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ABSTRACT

This work is an attempt to find the reasons which have lead.to cracking
of weld seam no. 6 of Ammonia Synthesis Convertor of Tata Chemicals
Limited, Babrala, Failure of convertor occurred after six months of service in

hydrogen atmosphere. |

Microstructure of the weld mefal showed some amount of abnormalities in
the region where cracks were observed. Coarse carbides and coarse prior
austentic gréins were observed, in the .we!d metal. Hardness of the weld metal
was found exceeding the safe limits of 250 HV, in the region where cracks were
observed. These abnormalities were found to be due to incorrect post weld heat

treatment, which have resulted in hydrogen induced cracking (HIC).
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CHAPTER 1

INTRODUCTION

1.1 INTRODUCTION OF Cr-Mo STEEL

Cr-Mo steels are widely used in oil refineries, chemical industfies and
electrical power generating stations for piping, heat exchangers, superheatér
tubes and pressure vessels. The main advantage of these steels is the improved
creep strength from molybdenum and chromium addition, and enhanced
corrosion resistance from chromium. The creep strength of Cr-Mo steels is
derived mainly from ﬁwo sources, solid solution strengthéning of the matrix ferrite
by carbon, molybdenum and chromium, and precipitation hardening by

ca(bid es(2].

Cr-Mo steel with chromium ranging from 0.5 - 9.0 % and molybdenum
ranging for 0.5 - 1.0% are often used upto 650°C without the.presence of

hydrogeh or upto 480°C in hydrogen environment.

Selection of steels to be used at elevated temperatures generally involves
a compromise between the higher efficiencies obtain at higher temperature and
the co:::t of equipment including material, fabrication, replacement and downtime
costs. The highly alloyed steels, which depend on an austenitic matrix for their
high temperature properties, generally have higher resistance to mechanical and
chemical degradation at elevated temperature than the low alloy ferrite steel.
However, a higher alloy content generally means higher cost. Therefore, carbon
and low alloy ferritic steels are extensively used in several forms (piping, pressure
vessel plates, bolts, structural parts) in a variety of application that involves

exposure to elevated temperature. In addition, interest in ferritic steels have



increased recently because of their relatively low thermal expansion coefficient
and high thermal conductivity, which make them more attractive than austenitic

steels in applications where thermal cycling is present [2].

The weldability of Cr-Mo steel is very similar to that of quenched and
tempered and hardenable low alloy steel. The major problem in the HAZ 'is
cracking in the hardened coarse-grain region, as well as HAZ softening between
Ac, and Ac; . Reheat cracking ,during post weld heat treatment (PVWHT) and long
term exposure in elevated temperature service condition also can cause severe
problems. The appropriate preheat and interpass temperature should be selected
and low hydrogen practice should be used, 'while welding such steel to avoid -

cracking [13a].

Post weld heat treatment is required for Cr - Mo ste_el which has Cr%

more than 1.25 and whose thickness is more than 12 mm.

The post weld heat treatment (PWHT) of the Cr-Mo weldments is also
referred to as stress relieving heat treatment. This process' helps to relieve
residual stress and temper as welded hardened microstructure to improve the
fracture toughness of HAZ and Weld -metal. Additional beneficial effect of PWHT
is to allow for more dissipation of hydrogen in the weld region so that the

chances of hydrogen-induced cold cracking is further reduced.

1.2 HYDROGEN EMBRITTLEMENT IN CR - MO STEEL

Cr-Mo steel are susceptible to hydrogen cracking if care is not taken to
avoid it. Susceptibility of ferritic steel (Cr-Mo steel) td HIC is due to low solubility
ahd high diffusivity of hydrogen in ferrite. Though the solubility of hydrogen in

ferrite in negligible at room temperature it increases almost linearly with



temperature upto o — y transformation temperature, where the solubility
approximately doubles abruptly from about 3 to 6.5 ppm and continues to
“increase in a more rapid linear fashion above this temperature and at the melting

. point it approximately doubles again from 14 to 26 ppm.

On IoWering tHe temperature, there result a sHarb 'dec}ease in séfubil‘it\),
which inturn reéults in supersaturated steel. Hence,~ dissolve hydrogen will diffuse
out of the metal I'atfice and recombine to form molecular hydrogen, iln the
discontinuties Iiké grain boundéries‘ or voids. Due to this, pressure in the voids

increase and makes the steel weaker.

13 ABOUT THE REPORT - |

This report is an attempt to investigate the failure of A387 Gr. 22 CI. 2 steel
wéﬁch occured in hydfogen atmosphere after six months of service. AChépter 3
deéls with Cr - Mo steel in detail. ."Fhis chapter focuses on factors that affects
mechanical properties of Cr-Mo steel, their weldability and effects of alloying
element on the performance of these steels. Chapter 4 deals with the théories of
hydrogen embrittlement and about the factors that helps HIC to occur.; Chapter 2,
focuses on general approaéh fbr_;é'ny failure analysis. Chapter 5, describes a case
study of weld failure of AMMONIA SYNTHESIS CONVERTOR which got craéked

in service.

On analysis, it was fouhé ;'_hat weld seam was having excessive hardness
especially in the regfon where Cr’écks were found. Microstructure also shows
some amount of flaws like porosity, coarse prior a_uStenite grains, coarsénihg 6f
carbides and even at somé places these carbides",have precibitated along the
Qrain boundaries. Due to all these flaws it haé resulted in hydrogen embrittlement

- of HIC type which has lead to cracking along weld seam.



During the initial stages of this project, we have two possibilities i
mind for this failure, they were, either it has occured due to faulty ope
condition or there is some inherent fault in the weld metal. But the fact thi

cracks were found only in the weld metal, gave us some clue about w:
problem.
The possibiiity of high temperature hydrogen attack due to faulty oper

was eliminated as there was no experimental evidence found to support it (¢

nucleated by such a phenomenon are accompanied by decarburization effec



CHAPTER 2

FAILURE ANALYSIS - AN APPROACH

21 INTRODUCTION

Althdugh the word failure bears the bu.rden .6f"negative connotation, the
practice of failure analysis is above all else, the'systematib pU'rsuit to the positive -
the pursuit of technological progress. It is a science dedvicated to the principle that.
the extension of product improvement and reliability depe»nds in lafge part on the
recognition of shortcomings that can be usually be corrected and on | the

identification of probléms that, when fully explored and 'Ghderstood can, usually

1

be solved.

2.2 STAGES OF FAILURE ANALYSIS
. Principle stages that comprise the investigation and analysis of a failure are

as follows :-
1. Collection of the background data and selection of samples.
2.0 Preliminary examinations of the failed parts (visual ahd }écord kéeping).
3. Non-destructive testing.
4. 'M-echahical teSting (includés.hardness and toughﬁess)
5. Selection, identification, preservation and / or cIe’aniﬁ_Q of all specimens.

6. Macroscopic examination and analysis (fracture surfaces, secondary

cracks and other surface phenomena).
7. Microscopic examination and analysis. *

8. Selection and preparation of metallographic sections.



9. Examination and analysis of metallographic sections.
10. Determination of failure mechanism.
11. Chemical analysis.
| 12. Analysis of fracture mechanics.
13.' Testing under simulated conditions.

14. Analysis of all the evidence formulation of conclusions and writing the

report (including recommendation)

The sequehce as suggested above may be altered and sofne stages might
be deleted depending upon the type of actual failure. it is worthwhile here to
highlight some important aspect of such analysis.

221 HISTORY OF THE FAILED EQUIPMENT

Failure investigation shouid be directed towards gaining an acquainta-nce
with all pertinent details related to the failure, collecting the available information
- regarding the manufacturihg processing and service history of the failed

. component or structute.

To focus on’ history of _the' failed equipfnent we should focus on the

following points in detail :-
a) Service history
b) Photographic records of failed components.
c) Sélection of samples for.a‘rialysis.

d) Wreckage analysis - To elaborate this point let us take one examples
in which problems involves the establishment of sequence of fracture so as to

determine the origin of initial failure. Usually, the direction of the crack growth can

,6.



be detected from marks on the surface. The typical sequence of fractures is «-
shown in fig. 2.4, where A and B represent fractures that intersect at a point. It is
clear about the sequence of the cracks, fracture A must have occured pribr to

fracture B because the presence of fracture A served to arrest fracture B. This

technique in wreckage analysis.

2.2.2 PRELIM]NARY EXAMINATION OF THE FAILED PARTS

The failed parts, including all its fragments should be. subjected to'a A
thorough visual examination before any. cleaning is undertaken, often soil or -
debris formed on the surface provide useful evidence in establishing the cause of

failure or in determining a sequence of events. Preliminary examination includes,
. a) Visual Inspection.

-b) Photographing fractures.

2.2.3 NON DESTRUCTIVE TESTING

It is the essential tool in the field of failure analysis.AThe following NDT |

~ generally used are:

a) Liquid Penetration test : For surface flaws

b) Magnetic Particle test. : - - Utilises magnetic field to locate surface
and sub-surface discontinuities
in ferromagnetic mat‘erials.

c) Ultra sonic test - N Utilises high frequency sound waves

to detect minute cracks available
in thick sections. '

d) Radiography X For internal variations and defects.



2.24 SELECTION ’ PRESERVATION AND CLEANING OF FRACTURE
SURFACE ’

- The proper selection, preservation and cléaning of fracture surfaces are
vital to prevent important evidence _frdm being destroyed on obscured. Following

~ points should be followed to preserve surface :-

1) Care should be taken while removing the fracture surface from the

fractured zone.

2) Cover the surface from cotton or cloth so as to avoid any damage during

shipment.

'3)  Touching or rubbing the surface of the fracture with fingér should definitely

be avoided.

4) Desiccators should be used to preserve them from atmosphere

degradation.

2.2.5 MACROSCOPIC EXAMINATION OF FRACTURED SURFACE

The amount of information that can be obtained from examination of the
fracture surface is surprisingly extensive. Macroscopic examinatibn of fravcture
‘surfaces may givé an indication of the- stress system that produced failure. Failure
in monotonic tension produces a flat fracture normal to the maximum tensile
‘stress under plane strain conditions and a slant (shear) fracture at about 45° if

plane stress conditions prevail.

Macroscopic -examination can usually determine the direction of crack
growth and hence the origin of failure. With brittle flat fractures, determination
depends la}gely on the fracture surface showing chevron marks. The direction of
crack growth is almost always away from the tips of the chevrons. Chevron

" marks occur because nearly all cracks are stepped at an early stage in their



-development and as the crack front expands the traces of the steps form chevron -

marks.

2.2.6

MICROSCOPIC EXAMINATION OF FRACTURED SURFACE

The interpretation - of micro fractographs requires practice and

understanding of fracture mechanisms there are only a small no of basic features -

that are cléarly recognisable and indicative of a particular mode of failure. These

are as follows :- .

1)

2)

3)

2.2.7

--alloys (Refer figure 2.1).

Dimples fractures are, typical of overstress failures of ductile metals and"

!

Cleavage facets are, typical of transgranular brittle fracture of bcc and hep

metals and alloys (Refer figure 2.2).

Brittle inter-granular fracture typical of temper embrittlement steel, where
fracture is due to segregation of an embrittling species at the grain
boundaries, to’ intergranular stress corrosion cracking or to hydrogen -

embrittlement (Refer figure 2.3).

DETERMINATION OF FRACTURED TYPE

To determine the cause of fracture it is usually necessary to determine the

type of fracture. Though a satisfactory logical classification of failures in\)olving

fracture does not exist, still one can think of the prominent features of each type -

of fracture.

A)

a)

Ductile Fracture

Some of the main features .df ductile fracture are :--

Neck formation resulting in cup and cone fracture.’



b)

B)

Ductile fracture involving shear stress components, generates elongated
dimples. When these dimples are produce by a shear components, the
dimples in the mating fracture surfaces points in opposite directions.
Transgranular brittle fracture

It 1s generally indicated by presence of transgranular cleavage in BCC and

HCP metals and does not occur in the case of FCC metals and alloys. The

prominent fractures of this fracture are as follows :-

a) Presence of fan shaped cleavage plateaus havfng river marks in
polycrystalline specimens.

b) Presence of cleavage on conjugate plénes.

c) DEJC'[“e tears joining cleavage planes at different levels.

©) Intergranular Brittle Fracture
Some causes and indications of intergranular brittle fractures are as

foliows:-

a) Presence of second phase parﬁcles (such as carbide in iron- nickel-
chromium alloy) at the grain boundaries.

b) Segregation of a specific element or compound to a grain.boundary where

a layer of few atoms thick is sufficient to cause embrittlement.

10



CHAPTER 3

LITERATURE REVIEW - I
(CHROMIUM - MOLYBDENUM STEEL)

3.1 INTRODUCTION

The advantage like high creep resistance and good corrosion reSlstance
'along with a satlsfactory resistance to oxidation in air of Cr-Mo steel (for
| composition refer table 3.1), were fully exploited by ,th_ermal & nuclear powerl:

plants and the fertiliser & petrochemicals plants.

The .oxidation resistance and high temperature étréngth of these steels are
functions of their chromium and molybdenum contents. Chromium contributes
more to oxidation resistance, and molybdenum contribute more to high

¥

temperature strength. [9]

The use of austénitic steels in construction of power plant has been largely -
reduced primarily _dUe‘to two reasons. After about 1960, it has become possible |
to operate power plant with a heat rate about 20% lower than that raquire torun
the power plant in the early.fiftiés '[1]. Thus, the service condition has allowed to
replace the expensive austenitic steels with ferritic steel- in fabrication of high
. pressure systems. The use of austenitic stainless steels posing welding -

-difficulties with corresponding increase in wall thickness. Ferritic steels have
~ relatively lower thermal expansion coefficient and higher thermal conduct.ivity_‘
(refer fig 3.18) makes them more suitable than austenitic steels in ‘application

where thermal cycling is present [2].

Cr- Mo steels are also used in the fabrication of‘»extremely - large heavy -

wall vessels for hydrotreating processes in the petroleum industry or for ammonia
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synthesis in fertilizer plants. The Cr-Mo steels are required here to prevent

damage to the vessel by the relatively high-pressure hydrogen it contains.

Both normalized & tempered and quenched & tempered steels arevused in-
constructing these vessels. These treatment reselts in microstructure of low-
carbon martensite er bainite. The absence of large quantities of carbides,
however, results in greater ductility et any given strength level than that obtained

from high carbon steels.

3.2 FACTORS AFFECTING MECHANICAL PROPERTIES
The factors affecting the mechanical- properties of steels includes the

- nature of the strengthening mechanisms, the microstructure, the heat treatment,

and the alloy composition.

In;, addition, various service factors such as thermal exposure and
environmental conditions can induce metallurgical c-hanges (refer fig 3.1 &
fig.3.2), which may affect the mecnanical properties of steels used at elevated
temperatures. These me'tallvurgical changes includes spheroidization. Depending
| on the temperature and expOsur_e environment ferritic steels used at elevated
: temperafures may also be susceptible to embrittl‘ement phenomena such as
temper embrittlement, creep embrittlement, hydrogen embrittlement, and liquid-

metal embrittlement [5, 6, 7, 8].

3.2.1 STRENGTHENING MECHANISM

The creep strength of a steel is affected by the typical strengthening
mechanisms - namely grain'reﬁnement, solid solution hardening and precipitation
hardening. Of these various strengthening mechanisms, the refinement of grain

size is perhaps the most unique because it is the only strengthening mechanism
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that also increases toughness [2].

The creep strength of chromium-molybdenum steels is mainly derived
from a complex combination of solid solution and precipifation effects, as
ilustrated in figure 3.3. In the early stages of creep, solid solution effects are the
largest contributor to creep resistance. As time progresses, the precipitation of
carbides (primarily Mo, C in the case of molybdenum steels) contributes more to

the creep resistance.

Both these strengthening become ineffective’ at- high temperatures. In
solid-solution hardening, an increase in temperature increases the diffusion rates
of solute atoms in the dislocation atmoépheres while at the same time dispefsing
the atoms of the atmospheres, with both effects making it easier for dislocations
toimove. In precipitation hardening, heating of the alloy to an excessively high
temperature can cause solutionizing of “the precipitates. At intermediate
terhperatures, the | precipitates can coarsen and become less-effective
impediments to dislocation motion. High stresses and high strain cyclic loading

also can lead to accelerated softening.

Solid-Solution strengthening

It occurs primarily from a process termed interaction> solid-solution
hardening {or strengthening), which is the mechanism that involves the
interaction of substitutional and interstitial solutes. The process occurs in ferritic
alloys that contain solid solution inferstitial and substitutional elements that have
an affinity for each other. As a result of this strong attraction, atom pairs or
clusters could form dislocation atmospheres that hinder dislocation motion and

therefore strengthens the steel [2].
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Precipitation Strengthening

Precipitation strengthening is more significant in molybdenum steels, for
which the strengthening precipitates are mainly Mo and MoN. Further, increase
in precipitation strengthening can be achieved with additions of niobium or
vanadium to chromium-molybdenum steels. The stability of the carbides
increases in the following order of'aHoying elements : chromium molybdenum,

vanadium and niobium [2, 4].

Secondary Hardening

If the mechanical properties of tempered steels need to be maintained at
elevated service temperatures, the problem is to reduce amount of softening
during tempering so that higher strength can be achieved at higher temperatures.
One way to reduce softening is with strong carbide formers such as chromium,
molybdenum and vanadium. These carbide formers induce an effect known as
“ secondary hardening. Without these elements, iron carbon alloys and low carbon
steels soften rapidly with increasing tempering temperature, as shown in figure
3.5. If present in sufficient quantity, however, the carbide-fqrming elements not
only retard softening but also form fine alloy carbides that produce a hardness
increase at higher tempering temperatures. This hardness increase is frequently
referred to as secondary hardening [2]. This hardening can also occur during
elevated temperature service and is related to creep strength, as shown in

figure 3.6 .

Secondary hardening allows higher tempering temperatures, and this
iIncreases the range of service temperatures. Figure 3.8 shows secondary
hardening in a series of steels containing molybdenum. The secondary hardening

peaks develop only at high tempering temperatures because alloy carbide
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:formation depends on the diffusion of the carbide-forming elements, a more
éluggish brcéess than thét of carbon and iron .diffusion. As a result, not only is a
finer dispersion of particles produced but also the alloy carbides, once forméd, are
quite resistant to coarsening. Due to this reason, chromium-molybdenum steels -
are -used for the fabrication of pressure .vessels and reactors for service
temperature around 500° centigrate. The intensity of seconddry hardening can be | |
increased by increasing the mismatch between the carbides_ precipitate and the
rﬁatrix [2]. Inc;easing mismatch ié produced by - | | = .
- increasing the lattice parameter of the carbide precipitate. |
| - decreaéing the lattice parameter of the matrix. R

3.2.2 EFFECTS OF MICROSTRUCTURE

. Itis widely acceptéd that the strength and impact toughness of carbon and
chromium-molybdenum steels with fully bainitic m'icrost_ructu_res are better than
those with a ferritic-bainitic microstructures, they also have better. creep
resistance under high stress, short-time conditions, but degrade more rapidlj/‘ at
high temperatures than pearlitic structures. Moreover, even though bainitic
microstrucfureé improves stréngth, toughness, and creép resistance, chromium.
molybdenurh steels with bainitic and tempered martensitic microstructures also

undergo strain softening during mechanical cycling.

Microstructure may alsé -influence the cérbide precipitation and
stréngtheniné mechanism of~chromidm—molybdenum steels. In 2.25% Cr - 1%
Mo steel, precipitaftion reactions are khoWn to occur much more rapidly in bainite
than in proeutectoid ferrite. In ‘addition, the interactidn solid-solUtibn
strengthening of 2.25% Cr - 1% Mo steel is found to be influenced by

microstructure. Interaction solid-solution hardening in bainitic (normalised and

156



tempered) 2.25% Cr -1% Mo is due to chroMium—carbon' interactions, while it is
due to molybdenum-carbon interactions in the proeutectoid ferrite of annealed

steel [2].

3.2.3 EFFECTS OF HEAT TREATMENT

The use of tempering is also an important factor (figure 3.15) th;t.
influences the level éf precipitation strengthening and solid-solution
strengthening in chromium-molybdenum steel (figure 3.3). In a normalized
‘-molybdénum steel (figure 3.3A), the initial contribution "frém solid-solution
strengthening is greater than that of the normalized énd tempered steel. In the
normalized and tempered molybdenum steels:_(figure 3.3B), the initial contribution
from precipitation strengthening will be larger than that from the normalised
steel. In addition the initial contribution from precipitation strengthening effect in
"the normalized and tempered steel will reach a méximum and begin to decline at
an earlier stage due to the earlier incidence of overaging in tempered material.
This is a potential consideration in applications requiring créep resistance over

“long time and at high temperatures ( also refer fig 3.10 to fig 3.12).

3.2.4 EFFECTS OF COMPOSITIONS

Carbon

It i's an austenizer, it forms interstitial solid solutionv in fron alloy system and
improves both room and elevated teﬁberature properties like increased yield
strength, tensile strength and creep rubtUre value. It promotes dispersion
| strengthening through formation of carbides in the structure. It does not increase
appreciable creep resistance at elevated temperatures above 540°C because
:carbides evéntually become spheroidized at such temperature. For chromium

containing steels, carbon content is usually kept_ 0.15% (2, 3].
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Chromium

It is a ferrite stabilizer, and forms a very stable carbides, dispersed in the
matrix helps in opposing high temperature deformation. In small amount (about
0.5 %) it is a carbide former and in large amounts {upto 9 % or more) it increases
the resistance to scaling in air. It also forms a very stable passive film over the
surface of the steel, to impart resistance to oxidation at elevated temperature.
Though, chromium carbides i.e., (FeCr);C, (CrFe)Q C, . (CrFe); C; are very stable at -
temperature below 600°C, but above this temperature these carbides rapidly
cgalesce and secondarykcarbides redissolve in the matrix, leading to decrease of

creep rupture strength.

Chromium is most effective in strengthening molybdenum steels (0.5 % to
1.05’/6 Mo ) when it is used in amounts of 1 to 2.256 %. On increasing the
chromium percentage above this limit, there results a decrease in creep strength
of molybdenum steel, as shown in figure 3.14. Same trend is followed by tensile
and yield strength of Cr - Mo steel, if Cris increased above 2.25%, refer fig.3.13A
and fig. 3.13B.

Molybdenum

It is a ferrite stabilizer, it helps in improving high temperature creep and
rupture strength by stabilizing the chromium carbides and not allowing dispersed
carbides to coalesce,‘ It also helps to resist temper brittleness in alloy steels.
Much greater creep strength can be obtained by increasing the molybdenum level
to about 1% but at the éxpense of rupture ductility, addition of Cr can improve

rupture ductility.

Addition of Mo above 4.5%, results in rapid tendency of steel to form

intermetallic phases, particularly sigma phase, which limits section thickness and
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weldability. The discovery that nitrogen slows down the formation of the
intermetallic chromium-molybdenum sigma phase had led to the development. of
super-austenatics - 6Mo stainless steei; which has very good pitting resistance,

corrosion resistance and crevice corrosion resistance [2, 3].

Upto 0.5% Mo it appears to be more effective in retarding pearlite and
increasing bainitic formation [3). Its addition to steel improves creep resistance
and resistance to hydrogen damage from hydrogen rich process fluid. This

enhancement in the properties results only from the formation of stable carbides.

Niobium and vanadium

They are added to improve elevated temperature properties. Vanadium is
also added to some of the higher carbon steels to provnde addmonal resnstance to
temperlng and to retard the growth of carbldes at service temperature. Niobium
is_ sometimes added to these steel to .increase their strength throu’gh‘“the '
formation of stable carbides. Niobium and vanadium improve resistance to

- hydrogen attack, but may promote hot cracking.

Phosphorus and sulphur

They are considered undesirable because they reduce the elevated
temperature ductility of steel. Sulphur results in hot shortness and phosphorus

contributes to temper embrittlements.

Silicon
It increases the elevated temperature strength of steel. It also increases
the resistance to scaling of the low chromium steel in- air at ‘elevated

temperatures. Silicon is one factor in temper embrittiement.
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3.3 WE_LDING METALLURGY

The Cr - Mo alloy steels a‘re reédily_ weldable. The air-hardening
characteristics (refer fig. 3.16 &.:“3.17) of the Cr - Mo steels require that the
‘welding procedures used should.»prevent cracking bo;ch in the weld metal and -‘
HAZ. lnvdeveloping such procedures, the control of preheat, postweld heat

treatment and electrode composition must be given proper consideration.

- Where cracking is a problem, raising the preheat temperature (if it‘is low)
and holdiﬁg at thét temperature for a proper length of time after welding has
been completed, or until post weld heat treatment an be done will alleviate the
problem. The preHeAat must be high e_nough to permit the 'escabé of hYdrogen
that may be present. As the thickness and carbon & alloy cont-ent}increases, the

preheat temperatures mUst_aIso increase to guard againstv cracking.

The filler metal, used for the welding» of Cr - Mo steel, should have sarﬁe
nominal composition as base material, except for"carbon content. However, the
weld metal that are to be quenched and tempered or normalised & tempgred and
when efficiency of the_ joint required is 1b0%, matching carbon content will bé

necessary.

Austenitic'st-ainless steel fiilér metals of 256% Cr-20% Ni or 26% Cr-12%
Ni are often employed in minor repair welding work on the Cr-Mo steels, and are
preferred for those application in_Which the weldment cannot be given postweld
heat treatment. The weld metal is this case has a lower yield strength, but has

excellent as welded ductility [9).

Austenitic ‘weld metals are not satisfactory when the welds will be
subjected to cyclic temperature in service. It is due to difference in coefficient of

thermal expansion of ferrite base metal and austenitic weld metal.
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The conditions in which chromium molybdenum steels are placed in

service are :

(a) without a post weld heat treatment,

(b) with a sub-critical stress relief in the temperature range of 593 - 796°C, and
(c) with an annealing heat treatment of the completed weldrﬁent [9].

Certain Cr - Mo steels can be put into service in the as - welded condition

when proper preheating practices are employed and section size. is not large.

The sub-critical post weld stress - relieving heat treatment is employed to
reduce the hardness and residual stress level, and increase the ductility of the

welded metal and the base metal HAZ.

Annealing of these steels consists of heating the weldment to a
temperature in the range of 843-913°C, holding at that temperature for one hour
per hour of thickness following by cooling at a ﬁwaximum rate of 28°C per hour.
This procedure results is a relatively soft ferrite structure throughout the weld

metal, the heat affected zone and the base metal.

Whether post weld heat treatment should be applied when the weldment
is still at the preheating temperature, or whether the weldment may be cooled to
ambient temperature before it is given such treatment, will depend on welding

restraint stress, chemical composition of the base and weld metal and preheats
practice used.

If it is not practical to heattreat from the preheat temperature, raise the
weldment temperature from the preheat temperature to atleast 427°C and hold

this temperature for 2 or 3 minutes per inch of thickness before cooling to room

temperature. This will prevent cracking until the weldment can be heat treated.
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This low temperature ‘stress relief should not however, be considered as a

substitute for proper postweld heat treatment.

3.4 DEGRADATION OF PROPERTIES DUE TO LONG TERM
ELEVATED TEMPERATURE EXPOSURE

When low alloy steels are exposed to elevated temperature during serwce |
thelr properties deteriorate due to change in microstructure and dlffusron of
impurities such as P, Sn, As and Sb to the grain boundaries. Addition of Mo upto
0.7% is known to reduce ‘temper-lembrittlement susceptibility of 2.25Cr - 1Mo-
'rype steel. Molybdenum suppresses embrittlement by scavenging phosphorus
through the formation of a Mo-P compound and thus decrease phosphorus
segregation to the graln boundaries, But the fact that molybdenum content in the
matrlx decreases due to the formation of molybdenum carbldes (M,C or MgC)

during tempering or aging, significantly enhances embrittiement susceptibility of

'2-25 Cr-Mo steel [6].

Temper embrittlement results in shift of the charpy V-notch impact energy :
transition curve to a slightly high temperature. Since the operating conditions of
_presence vessels made of 2 1/2 Cr - 1Mo. C in the te'mperature range of 370 -
470°C, temper embrittled weld deposits_ will perform' satisfactorily at operating -
temperatures. The only concern-would be during shut—down or s'rartup periods.
During such periods brittle behavior of temper embrittled material can be avoided
by the simple expedient of heating the' pressure vessel to‘abovev say 1005(5,

before applying pressure to the vessel [5].

21



CHAPTER 4

"LITERATURE REVIEW - II
(HYDROGEN INDUCED CRACKING)

4.1 INTRODUCTION

The damaging effects of hydrogen in metals are known since about a
centuary. Embrittiement by hydrogen damage manifests itself as a decrease in
tensile d'uctility, a reduction in notch toughness and delay failure by fracture under
s>tatic'loadin'g. In chenﬁical industries, where high concentration of hydrogen is

common, these type of cracks often experienced in these industries [10].
/ .

Hydrogen induced cracking also may occur in steel if the steel contain$’
absorbed hydrogen and is cooled too rapidly after prolonged exposure to elevated

temperafuré..The excess hydrogen then‘cannot_esbape during cooling and

produces cracking.

In quenched and tempered steels, hydrogen cracking usually follows prior

austenite grain boundaries.

42 HYDROGEN EMBRITTLEMENT
o The solubility of hydrogen in ferrite is virtually negligible, it increases with
increase in temperature. At the temperature of ferrite to gamma transformation,
~the solubilvity'vincreasés abruptly and continues to rise. There is a dip in solubility of
hydrogen in delta iron, but again 'it increases with temperature upto melting point.
The amount of hydrogen dissolved at a given temperature is proportional to the
square root of thé hydrogen gas pressure outside the steel and is given by

Sievert's law [10],

C =K. ( puz)uz
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When steel is cooled from elévated temperat:ure, there ié a sharp
decr.ease. in the solubility of hydrogen and thus, steel becomes supersaturated.
Hydrdgen dissolved in the lattice by either of these"meth'ods will diffuse: out of
the metal lattice and recombine to molecular hydrogenA.‘ Thié can occur either in .
the atmosphere near the surface df the steel or within the steel in discontinuties,
grain bouhdaries, aroqnd the indusion or in voids. In this way, pressure of

molecular hydrogen builds up in these discontinuitiés and steel becomes weaker.

Diffusivities of hydrogen in BCC is rhany order. of magnitude more than
that in FCC. Thus, hydrogen embrittlement is expected to be more for ferrite than A
in austenite. Additionally, effect is compounded by lower ductility and high notch

sensitivity of alpha as compared to gamma iron [10].

i Hydrogen embrittlement is sensitive to st_rain rate and temperature. The
embrittlement is enhanced by low strain rate énd moderate temperature. At very
high strain rate, hydrogen is_ not transported to voids at a sufficient rate to keep
up its pressure. Increasihg temperature generally retards cracking by

homogenizing the hydrogen and thus avoid high local concentration [11].

1

The position o'f crackéd initiation is observed to vary with notch severity.
Sharply notched specimens crack élightly below the notch bottom and in case of
less sharp ndtches more deeply. This is in agreement with the concept that the
position of maximum triaxial stresses moves into the specimeﬁ aé the nvotch '

severity iIs decreased.

If heat of solution, AH is small or zero, the solubility of hydrogen in the
structure will be large and reduction of cohesive strength will be small. This is in
accordance 'with the difficulty of pro_ducing hydrogen embrittlement in stable

austenitic steel [10].
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It heat of solution, AH is positive, the solubility of hydrogen in the
structure wili be small and thus, reduction of cohesive strength will be more, thus

favours, more hydrogen embrittlement (HE).

The mechanism of HIC formation is still being investigated. An early
hypothesis, involving the build up of hydrogen gas pressure in voids, is now
- generally discredited. Currently, the most widely accepted model involves the
presence of pre-existing defect sites in the material - small cracks or
discontinuties caused by minor phase particles or inclusions. In the presence of
existing stress, these sites may develop high local areas of blaXIal and triaxial
tensile stress. Hydrogen diffuses preferentially to these sites of dilated Iattnce

structure.

As the local hydrogen concentration increases, the cohesive energy and
stress of the lattice decrease. When cohesive energy falls below the local
intensified stress level, fracture occurs spontaneously. Hydrogen reduces the
work function of cementite-ferrite bonds and thus provide easier path for crack

propagation. Reaction is as follows,
FesC+4H —— CHy+3Fe

Small amount of hydrogen is needed to form thin layer of methane and to
reduce work function to zero. Cérbide formation often occur preferentially at grain
boundaries, and as grain boundaries are likely sinks for hydrogen during cooling,
- this reaction appears to provide a feasible explanation for the grain boundaries

rupture of cold cracking [12].
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43 FACTORS AFFECTING HYDROGEN INDUCED CRACKING

HIC basically depends on three mutual interactive factors, they are - |

1)~ Presence of hydrogen (even véry small amount i.e. parts per million).
2) ‘High residual stresses.
3) A susceptible microstructure.

4.3.1 EFFECTS OF HYDROGEN

As we have already discgssed that solubility of hydrogen in austenité isf
much more than in ferrite, due to which hydrogen solubiiity_decrease when |
austanite transform to ferrite.-As hydrogen has got high-—diffusivit'y in alpha iron,
this_ helps to accommodate differences in solubility asséciéted with the austenite
- ferrite {y - o) transformation. Thus, as the transformation proceeds austenite
become progressively more enriched in hydrogen. As éustehite to martensite
 transformation occurs at the lower temperatﬁres and originates from the most
hydrogen enriched austenite, miérostructure obtained become sensitive to HIC.
Twinned martensite is more dangerous than lath maﬂensife, this could be due to

low Ms temperature for twinned martensite [12].

4.3.2 ROLE OF STRESS

A certain minimum value of stress and certain minimum concentration of
hydrogen is reduired for cracking to occur due to hydrogen embrittlemeﬁt. If
concentration of hydrogen is decreased, more stress will be required to initiate
delayed cracking. Cracks of this type usualiy occur in the region of high triaxial
stresses. The pos}tion of crack initiation is observed to véry with notch severity,
this is due to change in th_e position of high triaxial stresses with change in notch

severity [12].
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4.3.3 ROLE OF MICROSTRUCTURE

Microstructure plays an important role in assisting / retarding HIC. Increase

in grain size effectively decreased the transformation temperature so than in steel

having high carbon equivalent, volume pértion of the lower temperature
transformation producfs such as martensite, bainite or widmanstatten side plates

increases. High dislocation d'ensities associated with these products, together

with fine carbide particle hardening, results in hard and low ductile matrix {12, 13].

Another effect of larger prior austenite grain size is to increase the amount

of segregation at boundaries.

44 HYDROGEN CRACKING IN WELDMENTS

HIC has been correlated both with material hardness and strength, and
with speéific microstructure. High strength steels are more susceptible to HIC
than low strength steel. Steels that transforms martensitically are particularly
susceptible, especially the hfgh carbon alloys with twinned martensite structures._
“The form of the ferrite produced during transformation on cooling from the
austenite phase field is also critical, with accicular ferrite resulting in improved
properties compared with _gr'a'in-boundary ferrite,' 'polygonal ferrite or
widmanstatten ferrite. Accicular ferrite is often nucleated on minor phase
particles, such as specific oxides or borides. Acknowledgment of the beneficial
effect of certain oxides in providing sites for accicular ferrite nucleation in modern
steels 1s In éharp contrast to steel design of earlier decades, whén elimination 6f
oxygen to the greatest extent possible was considered essential to the

development of optimal fracture behaviour.

A useful concept for understanding the susceptibility of carbon and alloy

steels to hydrogen induced cracking is the carbon equivalent (CE), an empirical
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relationship that attempts to reduce the number significant compositional

variables affecting the weldability of steels into a single quantity iy 3];

CE = %C + %Mn + %Cr+ %Mo + %V + %Si+ %Ni+ %Cu
© -9 . 156

From a metallurgical perspectlve the carbon equwalent can be related to

the development of hydrogen sensitive microstructures That is, as the carbon'
equwalent increases, microstructures are evolved during cooling through the
transformation temperature range that are increasmgly more susceptible to !
hydrogen induced cracking. At high’ carbon equnvalent values martensntic";..}

structures can be expected.

i When carbon equivalent exceeds 0.35 %, preheating is recommended‘ to
minimise susceptibility to hydrogen cracking. At higher level of carbon e‘quivalent, ;
both preheat and postheat may be required. Thicker section | often— require
‘preheating lbecause of thekgreater heat-s_inking capabilitv‘ of a thick section, for

- whicha given'set of welding parameters will produce a fas'ter coo'ling rate.

Postheating has its own advantage in resisting HlC It reduces the resrdual
stresses present in the as welded structure. Microstructural modification such as

tempering can also occur, producing a microstructure less susceptible to HIC [13].

Finally, the higher temperature mav allow hydrogen to diffuse into the bulk
of the structure or even to the sun‘ace, where it may recombine and exit as gas.
In either case, the level of hvdrogen concentration may be reduced below that

required to initiate‘cra_cks.
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g | 4.5 FEATURE OF HYDROGEN INDUCED CRACKING IN SEM
Fractures in Q & T high strength'stéel by stress corrosion cracking (SCC)
and hydrog'en embrittlement (HE)‘are intergranular when the stres.svintensity ét *
tne tip of the propagating crack is low. The frécture path is along the priQr
austenitic grain boundarie's, and the fine detail revealed on the grain facets can be
related, either to plasticity 'éffects associated with the fracturing processes or to
“corrosion effects associated with certain aqueoué .environment,' whereé they are

 present.

The grain facets show some evidence of duActility but it is’usuaiiy confined
to only narrow region of the grain boundari_e's. Fracture initiatéd' by diffusion of
“hydrogen into the steel, and mainly starts from sub-surface where triaxial
stresses . are maxirnum. Fine tear ridgés (hair line indication) IS common on

iseparated grains facets is the iinique feaiure'of HE. Tear ridges formed when
..'crac'ks that were initiated as a résuit of hydrogen charging grew together. At
higher magnification, evidenpe of limited amOLint of deformability is observed in
the form of ridges or dimples on -the separated grain fabets. Transgia_nular
'cle-avage may succeed intergranular sepération as the crack iengthens, because
ofinCreasin_'g stress :intensity. Intergranular features such as those causevby' HE,
SSC, brittle grain boundaries show no evidence of microvoid coalescence, they

have a “rock - candy” appearance.

Featureé of cracking ‘caused due to SCC & HE resernbies each other.
However, fracture associated with SCC are distinguished by pronounced
secondary cracking or deep crevice and the fracture shows great amount of - -

corrosion product at the origin or in slow growth region than in the rapid fracture

* (dimpled) region.
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CHAPTER 5

FAILURE ANALYSIS OF WELD SEAM
- A CASE STUDY

5.1 FAILURE ANALYSIS REPORT . | -

The AIMMONIA SYNTHESIS CONVERTOR‘ which was made of
2.25% Cr - 1% Mo steel was found cracked (Fi'g.’ 5.1 ) from one of its
circumferential weld seam after six months of service- On inepection, it was.
found that 20 distinct cracks were present on the weld 'seam, these cracks were
localized in the weld segment of 1 5 metre. This multrlayer pressure vessel was
made of three Iayers of SA 387 Gr22 Class 2 plates, each 48.5 mm thick.
Operatrng temperature and pressure are 375-420°C and 130-140 Kg/cmzy
respectrvely The reactor was build in multi wall technique with three walls The
welds for the single wall and the manufacturing of the prefabricated components
was realised in workshop,~whi|e the circumferential‘-welds to connect the
‘prefabricated components togerher' was performed on site. Two - weld seams,
l.e., seam no. 3 and seam no. 6 were welded at site. After 6 months of service

seam no. 6 was found cracked Cracks were observed only in the localised region

of 1.6 metre other portion of the seam did not show any sign of cracks

5.1.1 INTRODUCTION OF THE EQUIPMENT

The Ammonia Synthesis Convertor, in which nitrogen' end hydrogen -
combines over iron catalyst to give ammonia and heat is shown in fig. 5.1 and -

fig.5.2. Reaction is as follows:-

N, + 3H, & 2NH; +A ; where A =750 Kcal/kg of NH,
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Operating conditions (Refer table 5.1) ‘

Pressure —— 130 - 140 Kgfem?

- Temperature—- 375 -420°C

5.1.2_ WELDINC PROCEDURE FOLLOWED

— preheating temperature 225° C is maintained before welding.
—_ Maximum intérpass tempe'r.ature. 250° C

— Electrode used AWS SFA 5.5 :E 9018

Yield strength — 5400~ 6700 Kg/cm?
Tensile strength — 6250 7500 Kg/em?
Percentage elongation — 17 -25%

— Electrodes baked to 325 - 375° C for 2 hrs.
— After completion of welding, intermediate stress relieving is dovne
before the preheat temperature falls to 100° C (Refer fig 5.3).

~ — Perform Magnetic particle test, Dye penetrant test, Ultrasonic test, -

Radiography test.

+ — Carry out PWHT (Refer fig 5.4).

52 HISTORY OF EQUIPMENT FAILED (AMMONIA SYNTHESIS
CONVERTOR)

To find the possibility of any operation flaws, available records on operating
parameters of AMMONIA SYNTHESIS CONVERTOR from its initial start up, were

examined. It was found that operating condition have never exceeded the limits.

According to. the nelson curve as shown in Fig. 5.34A and operating
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conditions, shown in Fig. 5.2 and Table 5.1, it is clear that for a operating
hydrogen partial - pressure of 8.962 MPa, the safe limit upto which operating
temperature can go without causing surface decarburization (or hydrogen attack)

in2.25% Cr-1% Mo stee_zl is 5625°C.

53 PRELIMINARY EXAMINATION OF THE WELD SEAM
VISUAL INSPECTION

After removal of the external insulation, cracks were found on the external
reactor surface, transverse and longitudinal . cracking with respect to
circumferential weld was observed and was found completely contained within

/

the weld metal.

NON - DESTRUCTIVE TESTING

1

Dye-Penetration test

DP test was performed to have a quick look of the surface condition, and it
was found that in the one and a half metre length of weld joint, nineteen distinct
cracks were observed. Transverse, as well as longitudinals cracks were observed

in the weld metal. Photograph is shown in figure 56.32 to 5.38.

Magnetic particle test

Result of this test is same as that of DP test.

Ultrasonic Hardness Test ( From outside the vessel)

To record the hardness value of various points on the cracked weld seam
we marked the seam as shown in the figure 5.5 . We found that hardness value
was found exceeding the limit of 250 HV (refer table 5.2) in the region from point

number 8 to 12 where cracks were observed.
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According to the Haldor Topsoe Afs specification, hardness value in
material have to be kept below 250 HV to avoid the risk of potential damage due

to hydrogen induced cracking.

Ultrasonic Hardness Test ( From inside the vessel)

Hardness test was performed on the weld seam from inside the vessel
also, so as to compare it from hardness value obtained from outside the vessel.
Results obtained from these test showed that hardness value is well within the

safe limit of 260 VHN refer table 5.3.

5.4 SAMPLES FOR FURTHER ANALYSIS

For further study of this failure, tHree samples from three different
Iocations_of weld seam \INere taken, refer fig 5.6 . Sample which was named ‘A1’
1S taken;from that portion of the weld seam, where cracks were observed.
Sample which was named 'B1’ is taken from that portion of the weld séém,
which was adjacent to the ‘A1’. Sample which was named 'C1', is taken from the

crack free zone of weld seam, which was just opposite to ‘A1’ zone.

5.4.1 WELD SEAM ZONE A, (Refer fig 5.6)

It is this zone, where cracks were observed in both longitudinal and
transverse direction, with respect to circumferential weld seam. Cracks were
found completely contained within the weld metal. These cracks appeared after
six months of service in hydrogen atmosphere. Chemical analysis, hardness tesf,
metallography of the fractured zone and fractography of the fractured surface

were taken, to study the crack behaviour.

CHEMICAL ANALYSIS (REFER TABLE 5.7)

Chemical analysis was done and it was found that was exactly as per the
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requirement of the standard speoif_ioatioh of A38-7 Gr. 22 CI. 2 steel (Refer table

5.10). ' z

| HARDNESS TEST (REFER TABLE 51&5.2)

Hardness values were recorded throughout the defectlve seam, it showed
abnormal readings only in the zone, 8 to 12 ( where cracks were observed ) as
marked in the fig 5.5 . These abnormai readings in the selected area (or- zone),‘

could be due to non-uniform post weld heat treatment.

METALLOGRAPHY

Microstructure _

To study the microstructure of A1 zone, some photograph of unetched and
etched surface were taken. It was found that crack was completely contalned
within the weld metal. Some branching of cracks were observed { fig 5.7 to fig
510) and the cracks' ‘were found intergranular, refer fig 5.8 to fig 5.10.
Crack was found propagating along the prior austenite grafn boundaries, _ refer,fig'
5.1.1. Microporosities were also observed in the microstructure, refer fig - 5.7 to
5.9 & also fig 5.12. .Microstructure of weld metal and HAZ shows'some sign, of
columnar grains,z refer fig 5.13 & fig 5.1;1 , but parent metal was found free from

any directionality, refer fig 5.16 . Some amount of coarsening of carbides were

observed in the parent metal, refer fig 5.16.

FRACTOGRAPHY

Zone A, is which cracks were observed, was cut in such a way so as to
expose the fractured surface for SEM fractographic examination to determine the
cracking mode. On exposing the fractured surface, three layers were observed.
These layers were not perfectly visible, because of oxide. film over the fractured

surface. Solution of ammonia citrate and ammonium oxalate was tried to remove
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the oxide layer. After removing the oxide layer, three layers were found visible

distinctly.

First layer, where cracks would have initiated, has a shining appearance,

which gives an indication of brittle zone.

Second layer, has dull and fibrous appearance this confirm of ductile layer,

this shows a ductile layer.
Third layer, shows the area of over load stress.

Ultrasonically cleaned surface: was then examined under SEM,
fractographs obtained are enclosed from fig. 5.17 to fig. 5.26. It is clear from the
fractographs that it is4a case of hydrogen émbvrittlement which has resulted in
inter-granular cracking (refer fig. 5.17, 5.21 & 5.22). Fine tear ridges typical of

hyd_rogen| induced cracking is also evident in fig. 5.17, 5.19, 5.24 & 5.26.

Extent of deformability varies from very poor deformed (refer fig. 5.21 &
5.22) to very heavy deformed regions (refer fig. 5.18 & 5.23). Transgranular
cleavages are also observed in some of the regions (fig. 5.19 & 5.21), this is due

to increase in stress intensity as crack proceeds (intergranularly).

Heterogeneity in structure is also frequently observed. Cast features such
as columnar grains (refer fig. 5.13 & 5.14), multipass weld zones are all visible in
different locations. Cracks have also prbp‘agated along columnar grains (refer
- fig.b.22). All this indicates insufficient post weld treatment which seems to be the

ultimate cause of failure.

5.4.2 WELD SEAM ZONE B,

In this zone, which is adjacent to the cracked zone A1, two types of

samples were taken, one longitudinal and other transverse with respect to
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circumferential weld, so as to compare the mechanical properties in two
orthogonal directions. Transverse samples were marked as B(T) and longitudinal

as B(L).

CHEMICAL ANALYSIS (REFER TABLE 5.7)

Chemical analysis was done and it was found that was exactly as per the
requirement of the standard specification of A387 Gr. 22 Cl. 2 steel (Refer

fig.5.10).

. HARDNESS TEST

Vicker's hardness test was conducted on both types of samples i.e.
longitudinal and transverse of B, zone," with the helb of 30 Kg load which is
applied for 25 seconds, so that the diamond impression can be obtained on the
surface of the sample. Both the diagonals were recorded and average value is
taken for calculating hardness value in Kg/mm?® Hardness values observed were.
found high, for longitudinal samples hardness values were found varying from
203 to 313 (table 5.4), exceeding the limit of 250 HV imposed, to avoid hydrbgen
embrittlement. Results of hardness test of transverse samples showed alarmingly
high values, as shown in table 5.4 . There was a vast difference in the hardness
values in longitudinal and transverse direction. This shows that the material was

anisotropic, which could be the result of non-uniform post weld heat treatment.

TOUGHNESS TEST

Charpy standard samples (as shown in fig 5.27) were tested for both,
longitudinal and transverse samples to record the energy abéorbed to break the
specimens. It was found that transverse samples absorbed more energy than
- longitudinal samples before these fail, refer table 5.5. Results of this test

confirms the results of hardness test i.e., non - uniform post weld heat treatment.
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TENSILE TEST (REFER FIG 5.28)

Tensile test also confirms the inhomogenity in the structure. Longitudinal
samples were found to have UTS in the range of 5000 Kg/cm? whereas
transverse sample showed in the range of 9800 Kg /cm?, refer table 5.6.‘ As per
ASTM standards, tensile strength of A387 Gr22 Cl. 2 should have tensile strength
ih the range of 5150 to 6900 K'g/cmz,‘refer Table 5.9. Ductility in longitudinal

samples where found more refer the graph shown in fig 5.32 A & fig 5.33 B.

5.4.3 WELD SEAM ZONE C,

CHEMICAL ANALYSIS ( REFER TABLE 5.7)

Chemical analysis was done and it was found that was exactly as per the
requirement of the standard specification of A387 Gr. 22 Cl. 2 steel (Refer Table

5.10).

i
METALLOGRAPHY

The microstructure of WM is perfectly regular and is as per ASTM
standards for A387 Gr. 22 .Class 2. Microstructure resembles quenched and
tempered structure with some sign of carbide precipitation. Retained austenite
were also observed in the microstructure. Some amount of c'arbide_ precipitation
. were also observed along the grain bdundaries, but their amount was not

alarming refer fig. 5.29 to 5.31.

HARDNESS TEST

Vicker’s hardness test was conducted with the help of 30 Kg load which is
applied for 25 seconds, so that the diamond impression can be obtained on the
surface of the sample. Both the diagonals were recorded and average value is

taken for calculating hardness value in Kg/mm2. Result of this zone were

acceptable refer table 5.8.
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RESULTS AND DISCUSSIONS

Coarse carb'ides- were observed in the microstfuéture aﬁd some of them ; :
have preferentially precipitated along grain boundaries (Fig. 5.29). As érain
bQundaries are likely siﬁk for hydrog‘én_‘, these ca‘rbides get .attacked by' o
hydrogen and results in the formation of 'thin layer of methane “which
reduces the work of adhesion between theférafri‘s to-zero. This makes the |

steel weaker along the grain boundaries.

This problem could have been very easily avoided, if.proper post-wel'd—heat ;
treatment would have been done. Though the Cyc[e of PWHT followed is
exactly matching the requiremen_t" fbr A387 Gr. 22 steel, but has not giVen _
the intended results because number of thermbcouples used were onl'y‘_
six, with this Asmall number we cannot ensure homogeneous tempel‘rature
throughout .the seam during PWHT. Our purpose is to stréss_ relieve the
entire weld seam, which is seven metre long .énd 150 mm thick, and so |
we should use atleast eight the'rmocouples from inside fhe '_vessel, and
eight: thermocouples form outside, to have a better controll on rise and fall

of temperature du'ri‘ng PWHT.

.Coarse prior austentic grains were observ'ed (Fig. 5.10) near the area
where cracks were found. Cracks were found propagating along these

coarse prior austentic grain. Increase in grain size decreases the

transformation temperature so that in steel having high carbon equiValent, . :

volume fraction of the lower temperature transformation product such as
martensite or bainite increases. High dislocation densities associated with

these structures result in hard and less ductile matrix.

Another effect of larger prior austenite grains, is to increase the amount of - : s
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segregation at grain boundaries. And thus, makes the steel weaker along

the grain boundaries.

Coarse prior austentic grains in some region of weld seam, gives an -
indication of improper post weld heat treatment (as discussed in point
number 1 above). It is not that the procedure followed for PWHT is faulty,
but it is the technique of PWHT. No. of thermocouples used to keep a
track of temperature (rise or fall) during PWHT were less in numbér, which

has resulted in inhomogeneous heat treatment along the weld.

Columnar grains were observed (Refer Fig. 5.13,92256.14) in the
microstructure of HAZ and weld meta"l of A; zone (zone in which cracks
were detected). Columnar grains gave the directionality to the weld metal,
which is evident in the results of tensile and toughness test (refer table 5.5
& 5.6) weld metal was found to have better mechanical propertiés in

transverse direction as compared to longitudinal direction.
Abrupt change in properties acts as a notch, which initiates cold cracking.

Columnar grain of A; zone and equiaxed grain of -C, zone gives an
indication of non uniform PWHT. On further investigation it was found that
thermocouples used to monitor the temperature during stress-relieving

cycle were insufficient in numbers.

When insufficient numbers of thermo couples are used, the problem of
over-heating or under-heating some region is very common especially if the
seam length is an big as 7 meters and 1560 mm thick. It is necessary to use
at least one thermocouple for each heating coil, which is not qsed here,

which has resulted in cracking.
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Some amount of porosity was ~els'o observed (Fig. 5.7 & 5;8). On coeling,
when hydrogen solubility decreases. Hydrogeh 'dissolve_ in the _Iettic:e,
diffuse out or‘ the metal lattice and accumulate at discontinuties like grain
boundaries or voids) where it form its molecule. Due to thls pressure n-:

the voids builds up and the steel become weaker. B e

Porosity can easily be avoided by using properlyhbaked electrodee, so that

moisture absorbed by electrodes during storage, can be removed.

The possrbility of high terrrpe.rature hydrogen et’rach phenomenon,. has
been ruled out, as there is no evidence which supports decarburization,
(refer fig. 5.7 to 5.12). Moreever, operating parameters have never

exceeded the limits.

To improve the resistance of steel egainst hydrqgen embrittlement, we

suggest inter-critical quenching between normal quenehing and tempering.

The reason why resistance improves against hydrogen embrittlement is
because of restricted amount of segregation of impurities at austenite
grain. boundaries, small amount of ferrite in the strljcture, austenite grain

refined and fine, and homogenous carbide are distributed over the

- Structure.

Intercritical quenching i.e., qu_e'nching from (Ac; - X°C) results irr optimum
amount of ferrite in the microstructure. Stress raisers of 'rh_e martensite
may be relaxed eince there is ferrite around martensite. Since hydrogen
can be absorbed by the fuer,r.ite as hydrogen trap and the movement of
hydregen is blocked, the ‘concentratiorr of hydrogen at grain boundaries is

restrained and the fracture strength is increased [11].
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‘ig.-'H TEM fractograph, at 40,000%, of a
arbon replica of the surface of a ductile-
wmsile [racture, showing dimpled pallern
ypical in overstress fractures of duclile
wetals and alloys - T

Fig 22 Fractograph, at 16.000X, of a frac-

ture surface in a zinc specimen, showing

a cleavage facet containing river marks
generated by a subgrain bounder

plestic-carbon replica of the surface of «
brittle jracture in steel that resulted from
intergranular stress-corrosion cracking,
showing a pattern of small angle tilts and

an absence of deformation -
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_Fig. 5.7 Cracks following course prior austentic grain bounderies. Porosity is
also visible (unetched; X 30).

Fig5.8 Same as 5.7, but at higher magnification (unetched; X 100).

'



Fig. 5.9 Cracks following course prlor austentic grain boundanos. Porosity is

. also visible ( unetched; X 30).

Fig. 5.10 Same as Fig. 5.8, but this time after etched in nital (X 100),
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, Fig.5.13 Microstructure of HAZ and weld nieiiﬁ, shbwing orientation of
columnar grains (E tched in nital; X 30). o

. Fig. 5.14 Microstucture of HAZ and parent metal,N showing orientation of
- columnar grains (Etched in nitsl; X 30).
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Fig. 5.15

Fig. 5.16

Microstructure of parent metal showin
in nital; X 100),
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Figi’5.17 - _Fraciograph shdwing mixture of integranular cracks , dimple fe_athres,;
tearing & cleavage which has resulted in failure. (J6oX1-3D

. - ‘
: ' Fig. 5.18 Fractograph showing considerable ani_ount of dimples formed by

E microvoid coalescence. . (601 2Y
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Fig. §5.19 Crack apparently has propagated by mixed mechanism - dimple
’ 1wpture, intergranular with some evidence of transgranular cracking,
sznd predominent tearing. . , (!60)(}'3)
. //

e L T
it

TR

“ 4 SRR A '.‘E’.“ b
%‘é = TR W or7 P
LSRN R

Fig. 5.20 Columnar grains and equiaxed grains. Cracking has occured mainly by
dimple rupture with some sign of tear ridges. hox/.3)
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. Fig. 5.21 Enlarged view of Fig. 5.20. This portion of fracture shows |
. transgranular cracks, deep secondary cracks, aad hair line indication.

Visible are fine ridges, typical of hydrogen embrittlement. (2o 3)

Fig. 5.22 Intergranular cracks with deep secondary cracks between the columnar

grains. - (160X/2 )
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Fig. 5.23 Structure variation observed along the cracked regions. It shows the
ductile portion of the fracture surface. At the lewer portion, microveid
coalesence is visible. Goxiy)

CR)
e,

e 4
LV

Fig. 5.24 Enlarged view of the bottom portion of Fig. 5.23. Channeling which has
occured due to coalescene of voids in visible, serrounded by large tear
ridges, secondary cracks are also visible. (/6@(/. y)
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Fig. 5.25 Fractograph showing columnar grains and equiaxed grains. Cracking
ﬁ_a,_ﬁ_,___hi“s occured mainly by dimples rupture in this region. Gox 1.2)
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Fig. 5.26 Enlarged view of Fig. 5.24, showing channeling which has occured due-
to micro - void coalescence. It also shows large tear ridges. (me}-g)
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- Fig. 5.29 Microstructure of defect free zone ( i.e. C; zone), showing temperd
martensite with some amount of retained austenite ( Etched in nital;
X 1000). :

Fig.5.30  ° Same as 4.29 but at different location (Etched in nital; X 1000)
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Fig. 5.31 " Micrograph of weld zone showing quenched and fempered .martensiteA |
structure of C; zone (Etched in nital; X 200).
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Fig. 5.32 :- Fractured surface of sample piece taken from q zone
for SEM analysis.

Fig. 5.33 :- A zone of wel%.seam, where cracks were observed.
Photograph is taken ~after Dye Penetration test.-
Nineteen distinct radial cracks are visible
(Photograph : By country of TCL, Babrala).
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Fig. 5.35 :- Top portion of the segment of weld seam taken from A1

zone Radial cracks are visible (Photograph : By
country of TCL. Babralal). _

Fig. 5.36 :- Photograph of the segment of weld seam showing its
inner dia with clear visible 1longitudinal cracks
(Photograph : By country of TCL, Babralal.
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Photograph of the. weld seam taken from
reactor surface showing longitudinal and . transverse.

cracks (Photograph

5.37

Fig.

By country of TCL, Babrala).
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Fig. 5.38 :- Top portion of the segment of weld seam from A, zone.

1
Showing twenty radial cracks (Photograph : By country
of TCL, Babrala).
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