THE BRITTLE FRACTURE HAZARD

Trend towards large capacity plants em-
phasizes the need to adequately guard
against brittle fracture risk
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The current building boom of large capacity ammonia synthesis
plants emphasizes the problem of adequately guarding against
brittle fracture risk. The concern is greatest for high-pressure car-
bon sed equipment operating in the temperature range from
ambient down to -20 ¥, since the customarily used ASME and
and ASA Codes do not prescribe specific safeguards in this range.
Below this limit, safeguards are caled for in the form of manda-
tory impact test and stress relief requirements. The heavy thick-
ness of process equipment demanded by 500-1,000 ton/day single
train plants increases the possibility as well as the consegquence of
brittle failure. The risks will rise further with the continuing trend
toward ever larger plants and higher synthesis pressures.

Fortunately, there have been no known in-service fractures of
heavy-wall, high-pressure ammonia plant equipment, although
failures during hydrostatic testing have occurred. However, the
growing number of plants springing up all over the world certain-
ly increases the statistical probability of a failure. On the bright
side, we witness the growing awareness on the part of industry to
the need for extra requirements for materials selection, fabric
ation, and inspection. Similarly, we can look foerward to the prob-
able adoption by the regulatory code bodies of more stringent
minimum requirements. Such revisions are being actively consid-
ered for ASME Section VIII (Unfired Pressure Vessels) and the
ASA Pressure Piping Code Section B31.3; others, notably ASME
Section Il (Nuclear Vessels) and API Standards 620 and 650 (Low
Pressure and Atmospheric Storage Tanks) already incorporate
special rules to guard against brittle fracture at ambient temper-
atures.

Brittle fracture considerations

Appraisal of thebrittlefracturerisksand hazardsin ammoniasyn-
thesis plants reveals them to be greater than in most other chemical
industry installations. There are several reasons for this, involving
considerations of temperature, pressure, equipment size, stedl
thickness, and not least, the dangerous nature of ammonia and hy-
drogen rich process gases. The release of large quantities of toxic,
flammabl e substances has long been a major concern of this Safety
Committee and needs no further elaboration. However, attention
has been concentrated on the effect of massive spills of liquefied
product ammoniain the event of catastrophic failure of large stor-
age tanks, some up to 30,000 tons capacity.

Failure of process equipment could be equally or perhaps even
more disastrous in view of the high pressures and hydrogen content
of synthesis loop atmosphere. There are several large diameter,
high-pressure vessels and exchangers with associated piping op-
erating narrowly above -20 F, i.e., barely over the limit where
impact testing is mandatory according to Code. Yet, it is precise-
ly such heavy-wall construction which is most prone to brittle
fracture. Greater thicknesses raise the brittle-ductile transition
temperature of ded and, moreover, reduce its notch-impact
strength at a given temperature, as compared to thinner parts.
Also, heavier sections are more rigid and hence less able to ac-
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commodate local over-stresses. Finally, there is also increased
likelihood of undetected manufacturing and fabrication flaws;
this applies particularly to forgings, some of which have sec-
tions over 12 in. thick in typical 1,000 ton/day plant equipment.

Brittlefractureexperience

Experience and experiment have shown that brittle rupture of
vessels characteristically proceeds suddenly and with explosive
force. The awesome spectacle of such a violent disintegration is ill-
ustrated by the failure of an ammonia converter during hydrostatic
testing, which is the subject of another paper presented in this
Manual.* Photographs of the ruptured vessel and a two-ton frag-
ment are reproduced in Figures | and 2, It can be assumed that had
the vessel been filled with a compressible fluid such as air or syn-
thesis gas, the rupture would have resulted in even greater fragmen-
tation and missile energy. Your attention is directed to the com-
plete absence of thinning or other evidence of local yielding, typical
of brittle or cleavage fractures.

This introduction to the problem of brittle fracture may sound
alarming and create the impression that disaster isimminent. Such
is not the case, as is borne out by the reassuring fact that brittle
fracture failures are extremely rare. This favorable experience is
highly significantif oneconsidersthat practically all existingindus-
trial equipment, structures, pipelines, ships, railroads and even
automobiles are constructed of ordinary, non-impact tested carb-
on steels which, during cold winter days, are probably in or even
below their brittle transition zone. What is the explanation for
this seemingly paradoxical success?
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Figure 1. Brittle failure of an ammonia converter during shop
hydraulic test. Shell material is 5% in. thick low alloy sted.
(Courtesy British Weiding Research Assn. )

The answer is that brittle failure will result only from the comb-
ined presence or action of severd factors, only one of which is the
negative effect of low temperature on ductility. The necessary con-
ditions are local tensile loading above the yield point, a crack-like

* Brittle Fractureof AmmoniaConverter" .

W.D. Clark and K. G. Mantle.



stress intensifier and the inability of the material to deform plastic-
ally at temperature. With pressure equipment, the likelihood of fail-
ureis further reduced through thermal and mechanica] stress relief,
the latter an automatic bonus obtained during hydrostatic testing.
Before exploring the various precautionary measures prescribed by
regulatory Codes and individual companies, let us interrupt for an

i ittle fractur

Figure 2. Two ton fragment of failed vessel in Figure | thrown
152 ft. Hydrostatic pressure at time of failure was 5,000 1b./sq.in.
(Courtesy British Weiding Research Assn.)

Brittle fracture fundamentals

Brittle fracture of steelsis by no means a new phenomenon but
has been widely recognized and diligently explored for several
decades. Set off by numerous instances of ships breaking in half
during World War |1. therehasbeen intensiveresearch. itsfindings
documented in hundreds of industry. government. university. and
technical society reports. We shall review briefly lundamental con-
cepts of brittle fracture and attempt to clear up some common
misconceptions about it. It is the intent to confine this review to
practical aspects. and deliberately side-step the intricacies and
controversies of fracture mechanics.

Brittle fracture describes a mode of failure of normally ductile
material, characterized by practically no measurable stretching or
deformation, much like ruptures of cast iron, glass, and ceramics.
The conspicuous absence of significant plasticyielding distinguishes
brittle or cleavage fractures from the usual ductile or shear type
fracture normally associated with steel failure from overloads. One
outstanding characteristic of brittle failures is that they can occur
at relatively low nominal stress. usually well below the nominal
yield point. Another earmark is the sudden and rapid crack prop-
agation which may proceed with sonic speed and result in explo-
sive energy release.

The combination of suddenness. violence. and the absence of any
preliminary warning signsmakes brittlefractureprobably the most
treacherous form of material failure. Since thereis no discernible
change in micro-structure of physical properties prior to failure.
incipient brittle fracture defies detection by any known inspection
tool or technique. This setsit apart from other causes of failure such
asoverheating, corrosion, hydrogen fissuring, carbide precipitation,
sigma formation, etc.. all of which cause detectable structural
changes in themetal.

Temperature most important variable

The single most important external variable influencing the
brittle fracture behavior of steels istemperature. Thisrelationship
isillustrated in a schematic diagram (Figure 3) which depicts an
idealized transition temperature curve (Charpy impact energy
versus temperature) for ferritic materials such as carbon and low
alloy steels. Actual numbers are deliberately omitted because they
depend very significantlyon the kind of steel and a variety of metal-
lurgical factors. Note that Cr-Ni stainless steels austenitic micro-
structure) and most non-ferrous metals do not exhibit this drop-off
in impact strength with decreasing temperature. Remember also
that exposure to low temperatures does not cause permanent im-

pairment of metal properties. The drastic reduction of ductility and

impact strength is fully recoverable by warming the steel above its
transition temperature range.

The typical impact-temperature curve divided the diagram into
three broad, arbitrarily demarcated temperature zones. The center
one is defined as the so-called transition temperature zone because
it marks the transition from predominantly ductile to predominant-
1y brittle type fractures. Some steels show a much less clearly
defined and less abrupt drop in impact resistance as the test temper-
ature is lowered. Note incidentally that the once popular term
‘transition temperature' is ambiguous and its use is therefore dis-
couraged. Originally, transition temperature was taken as the temp-
erature corresponding to an impact strength of 15 ft.-1b. (Charpy
keyhole notch), an established ASME Code criterion for disting-
uishing notch-tough from notch-brittle materials.
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Figure 3. Impact strength-temperature curve for ferritic steels.
V-notch test preferred

Nowadays, the Charpy V-notch test is preferred to the keyhole
notch test as an index for measuring relative resistance to brittle
fracture. The reason is that the V-notch more directly simulates
crack-like flaws and weld defects and thus yields better correlation
with brittle fracture service experience and NDT." The charac-
teristic S-shaped curve in Figure 3 could also be constructed by
plotting variables other than energy against temperature. Two
such in common use are the lateral expansion behind the notch,
and the ratio of cleavage (granular) vs. shear (fibrous) fracture,
as observed from broken impact test specimens.

Transition temperature zones for non-impact tested pressure ves-
sl carbon steels generally fall within the range from -20to +100 F,;
impact test strength levels vary between approximately 1-5 ft.-Ib.
for 100% brittle fracture and 40-100 ft.-Ib. for 100% ductilefracture.

" NDT refers to Nil Ductility Temperature as measured in the
Drop Weight Test, ASTM E208-66T, in which full thickness pre-
cracked plates are struck by a falling weight at a series of
temperatures. The highest temperature at which the specimen
fractures is termed the Nil Ductility Temperature. This test,
developed by the Naval Research Laboratory, has shown excel-
lent correlation with service failures (Weiding Research
Council BulletinNo. 88, May. 1963).



Alloy steels, especially in the quenched and tempered condition,
may reach upper plateaus exceeding 100 ft.-1b., showing the direct
influence of yield strength on energy absorption. The lower end of
the curve levels of f at 12t0 2 ft.-1b., which signifies that even com-
pletely brittle material requires a certain minimum energy for
fracture to occur. The small spread of impact values in the lower
plateau merely indicates that little energy is required for a com-
pletely brittlefracture.

The broad range of attainable upper levels of impact strength
forewarns us to interpret cautiously any test readings obtained at
only a single temperature level. For example, the long-standing
ASME criterion of 15 ft.-Ib. Charpy keyhole is at best applicable to
low-strength carbon steels and by no means assures satisfactory
brittle fracture resistance for stronger carbon and alloy steels. In
fact, for such high-strength materials, 15 ft.-Ib. may bein the lower
range of the transition zone, as well asbelow the NDT.

Theusefuinessof impact typetestsfor evaluating brittlefracture
characteristics and behavior gives the impression that dynamic
loading is aprerequisite for this mode of failure. Thisisacommon
misconception which has lulled many people into a false sense of
security. Static loads definitely can and do cause brittle fracture.
particularly in the presence of sharp-edged stress raisers and tri-
axial stress patterns. Another point to remember is that even care-
fully operated equipment may occasionally be subjected to sudden.
unexpected highlocal stressesarising from hydraulic, pneumatic or
mechanical impact forces.

Factorsother than temperature

There are many factors other than temperature which affect the
brittle fracture behavior of a steel, let alone a complex piece of
equipment. Some of these exert a direct influence on the temper-
atureat which the material undergoesthe brittle-ductiletransition:
among them are alloy content, deoxidation practice, micro-
structure, thickness. and heat treatment. Other important but
harder to measure factors include defect size and shape, aswell as
variousfabricational aspectsiikeformingtechnique, coldstraining
and strain aging, weiding practice, and post weld heat treatment.
The great influence of weiding is brought out by the fact that the
majority of brittlefailureshaveinitiated at or near weids.

The manner, extent and rate of loading also play a major role in
determining whether or not a structure will resist brittle fracture
in service. This covers not just the level of applied and residual
stress but, more significantly, the magnitude and direction of
locally intensified stresses, particul arly by impact loads. Obviously,
theseare closely dependent on design and fabrication details. Equip-
ment geometry and configuration affect the ability to deformplast-
ically and redistribute stress; this pertains especially to the attach-
ment and reinforcement of massive components such as large
nozzles. The high degree of constraint, multi-axial stress distrib-
ution and presence of weids at such locations combine to create
potential initiationsitesfor brittlecracking.

It is apparent that most of these variables are closely inter-
related and therefore it is hardly surprising that brittle fracture
behavior does not lend itself to rigorous mathematical analysis.
The directional effect of individual factors with respect to either
raising or lowering susceptibility toward brittle fracture is tab-
ulated in Table 1. No attempt is made to rate them in order of im-
portance nor to indicate their complex interdependence. Never-
theless, this simple tabulation may help non-metallurgists recog-
nize and assess those provisions in Codes and specifications which
relate specifically to minimization of fracturerisk.

Safety Codesand Standards

Most state laws require that ammonia plant equipment be furn®
ished to comply with various Codes and Standards. In the U.S.. the
major ones are the Boiler and Pressure Vessel Code (ASME),
the Pressure Piping Code (ASA) and API Standards. Pertinent para-
graphs from eachdealing explicitly with brittlefracture prevention
are surveyed in the appended summary tables. In ammonia plant
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design, the most important ones are ASME Section VIII. (Unfired
Pressure Vessels), ASA B31.3 (Refinery Piping) and API Standard
620 (Low Pressure Storage Tanks).

Table 1. Factors affecting transition temperature and suscept-
ibility to brittle fracture of carbon stedl.

BEMEF LCIAL FACTORS DETR IMENTAL FACTORS

Open hearth Manufacturing Frocess ..... Bessemer

Electric furnace

Oxygen converrer

Mo, AL, NL L Chemical Composition c, PR

Xilled steels ...... Deoxidation Practice . . . . I Rimmed steels

(51& Al)

small (fine) ...l Grain Size . . ........| Large (coarse)

Kot working —  ........ Forming Technique . . . . . Cold working
Strain aging

Thin sections .. ......a.0.n GeOomeLLY.vuvrruniren Thick sections

Low constraint High constraint

Small ........Defect Shape . . . .. . .| Long

Rounded Sharp-edged

Low e Applied Stress. sususss High

Uniaxial or Biaxial Triaxial
Stow | oading

Rapid loading
(static loads)

(Impact loads)

Mineral coating . . . . . . } Welding Electrode . . . . . . | Cellulosic coating
(Low hydrogen)

Stress relief
Normalizing
Quench & Temper

Full anneal
(slow cool)

It should be recognized that almost all of the items covered
fall in the realm of materials selection and testing which, as we
have seen, is only one of several contributing factors. Other im-
portant influences, i.e., those relating to design, fabrication, and
inspection are difficult to evaluate and cannot be properly covered
in such asimple tabulation. ASME Section VIII and ASA B31.3 put
heavy emphasis on these less obvious aspects; this should be taken
into account in making comparisons with documents such as API
620 and 650, which rely almost exclusively on appropriate mater-
ials selection as a safeguard against brittle fracture.

A combination of restrictive materials selection and high caliber
design, fabrication, and inspectionisprovidedin ASME Section [11
(Nuclear Vessels). It is considerably more conservative than Sec-
tion V111, and so far has not been applied to chemical plant constr-
uction. The prevailing trend in ASME Code Committees and Task
Groupsconcerned with brittlefractureisinthedirection of upgrad-
ing Section VIII requirements, but not necessarily to the level of
Section Il1. This tightening-up process is already in evidence in
ASME Subcommitteeproceedings.

The ASA B31.3 requirements pertaining to brittle fracture protect-
ion are patterned closely on ASME Section V111, as would be expect-
ed from the traditionally close cooperation between these two Code
bodies. The most significant difference between them isin the area
of stress relief below -20 F., which is mandatory only in Section
VIIL.On the other hand, ASA B31.3 is somewhat more conserva-
tive in the -20 to -50 F. range with respect to impact test exempt-
ions. At temperatures of -20 F. and above, neither impose specific
safeguards or materials limitations

Requirementsfor storagetanks

Storage tanks are designed and built in accordance with the re-
quirements established in APl Standards 620 (Low Pressure) and
650 (Atmospheric). The large single and doublé wall refrigerated
ammonia storage tanks are covered by the Supplement to Stand-
ard 620, alternately referred to as Appendix R (the R stands for
refrigerated). The comprehensive rules for selecting materials in



APL STORAGE TANK STANDARDS

k4

SECTION TITLE OR SUBJECT PROVISIONS ANP REQUIREMENTS

Standard 620 Recommended Rules for Design and Construction of

(June  1963) large, Welded, Low~Pressure Storage Tanks

2.02 Pl aces Mnimumrequirenents for plate specifications at design temperatures betveen

+65 and -35 F. Table 202 listing ASTM Spec and special metallurgical require-
ments as function of temperature and pl ate thickness, |Inproved notch toughness
naterials required for lower temperatures and/or greater thicknesses. Impact
tests required only for plates over 1 3/8 inch and below -5 F.

Standard 620
Suppl ement  {April 1965)
Appendi x R

Low Pressure Storage Tanks for Refrigerated

Service.

Table R, 2.1 (A listing ASTM Spec as function of design temperatures in +0 to

-60 F range; only improved notch toughness steels are permitted. Mandatory
irapact testing of plates except for exemptions itemized in Table R. 2,1 (B.

These exenptions are a function of temperature, thickness, manufacturing technique
and heat treatment.

R.2.1 Primary Components

R.2.1.1 I mpact Test Requirements Table R, 2. 1,1 listing minimum Charpy V-notch Inpact test values for plate materials
and weldments,

R.2.2 Secondary Components Table R. 2.2 listing ASTM Spec as a function of design tenperature in +60 to -40 F
range. Requirement similar as for primary components except that minimum permiss
aible desalg P R = - 'y O F,

R,3.2 Desi gn Metal Tenperature Conservative definltion of Design Metal Tenperature takea cognizance of low
ambient tenperatures and effect of subcooling at reduced pressures.

Standard 650 Welded Steel Tanks for 011 Storage No material restrictions or tenperature limitations,

(Dec. 1961)

Standard 650 Appendi x D T bl _7 listing minimm ASTM Spaca for shell plates 4in the +50 to -40 F tempera-

Suppl enment (Alternate Basis for Shell Design) ture range for plates up to 1 1/2 inch thickness, Ho requirements for inpact

(February 1963)

tests,




ASME_BQ LER AND PRESSURE VESSEL CODE SECTION III - 1965

(Nuclear Vessels)

PROVISIONS AND REQUIREMENTS

SECTION TITLE OR SUBJECT

N-331 Ductile-Brittle Transition Tests Mandatory Chaxpy V-notch tests for all carbon, alloy and 400 Series stainless
steels, except for thin sections (below 0.1 inch).

N-332 .Requtred Impact Test Values Minimum requirements deflned as function Of yield strength. Impact tests to be

met at least 60 F lower than pressure test temperature.

N-71%.64 & 7155

Hydrostatic & Pneumatic Test

Caution aboat brittle fracture by low temperature testing fluids.

Additional impact tests if heat treatment during or after fabrication is not same

N-511.2 Heat Treatment
as for original test coupons.
N-515 Forming Additional impact tests if effect of forming techniques is Not assessed by origi-
nal test coupons.
N-712 Impact Tests Instructions for obtaining prescribed test coupons.
N-713 V eascl Test Plates
R-1210 Materials for Class B Vessels Mandatory Charpy V-notch tests for all materials at temperature at least 30 F lover
than service metal temperature.
Appendix VIl Approval of New Materials Requirement for submittal of data on notch toughness and brittle fracture characterd
VIl - 110 Mechanical Properties istics. Effect of neutron irradiation on NDT.
VIl - 130 Fhyslcal Changes Requirement for reporting the influence of fabricational practices and microsgtruc-
tural changes on brittle fracture characteristics.
ASA CODE FOR PRESSURE PIPING - 1966
(ASA B31.3 Petroleum Refinery Piping)
SECTIO» TITLE OR SUBJECT PROVISIONS AND REQUIREMENTS
Chapter |I] Materials
323.2.2 Irapact Tests Mandatory impact testing for ferrous materials and weids operating below -20 F.

Exemptions for certain materials in the -20 to -50 f range under low stress con-
éitions, (15% of room temperature allowable stress). Test methods and criteria cross
referenced to ASME Sect. VIII, UG-84.

337.2

Pressure Tests

Cautiou about brittle fracture due to low temperature test fluid,
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ASME BOILER AND PRESSURE VESSEL CODE SECTION VIIT - 1965

(Unfired Pressure Vessels)

PROVISIONS AND REQUIREMENTS

SECTION TITLE OR SUBJECT

Part UG General Requirements

UG-84 Irapact Tests Impact test procedures and criteria.

UG-99 (h) Hydrostatic Test Cautionary note about Drittle fracture due tO low temperature test fluid.

UG-100 Pneumatic Test

PartUW Welded Vessels

uw-2 Service Restrictions Additional weld quality and inspection requirements below -20 F.

Part UB Brazed Vessels

UB-22 Low Temperature Operation Requirement for impact tests of brazed joints.

Part UCS Carbon & Low Alloy Steels

UCS- 65 Low Tenperature Qperation Scope Mandatory inpact test and stress relief requirements for materials and weids

UCS- 66 Low Tenperature Qperation Materials operating below -20 F.  Exemption for inpact testing at |ow ambient temperatures

UCs- 67 Low Tenperature QCperation Design or under |low stress conditions (40X of room tenperature allowable stress).

Part URA High Alloy Steels

UHA-51 I npact Tests Mandat ory requirements for high alloy steels and weids operating below -20 F.
Exemptions for low stress conditions and for nost austenitic stainless steels.

Parr UCL Clad and Lined Vessels

Uci~27 Low Tenperature Qperation Requi renent that backing material comply fully with Paragraphs US 66, UCS 67
or UHA-S51,

Pgrg UGT* Quenched & Tempered Steels

uqgr-5 (c) Material s Mandat ory inpact testing for all materials; no exemptions. Easements on test
tenperature for |ow stress conditions.

uQr-6 Test Requirenents Charpy V-notch tests, further supplemented by Drop-Weight test bel ow -20 F.

uqQT-82 (0 Wi di ng Charpy V-notch tests for weldments.

*  Summer 1965 Addenda




API 620 reflect the deliberate effort to provide notch-tough steels.
In this respect, APl 620 is indeed more progressive and stringent
than ASME Section VIII. It can be argued that the APl has been
under greater pressure to include specific brittle fracture safe-
guards in view of several catastrophic failures Of atmospheric
storage tanks.

Since Section V111 rules cover the majority of equipment itemsin
all domestic ammonia plants, let us briefly analyze these provis-
ions and their limitations. The major limitation of Section VIII for
low temperature service is that there are no special provisions to
guard against the possibility of brittle fracture at temperatures
above -20 F. This arbitrary temperature dividing line considers
neither steel analysis nor thickness. which makes it virtually
certain that a significant percentage of Code vessels operate below
the transition temperature range. In the range below -20 F. where
impact testing is mandatory, Section VIII still allows the use of
Charpy keyhole specimens; however, it isanticipated that they will
soon change over to the more significant Charpy V-notch test.

The limitations of Section V111 are best illustrated by a practic-
al example. Consider a pressure vessel operating at -18 F. and
3.000 ib./sq.in. constructed of 4 in. thick ASTM A212 Gr B stedl.
By all the presently recognized criteria. the shell material will
most likely be below the ductile-brittle transition temperature
range. There may be notches in the shell surface, at nozzle weids
which are not radiographed, in pipe used for nozzles, and at ex-
ternal or internal attachments. Even the shell main seam weids
which must be radiography (e.g. slag inclusions below % in. The
shell stress will be 17,500 Ib./sq.in. nominally, but will be higher
at nozzle attachments, notches, head-to-shell junctions. locally
thinned areas, etc.

A ready-made candidate for fracture

The kind of vessel described appears to be a ready-made cand-
idate for brittle fracture. Yet, hundreds of such vessels are success-
fully operating in oil and gas fields. and additional hundreds are
installed in existing ammoniasynthesis and other industrial plants.
This example illustrates the point emphasized earlier that brittle
fracturesrequire the coexistence of several detrimental conditions.
which is unlikely from statistical considerations. The favorable
operating experience of these vesselsis probably also an indication
of the beneficial effectsof postweld heat treatment and hydrostatic
testing. both required by Section VI11.

Since it is impossible to fabricate commercial pressure equip-
ment completely free of notches and stress concentrations, in-
creased resistance to brittle fracture is best achieved by selecting
materials which can be expected to pertorm satisfactorily in the
presence of notches at design temperature. This is the approach
presently incorporated into APl 650 (Appendix D) and API 620.
and is aso being considered by ASME Special Committees. The
Nuclear Code (ASME Section I11) goes still further by requiring
unpact testsfor all ferritic steelsregardless of servicetemperature.

In the area of materials selection, the most promising improve-
ment insofar as resistance to brittle fracture is concerned is the
development of steels with enhanced noten toughness, such as
ASTM AB516 for plates and A524 for pipe. These specifications in-
clude requirements for high Mn/C ratio, fine grain steel making
practice. and heat treatment, all known to improve resistance to
brittlefracture. Unfortunately, comparabl e specificationshavenot
vet been developed for forgings.

Another approach toward minimizing brittle failuresliesin reduc-
ing allowable stresses for low temperature applications. Both
ASME Section VIII and ASA B31.3 are in fact doing this for temper-
atures below -20 F. Impact tests are not required if allowable
are 40% and 15% respectively of their room temperature value. This
restriction maintains applied nominal stresses in the 2,000-7,000
Ib./sg.in. range which is below the level at which brittle fractures
would be expected to propagate. Except for thin-walled shells, this
approach is clearly uneconomic.
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What the industry practice is

Progressive industry thinking and practice is leading the way
toward greater conservatism and safety in the realm of brittle
fracture prevention. The trend is set by leading designers, fab-
ricators, and users of large, critical pressure equipment, most of
whom adhere to self-imposed standards more rigorous than the
ASME Section VIII Code rules. This discrepancy is accounted for
by the normal time lag between the evolution of new practices
and their eventual recognition and adoption by the Code.

There is general agreement among the large ammonia producers
that the existing Codes should be supplemented to provide added
protection against brittle fracture 'n process and storage equi pment.
Such supplemental requirements are not imposed arbitrarily but
are applied with discrimination according to the anticipated ser-
vice conditions. the degree of hazard and the potential damage.
The following listing of typical additional requirements and safe-
guards is a conglomerate, compiled from various company specif-
ications design standards, and shop practices. For sake of conform-
ity, they are sub-divided into the same categories employed in the
Code, i.e.. Materials, Design, Fabrication, Inspection, and Test-
ing.

1. Materials

Materials are ordered to specifications which provide reas-
onable expectation that the notch toughness will be satisfac-
tory at the lowest design temperature of the equipment. Op-
timum assurance is, of course, attained by ordering the mat-
erial to conform to impact test requirements at or below
design temperature.

a Materials Selection - As design temperature decreases
and thickness increases, plate materials are selected from
the following specifications, listed in order of expected in-
creasing resistance to brittle fracture:

A285 Gr C

A212 Gr A or B, A515 Gr 65 or 70
A201 Gr A or B or A515 Gr 55 or 60
Ad42

AB16

(least resistant)

(most resistant)

A parallel ranking of common piping materials would be
Ab3, A106. and A524, the last being the most resistant.

b. Impact Testing - Impact testing is required for pressure
parts below some arbitrary temperature limit, typically
0 F., +32 F., or +60 F. While some companies may im-
pose these limits for all materials and thicknesses, most
restrict it to heavy plates and forgings and to high-stren-
gth steels. Impact test requirements are increasingly
based on Charpy V-notch rather than keyhole specimens,
reflected in the typical requirements cited below:

1 in. High-strength steel
{100,000 Ib./sq.in. UTS)

30ft-1b. V-notch min.
at min. design temperature

8in. Carbon stedl forging 20 ft.-1b. V-notch min.

at min. design temperature

2. Design
Weids are specified to be full penetration and free from un-
dercuts and surface defects. Blind root fillet weids are not

allowed, in order to guard against the introduction of harm-
ful notches in welded connections, joints, and attachments.

3. Fabrication

a Impact tests of weids and heat affected zones is required



in weiding qualification procedures for temperatures high-
er than -20 F, especialy for high-strength materials and
for heavy sections. The minimum test result criteria nor-
ally parallel those established for base material.

b. Postweld heat treatment is specified for all thicknesses,
in order to reduce residual stresses from weiding and form-
ing operations.

4. Inspection

Magnetic particle inspection, dye penetrant inspection, and
ultrasonic inspection of plates, forgings, and weids are spec-
ified as a supplement to mandatory radiographic inspection.
The intent is to discover defects, seams, sub-surface lamin-
ations, slag inclusions and other flaws or defects which can
become focal points for brittle fracture.

5. Testing

The metal temperature during hydrostatic test is specified
to be higher than the expected minimum temperature at
which the material will be ductile to prevent brittle frac-
ture during the test. For mild carbon steels, typical temper-
ature-thickness limits are asfollows:

1in. max. 60 F.
2in. max. 80 F.
3in. max. 100 F.
4in. max. 120 F.

The limits recognize the effect of thickness on brittle frac-
ture, but do not take into account the influence of chemistry,
micro-structure. Stress retief. etc.

Precautions in new plants

In place of a conventional summary, we thought it more useful to
conclude this discussion of brittle fracture hazard with some prac-
tical guidlines for minimizing it. Obviously. such a complex and
controversial subject as brittle fracture does not lend itself to a set
of simple, universally applicable set of rules. The task is further
complicated by the fact that formulation of safety practicesis in-
fluenced strongly by individual company policies and attitudes.
Since new plants naturally present greater opportunities for pro-
viding fracture-safe construction, they are considered separately.

With Code requirements as a minimum, supplements should be
made to materials, design, fabrication. inspection, and testing

requirements, as outlined in the section on Industry Practice. It
bears repeating that these Code adjuncts ought not be applied
across-the-board but selectively, to suit the individual equipment
and circumstances. They are especially pertinent to equipment in
the temperature range from ambient to -20 F.. where the Code has
no speciticprovision. The extent of upgrading will beinfluenced by
technical factors such as temperature and thickness, as well as by
consideration of the degree of hazard and consegquences of failure.

Among the most important supplements to Codes are those aimed
at providing materials that will not be brittle at design temper-
atures. This may be achieved by selecting improved steels (e.g.
AB16) or, more positively. by impact testing of materials at design
temperature. Such changes will in most cases raise the cost of
equipment. Additional expenses can be surprisingly large if they
involve impact testing of massive components. For instance, in
one recently built anmonia plant, impact testing the heavy wall
forgings of a high-pressure exchanger added nearly $25,000 to the
base cost of $100.000. Changing plate material specifications from
A201, A212 or A285to A516 will increase steel costs by 5to 15%.

The operation most likely to increase the possibility of brittle
fracture is repair and maintenance weiding. The simple operation
of weiding on a support clip to a pressure vessel will introducé
residual weiding stresses at vield point level. Will leave a stress
raiser at the root and toe of fillet weids, and can |eave the weld heat
atfected zone with low ductility. Careful consideration should there-
fore be given to weiding design and procedure, non-destructive test-
ing, and postweld heat treatment for field weld repairs on steel
equipment which will operate or be hydro-statically tested in the
ambient temperature range.

Another aspect of safeguarding existing plants against possible
brittle fracture accidents concerns changes in process or operating
conditions. Thus. any decrease in temperature or increase in press-
ure in the ambient temperature range should consider the accomp-
anying increased possibility of brittle fracture. This applies not just
to the magnitude but equally to the rate of change of temperature
and pressure. because sudden pressure surges or rapid chilling are
more apt to be damaging than severe steady-state conditions.

Finally. unusually cold wintertime temperatures shoul d berecog-
nized as a source of increased hazard, especially for storage tanks
and equipment whose metal temperatures are closely affected by
climatic conditions. Any change in operation which could produce
higher than normal loads should at such times be undertaken with
extra caution. Similarly, deliberate effort should be made by oper-
ating personnel to prevent mechanical or hydraulic shock. The
controlling effect of low ambient temperatures on brittle fracture is
made evident by the fact that practically all the recorded brittle
failures have occurred during exposure to cold air or water.
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