fig. 1 Geometry of the weld (Schematic)

Fig. 2 Microstructural details

of base metal (a) SEM

micrograph showing prior

austenite grain boundaries and

complete martensitic

substructure (b) Retention of

martensitic laths with grain

boundary carbides (c) presence

of coarse M23C6 and fine MX

precipitates (d) Diffraction

pattern from M23C6 carbide

(marked A in c) taken along

Æ1 1 1æ zone axis, and (e) key to

the above pattern
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Generally, the presence of fine MX type of carbides

augments the creep strength of the modified steels in the

normalized and tempered condition [3, 9, 18, 19]. Fig-

ure 3a and b shows the diffraction pattern obtained from

these fine carbides (marked B) along with the keys (Fig. 3c

and d). Analysis of the diffraction pattern showed that these

are MX-type of carbides along Æ1 1 2æ and Æ0 1 1æ zone

axes. There was no evidence for the formation of M2X type

of precipitate, which is most commonly found in plain 9Cr-

1Mo steels. It is possible that during the tempering of 1 h at

1,033 K, even if M2X were to form, the time was quite

sufficient for its conversion to M23C6. This observation is

in agreement with literature [7, 18], where it is reported

that M2X carbides that formed at 1,033 K during the early

stages of tempering were replaced by M23 C6 and MX

precipitates within an hour of tempering.

The microchemistry of different types of carbides was

studied using Energy Dispersive X-ray Spectroscopy

(EDS). Figure 4a shows an EDS spectrum obtained from a

typical M23C6-type carbide. It is Cr-rich, although it

Fig. 3 Microdiffraction

patterns from fine intralath

carbides (MX) marked B in Fig.

2(b) taken (a) along Æ1 1 2æ zone

axis (b) along Æ0 0 1æ zone axis

and (c & d) key to diffraction

pattern in (a) & (b), respectively

Fig. 4 EDS spectra obtained

from various types of carbides

present in the base metal

showing (a) Cr-rich M23C6 (b)

V-rich MX and (c) Nb-rich MX

J Mater Sci (2007) 42:5700–5713 5703

123



contains a large amount of iron and molybdenum. The

average Cr/Fe ratio was found to be 2.5. The EDS spectra

from MX carbides are shown in Fig. 4b and c. Although

majority of the precipitates were rich in vanadium, a few

very fine niobium-rich precipitates were also observed.

Most of these carbides were either V- or Nb- rich with

small solubility for the other element. The abundance of

vanadium-rich precipitates can be understood from the

steel composition. Although the identity of X could not be

established unequivocally during this study, it is expected

to be a carbonitride. Therefore, the microstructure of the

base metal can be summarized as tempered lath martensite

with copious precipitation of Cr-rich M23C6 and a fine

distribution of monocarbides of V and Nb (V(Nb)X).

Microstructural characterization of weld zone

Macroscopic examination of the weld region shows the

thickness of weld to be around 6 mm since it was prepared

by deposition of multiple passes and multiple layers of

weld metal on the plate, as shown in Fig. 1. This zone can

be further subdivided into region W1, W2 and W3. W1

refers to regions that have solidified from the liquid metal

and not undergone any further reheating, W2 and W3, refer

to regions that have been reheated after solidification due to

multiple layers. Further discussion on weld zone is there-

fore confined to region W1 alone.

Figure 5a shows the optical micrograph of the weld

zone. A columnar structure typical of directional solidifi-

cation is observed since this region has formed by solidi-

fication of the liquid metal. The region had a uniform

hardness of about 420 VHN, which is in agreement with

the observed microstructure of martensite. The SEM

micrograph in Fig. 5b shows elongated prior austenite

grains with an average width of 10 lm and length of

40 lm. A fully martensitic structure was observed with no

evidence of delta ferrite (d-ferrite) or pro-eutectoid ferrite

(a-ferrite). This is consistent with the high microhardness

(420 VHN). This observation also suggests that the cooling

rate in the temperature regimes for the two transformations

(L fi c & c fi a¢) has been fast enough to suppress the

nucleation of d and a ferrite. The thin-foil micrograph of

the top region of the weld in Fig. 5c shows lath martensite.

A high dislocation density was observed within the laths

with no evidence of carbides. The lath size was found to be

uniform, in the range of 0.4–0.5 lm. The carbon extraction

replica examination also confirmed the absence of carbides.

Based on the pseudo binary Fe–Cr phase diagram for

0.1% C [2], the weld region is expected to undergo the

following transformations.

The chromium equivalent of the steel is given by the

following expression [20].

Creq ¼%Crþ 6ð%SiÞ þ 4ð%MoÞ þ 1:5ð%WÞ þ 11ð%VÞ
þ 5ð%NbÞ þ 12ð%AlÞ þ 8ð%TiÞ � 40ð%CÞ
� 2ð%MnÞ � 4ð%NiÞ � 2ð%CoÞ � 30ð%NÞ �%Cu

Fig. 5 Microstructure of weld

zone (a) Optical micrograph

showing the typical columnar

cast structure (b) SEM

micrograph showing the

completely martensitic structure

with elongated prior austenite

grains, and (c) TEM micrograph

showing martensitic laths with a

high dislocation density

L

 + 

 + Carbides

 + Carbides
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The chromium equivalent estimated for the electrode

composition is about 7.03. The absence of d or a ferrite is

consistent with the low value of chromium equivalent and

the high cooling rate in the weld. Retention of delta ferrite

is reported in this steel for a chromium equivalent ‡9wt.%

[21, 22]. The transformations in the weld metal, which has

undergone solidification but no reheating, can therefore be

summarized as follows:

The minor microstructural variations observed across

the thickness of the weld due to secondary processes during

reheating would be discussed later.

Microstructural modifications in the Heat Affected

Zone

The Heat Affected Zone (HAZ) is the most important re-

gion in a weldment especially for ferritic alloys since most

of the industrial failures occur in this region, more pre-

cisely at inter critical region [11, 23–25]. The microstruc-

tural variations in the HAZ are also reflected in the

microhardness profile of the cross section. The microh-

ardness profile using a load of 100 g taken across the

weldment consisting of weld, HAZ, and base metal is

shown in Fig. 6. The micrographs of the regions consisting

of fusion zone and HAZ are shown in Fig. 7a–c. The

observations made from Figs. 6 and 7 are as follows:

(i) The width of the HAZ is about 3 mm, which is in

agreement with the observed microhardness profile.

(ii) A continuous reduction in the prior austenite grain

size was observed in HAZ, resulting in a coarse-

grained region (Fig. 7b) adjacent to weld and a

Fig. 6 Microhardness profile across the weldment consisting of weld,

HAZ and base metal showing a continuous decrease in hardness from

weld top to the weld metal fusion line, and higher hardness at coarse

grained HAZ compared to fine grained HAZ

Fig. 7 SEM micrographs

showing (a) various

microscopic regions of Heat

Affected Zone (b) Coarse

grained HAZ region with

evidence for presence of delta

ferrite, and (c) Fine grained

HAZ

 L
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fine-grained region (Fig. 7c) adjacent to unaffected

base metal.

(iii) A decrease in hardness from 350 to 200 VHN was

observed in regions that included HAZ and extended

into the base metal; an increase in hardness between

fusion zone and fine-grained region was followed by

a continuous reduction to base metal values.

(iv) Stringers of another phase, possibly d-ferrite, were

observed along the weld-base metal interface.

It was noted that there were microstructural variations

within the HAZ, which has been studied in detail at typi-

cally two different depths, termed as HAZ1 and HAZ2.

Microstructure of HAZ1

This region, which is closer to the fusion zone, exhibited a

hardness of 350–400 VHN as compared to 200 VHN for

the base metal. The SEM micrograph of this region in

Fig. 7b shows prior austenite grains, with sizes ranging

from 50 lm to 70 lm, and a fully martensitic structure.

Few stringers free from laths are observed adjacent to the

weld fusion line. Microhardness measurements using lower

loads showed lower hardness values in the range of 200–

240 VHN, compared to 400 VHN for the martensite,

which suggested that these stringers were the delta ferrite

phase. The formation of delta ferrite in the fusion zone can

be understood in terms of the low cooling rate at the

interface as compared to the weld region. The higher Creq

of the base metal (10.38) as compared to weld metal (7.03)

would also aid the formation of delta ferrite during cooling.

The presence of delta ferrite in the HAZ region close to

fusion boundary was also observed in this steel during

laboratory simulated heat treatments, and is also supported

by literature [26–29].

The thin-foil TEM micrograph (Fig. 8a) shows the

presence of a parallel array of martensite laths. The average

size was measured as 0.35 lm as compared to 0.7 lm in

the base metal. The TEM micrograph of the carbon

extraction replica (Fig. 8b) obtained from this region

shows a reduction in the number density as well as size of

carbides as compared to the base metal, especially the lath

boundary carbides. The average carbide size is about

0.1 lm as compared to 0.2–0.3 lm for carbides in the base

metal. A Selected Area Diffraction (SAD) pattern from a

coarse carbide, given as an inset in Fig. 8b, shows an

M23C6 carbide along Æ1 1 1æ zone axis. EDS analysis from

a large number of M23Ctype carbides showed that they are

all rich in Cr. Most of the M6 23C6 carbides had a Cr/Fe

ratio similar to that obtained from the base metal. However,

a few carbides with a lower (<1.5) Cr/Fe were also de-

tected. Analysis of the carbides in this region also revealed

the rare presence of NbX (Fig. 8d), although no evidence

for VX could be obtained. The presence of NbX can be

understood in terms of the stability of this carbide, which

has also been reported by other workers [7, 18]. The ab-

sence of VX is probably due to high temperatures experi-

enced by this region and its fine initial size. It is expected

that the M23C6 precipitates with Cr/Fe ratio similar to those

in base metal are pre-existing carbides present in the nor-

malized and tempered steel. This is due to the brief time of

the region at high temperature, during which the complete

Fig. 8 Microstructural

characterization and distribution

of secondary phases in HAZ1

(a) TEM micrograph showing a

fine lath martensitic structure

(b) Evidence for fine carbides

compared to base metal; Inset

shows SAD pattern from a

coarse carbide along Æ1 1 1æ
zone axis (c) EDS spectrum

from a M23C6 carbide with

higher Cr/Fe ratio illustrating

retention of carbides present in

the N&T steel, and (d) EDS

spectrum from NbX which

remain undissolved
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dissolution of all coarse M23C6 carbides in this region

could not have been possible. The carbides with lower Cr/

Fe values could have precipitated during the cooling pro-

cess.

Based on the above results, the possible reaction in the

CGHAZ near the weld interface can be summarized as

Microstructure of HAZ2

A section of HAZ away from the fusion zone was desig-

nated as HAZ2. The Prior Austenite Grain Size (PAGS) in

this region was found to be 12–15 lm (Fig. 7c), which

suggests that this region could be a part of FGHAZ. This

Fig. 9 Microstructure and

identification of secondary

phases in HAZ2 (a) Thin foil

micrograph showing coarse

laths compared to base metal

and HAZ1 (b) Presence of

coarser carbides, showing

incomplete dissolution of

carbide (c) Diffraction pattern

taken from M23C6 along Æ1 1 2æ
zone axis (d) Microdiffraction

pattern taken from a MX type of

precipitate along Æ0 0 1æ zone

axis (e) EDS spectrum showing

evidence for presence of M23C6

carbides with lower Cr/Fe ratio,

and (f) EDS spectrum from a

MX type carbide confirming

V(Nb)X

                                

Ac3<T < Tm

CoolingHeatingTempered martensite

{  + M23C6 + V (Nb) X}

+
+ M23C6 + NbX
(Partial dissolution of 
carbides)

+
+ M23C6 + NbX
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region consisted of a martensitic microstructure although

the average hardness was only about 300 VHN. The lower

hardness could be attributed to the low carbon content in

this region due to incomplete dissolution of carbides, which

is also responsible for the low PAGS. This suggests that the

temperature witnessed by this region would be only

slightly above Ac3. The thin-foil TEM micrograph from

this region (Fig. 9a) shows the presence of lath martensite.

The laths were found to be slightly coarser (0.8–1 lm) in

this region as compared to base metal (0.7 lm), which

suggests that the cooling rate has been low. The TEM

micrograph (Fig. 9b) from the extraction replica also

shows coarser lath boundary carbides of average size

0.2 lm as compared to HAZ1 where the maximum size

was 0.1 lm. The number density of carbides had increased

as compared to base metal, with both interlath and intralath

precipitates distributed uniformly. Figure 9c and d shows

the SAD pattern from two types of carbides, which were

identified as M23C6 and MX along Æ1 1 2æ and Æ0 0 1æ axis

respectively. The EDS spectra from the two types of car-

bides shown in Fig. 9e and f confirm the presence of Cr-

rich M23C6 and V-rich MX type of carbides. Although the

composition and maximum size of most of the M23C6

carbides were comparable to those in the base metal,

additional precipitation of a large number of fine M23C6

(having a lower Cr/Fe ratio) and MX carbides was ob-

served. This could be attributed to autotempering during

cooling, due to low cooling rate experienced by this region.

As discussed earlier, the fine size of the prior austenite

grains and high number density of carbides are in support

of a low austenitization temperature experienced by this

region. The possible transformation in this region can be

summarized as follows:

Since the maximum temperature experienced at each

microscopic region depends on its distance from the heat

source, it is expected that there would be a plane/zone

where the maximum temperature would be between Ac3

and Ac1 corresponding to the duplex phase field. This re-

gion, termed the Intercritical region, is described below.

Intercritical region (ICHAZ)

As described previously, the microstructures in HAZ1 and

HAZ2 were fully martensitic, confirming that they trans-

formed from the austenite phase field. The inter-critical

region was located by controlled removal of layers.

Fig. 10 Typical microstructure

of Intercritical Zone (a) thin foil

TEM micrograph showing the

co-existence of ferrite and

martensite (b) presence of

ferrite (with low dislocation

density) with a subgrain

morphology (c) TEM

micrograph of carbon extraction

replica showing extensive

carbide precipitation along

martensitic lath and ferrite

boundaries and within the ferrite

grains, and (d) EDS spectrum

from M23C6 carbide showing a

low Cr/Fe ratio

T Ac3

CoolingHeatingTempered martensite
{  + M23C6 + V (Nb) X} + M23C6 + V(Nb)X + M23C6

+ V(Nb) X

5708 J Mater Sci (2007) 42:5700–5713
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Figure 10a and b shows the TEM micrographs of a cross-

section. The co-existence of ferrite and martensite is

clearly seen, with the ferrite characterized by low dislo-

cation density. The presence of strain-free ferrite (Fig. 10b)

with morphology of a subgrain is observed. The TEM

micrograph of the carbon extraction replica (Fig. 10c)

shows extensive precipitation along martensitic lath and

ferrite boundaries and within the ferrite grains. The lath

boundary carbides could be pre existing carbides, due to

low austenitization temperature. Using microchemistry as a

signature of the type of carbide, a large number of very fine

V and Nb carbides (<100 nm) were observed in the ferrite

region. Additionally, fine M23C6 type carbides (Fig. 10d)

with low Cr/Fe ratio (0.9–1.2) was also observed in this

region. This is attributed to the fresh nucleation of M23C6

carbides in this temperature regime, due to maximum

precipitation kinetics, since it is close to the nose temper-

ature of the TTT diagram for this steel.

The above observations clearly suggest that the steel in

this region experienced a temperature in the duplex (a + c)

phase field i.e. between Ac1 and Ac3. Hence, this region

corresponds to the ‘Intercritical’ zone, where austenite and

pro-eutectoid ferrite co-exist. The austenite transforms to

martensite below Ms, while the ferrite remains unchanged.

The low values of microhardness (~300VHN) are in

agreement with the presence of small amounts of soft

ferrite phase in a martensite matrix. The fine size of ferrite

precluded the measurement of hardness. The presence of a

soft phase embedded in a hard matrix could be responsible

for the large number of failures observed in the ICHAZ due

to the weak interface between them.

The reactions in the intercritical region may summarized

as

Fig. 11 Microstructural and

microchemical variations within

the weld region (a) Thin-foil

TEM micrograph from region

WII showing coarse lath

martensite (b) Presence of

subgrains and equiaxed ferrite

in W3. (c) TEM micrograph of

carbon extraction replica from

W2, showing very fine carbides

(d) EDS spectrum from M23C6

(Fe-rich) carbide present in W2

(e) Abundance of carbides in

region W3, and (f) Typical EDS

spectra from M23C6 in region

W3 showing an enhancement in

Cr

Table 4 Comparison of FWHM of Æ1 1 1æ peak and relative strain

with respect to base metal, for different regions of weld

Section FWHM (Deg.) Relative increase in microstrain

w.r.t base metal (%)

Base metal 2.0 –

W1 3.5 75

W2 3.0 50

W3 2.5 25
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Effect of reheating on the microstructure of weld zone

The weld zone of 6 mm consisted of five layers made one

over another, with the top layer alone representing the re-

gion that has undergone the L fi c fi a¢ transforma-

tion. The regions beneath have undergone modification due

to the subsequent passes laid. The microstructural modifi-

cation in the weld has been studied by dividing the region

into three sections namely W1, W2 and W3, parallel to

fusion boundary.

It may be recalled that the solidification structure in

region W1 consisted of columnar prior austenite grains

with a fine martensitic structure (Fig. 5). The thin-foil

TEM micrographs from regions W2 and W3 are given in

Fig. 11a and b. Coarsening of laths (0.5–0.7 lm) in re-

gion W2 and presence of subgrains and equiaxed ferrite

in region W3 in addition to martensitic laths is observed.

Since region W3 is closest to the fusion boundary, it is

expected that the effect of multiple passes would be

maximum, resulting in considerable tempering in this

region. This region also shows low hardness (~300VHN),

which is in support of the observed microstructure. The

process of welding introduces strain in a material the

extent of which varies depending on the temperature cy-

cles experienced, which will be discussed in the next

section.

Relative strain measurement using XRD

The decrease in defect density, which contributed to the

decrease in hardness, was studied by X-ray diffraction. Full

Width at Half Maxima (FWHM) measurements were used

to evaluate relative strain within the weld, using the base

metal as a reference. The relative strain with respect to base

metal can be expressed as

%S¼ FWHM Weldð Þ�FWHM BaseMetalð Þ
� �

=FWHM BaseMetalð Þ
� �

�100

The FWHM values and % strain values thus evaluated

are given in Table 4. From the table it is clear that region

CoolingHeating
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 + 
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Fig. 12 Temperature profile

during GTAW welding at

different regions of weldment
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W1 of weld has highest defect density. This is understood

in terms of the large number of defects introduced during

fast cooling from liquid that also results in the fine lath

size, which contributes to line broadening. As described

earlier, this section of the weld also showed maximum

hardness. The continuous decrease in residual strain to-

wards region W3 arises by progressive tempering due to

multipass welding. This was clearly reflected in the mi-

crohardness profile.

The absence of carbides in region W1 has been dis-

cussed earlier in section ‘Microstructural characterization

of weld zone’. The TEM micrograph of replica obtained

from region W2 is shown in Fig.11c. The presence of few

fine carbides was observed which were identified as

M23C6 type. The size of the carbides was in the range of

50–60 nm. The EDS analysis (Fig 11d) of these carbides

showed that they were rich in Fe. The composition of the

carbide indicates that tempering is in the initial stage. It is

known that low temperature or short time of tempering in

9Cr-1Mo steel results in the formation of Fe-rich M23C6

[7] due to slow diffusion kinetics of chromium. In con-

trast, region W3 showed an abundance of carbides mostly

along the grain boundaries (Fig. 11e) with sizes ranging

from 50 nm to 100 nm. The carbides present were iden-

tified as M23C6 and found to be both iron- and chromium-

rich. A typical EDS spectrum from a carbide is shown in

Fig. 11f. Although chromium-rich, the Cr/Fe ratio (~1.3)

was found to be lower, compared to M23C6 in the base

metal (~2.5). This suggests that although region W3 has

undergone considerable tempering, the extent of temper-

ing is less than that in base metal. Based on the observed

microstructural variations, which is an outcome of the

different temperature cycles experienced by each region,

an attempt has been made to predict the thermal cycles of

different regions of the weldment, which is described in

the next section.

Thermal cycles of different regions of weldment

In the previous section, the microstructural and micro-

chemical modifications that take place in different regions

of the weld as well as the base metal have been described.

It is known that these microscopic changes are due to

thermal cycles experienced, which is related to the dis-

tance of each region from the weld interface. The

important parameters of the thermal cycle closely asso-

ciated with phase transformations are (1) Maximum

temperature (Tmax) experienced by each region (2) Hold

time at that temperature and (3) Cooling time (t8–5).

Using Rosenthal’s steady state solutions to heat transfer

equation, an attempt has been made to calculate the

temperature experienced at a point in the plate when the

welding torch is moving at a uniform speed. To validate

the application of solution to this equation, it is assumed

that an autogenous weld is made on a large plate using a

point source. The temperature at a point (x, y, z) is given

[29] by

T ¼ T0 þ q0=2pkð Þ 1=Rð Þ exp �v=2a Rþ xð Þ½ � ð1Þ

where, R = (x2 + y2 + z2)1/2, q0 = heat input = V · I · g,

V = Voltage, I = Current, g = arc efficiency = 0.6 (for

GTAW), k = thermal conductivity, a = heat diffusiv-

ity = k/qc, q = density (kg/m3), c = heat capacity (J/kg K)

and v = welding speed.

Temperatures were calculated for different x (distance)

and z (depth) with respect to time (t), which are shown in

Fig. 12, with each curve showing the heating/cooling

experienced by a point at a particular depth. The curves

for which maximum temperature (Tmax) corresponds to

critical temperatures have been drawn, such that each

curve represents the thermal cycle experienced by a par-

ticular region of the weldment. The maximum tempera-

ture (>Tm) attained by the base metal at the fusion zone

depends on the heat input. The lowest temperature of

concern is the tempering temperature 1,033 K below

which no transformation is possible. Generally, the dif-

ferent regions of the base metal that undergo modifica-

tions experience a temperature maximum between Tm and

1,033 K.

The temperatures corresponding to the different regions

are as follows:

• Curve ‘1’ represents the region very near to the heat

source.

• Curve ‘2’ stands for the region of fusion line, where

Tmax = Tm.

• Curve ‘3’ represents the region, which has not liquefied

but heated to c + d region.

• Curve ‘4’ corresponds to high austenitization temper-

ature resulting in coarse prior austenite grains.

• Curve ‘5’ represents a temperature just above Ac the

region of fine-grained prior austenite.

• Curve ‘6’ depicts the ‘‘intercritical’’ region where the

temperature is between Ac3 and Ac1. Regions far away,

where the temperature is below tempering temperature,

are not expected to undergo any microstructural

changes.

Reactions in the different regions can be summarized as

follows:
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Conclusions

The microstructural and microchemical variations in dif-

ferent regions of a weldment of modified 9Cr-1Mo steel

have been studied. Based on detailed analytical microscopy

studies on different cross sections of the weldment, distinct

microstructural zones have been identified. The possible

thermal cycles experienced by different regions of the weld

have been plotted using Rosenthal’s solution to heat

transfer equation and correlated with the distinct micro-

structural features present in each region. Finally, a com-

prehensive transformation sequence describing various

regions of the weldment has been presented.
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