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The power industry has been
vitally concerned with graphiti-
zation ever since the brittle fail-
ure in a welded carbon-moly steel
pipe in the main steam line at the
Springdale Station of the West Penn
Power Compeny in January 194%,

Because severe graphitization
reduces considerably the ductility
and toughness of the affected areas,
periodic examination of valve and
pipe joints in high-temperature
piping is essential to prevent cost-
ly failures and contingent danger
to life and property. For example,
a recent routine examination of a
main steam line of a power plant
revealted a 1 in. deep crack around
the circumference of a 1 3/4 in.
thick valve-to-pipe joint. This
crack, illustrated in Fig. 1, is
in the heat-affected zone of the
valve, parallel to and approximately
3/32 in., away from the weld metal.
Examination under the microscope
established that this cracking
occurred in a severely graphitized
zone which is shown in Fig, 2. Fur-
ther embrittlement and propagation
of the crack might have resulted in
a very serious failure in the main
steam line. This valve has been
replaced to remove this hazardous
condition.



MATERIALS

Graphitization 1s associated primarily with cerbon steels in long-
time service above 800° F and carbon-molybdenum steels above G00° F.
Rolled, forged or cast materials prepared by a high-aluminum deoxidation
practice (over 1 1/2 1b. Al per ton of steel) usually are considered
highly susceptible to graphitization. The low-sluminum deoxidized grades
(less than 1/2 1b. Al per ton of steel) are considered fairly resistant
to serious graphitization - although they are not always completely
immune. In fact, a recent investigation of & coarse grained, silicon-
killed steel used in a petroleum refinery installation showed heavy
graphitization. In a steam power system serious graphitization in a
silicon-killed steel so far has been found only in one installation.
Thus, it is adviseble to exemine periodically silicon-killed steel piping.

1/2 Cr - 1/2 Mo materials so far have shown resisctance to graphiti-
zation in service up to at least 950° F. Similarly, the 1 Cr - 1/2 Mo
and 1 1/4 Cr - 1/2 Mo grades appear to be resistant up to about 1050° F,
although at these temperature levels very limited service data are avail-
able to date.

Rolled and forged carbon, carbon-moly and 1/2 Cr - 1/2 Mo steels,
from which pipe for steam power systems is fabricated, are now made
by the steel mill with a deoxidation practice which limits the maximum
- permissible aluminum addition to 1/2 1b. Al per ton of steel.

Cast steels, &s used in valve bodies of carbon and carbon-moly
steels, generally are made by & melting practice with 2 lbs. or more
aluninum per ton of steel. The main reason for this is that under
ordinary foundry conditions this amocunt of aluminum is necessary to pre-
vent gas formation in the molds. Although a few foundries have been
able to limit the aluminum addition to 1/2 1b. Al per ton of steel, the
resulting caestings may be considerably more expensive. Since the
addition of 1 1/4% chromium and 1/2% molybdenum is likely to inhibit
serious graphitization, it is usually economical to specify chrome-
moly alloy velve materials.

Since castings, as a general rule, are likely to contain more
carbon end aluminum then the corresponding grades of wrought or forged
piping materials, the periodic inspection of cearbon and carbon-moly
valve materlals is particularly important.

METALLURGICAL CONSIDERATIONS

Graphite 1is free carbon which has little strength, very low duc-
tility and very low resistance to mechanicel or thermal fatigue or
shock. The physical metallurgist considers its formation as a nucle-
ation and growth process which tekes place on long-time exposure at
temperatures above 800° F. Graphitization is the result of the
diffusion and coalescence of atomic carbon in solution in the steel
matrix and the decomposition and diffusion of iron cerbide (cementite)




intoc ferrite and free carbon and the subsequent diffusion and cosa-
lescence of the latter.

When the grephite occurs in form of nodules distributed at rendoum
throughcut the steel matrix, its effect upon the mechanical properties
of the steecl 1s rather insignificant. However, where the graphite
segregates in clusters of nodules along zones or forme continuous
chains, the mechanical properties in the affected area may be con-
siderably or even seriously reduced.

A narrow band of particularly unstable carbide end ferrite super -
saturated with carbon tends to occur at the extremity of the heat-
affected zone in the region where the temperatures resulting from the
welding cperatlon reach approximetely 1325° to 1425° F for a very short
time. Subsequent prolonged service above 800° F may cause particulearly
severe graphitization in this zone - usually about 1/16 to 1/8 in.
from the weld.

The degree of graphitization depends primarily upon the composition
and thermal history of the steel. For the same type of steel, an in-
crease in the carbon content would tend to increase the amount of

~. graphite that mey form.

Alloying or residual elements, which tend to form carbide particles,
" inhibit graphitization. Thus, chromium, molybdenum, manganese and
venadium are beneficial. If present in & sufficlently large quantity,
these elements may prevent graphitization. However, some of these
elements may be undesirable because of their effects upon the weldling
characteristics of the steel.

SAMPLING

Because of the severe consequences of failures in steam power
systems, many power companies have in the past checked, and are period-
ically checking, the condition of welded Joints in pipe and valve
maeterials susceptible to graphitization.

The method most widely used consists of removing boat-shaped
slices from welded Joints by means of the so-called "weld-prober,"
1llustrated in Fig. 3. The slice is taken across the weld and should
include at least 1/2 to 1 in. of base metal at each side of the weld.
Typical examples are illustrated in Fig. 4. When properly prepared,
the weld-probe slice provides sufficient material for a metallographic
exemination and one bend test, Fig. 5. Pipe or valve sections of
such dimensions as to meke attachment of the weld-prober impossible
may require special sectioning procedures, as trepanning or drilling
(see Fig. 1).

Upon removal of the slice from the pipe, the cavity is filled by
arc welding, Fig. 6. This is followed by & stress relieving operation.
Where rehabilitation of the piping system is contemplated, the stress




relieving heat treatment may be omitted or deferred until tne weld
prove specimen has been examined. For example, if graphitization is
found to be sufficlently severe to necessitate immediate rehabilitation
of the affected Joints, the final stress relleving operation would
place the Joint into the proper condition, as required by the various
Codes.

For economic reasons, only one specimen 1s ordinarily removed
from the weld Jolnt. However, since the amount and type of graphiti-
zation may vary around the circumference of the plpe Joint, the re-
moval of two or three specimens is advisable - particularly where
moderate to severe graphitization 1s suspected. In particular, in
cast valve stesls where deoxidation was made 1in the rumnner box, the
aluminum distrivution tends to be non-uvniform. The resulting differ-
ences in the stability of the metallurgical structure may cause a
considerable variation in the "degree" of graphitization.

Although it may often be sufficlent to examine only one end of a
pipe, differences in the stress, welding and post-heating conditions
may have resulted in different "degrees" of graphitization at sach
pipe end, so that sampling of both ends is advisable. On cast valve
steels, it is particularly desirable to examine both ends because of
the greater possible variastion in the composition of the material.

GRADING GRAPHITIZATION

Since the degree of severity, (i.e. the level of safety of each
Jjoint in a steam power system), depends upon the form, shape and
distributiocn of the graphite particles, & relative classification 1s
not readily accomplished. "Also, there is no sharp delineation between
"severe" and "moderate" graphitization.

The photomicrographs and bend tests obtained from & weld-probe
specimen leave room for considerable latitude of interpretation.
Careful analysis of such additional operational factors as temperature
and pressure cycling, thermal or mechanical fatlgue and shock, ex-
ternal loading, section thickness, etc., is also necessery. When of
significant magnitude, these factors may contribute to a reduced level
of safety of mild or moderately graphitized piping.

On the basis of the 10 years of research in the laboratories of
the Grinnell Company, & grading system of graphitized zones has been
established which is illustrated in Fig. 7.

The microstructures shown in Fig. 7 generally correspond to the
following bend engles (test strips bent to the point where a 1/16 in.
long crack is first observed in the heat-affected zone):




Grephite observed in Bend
microstructure angle
mild over 90°
moderate 45-90°
heavy 30-45°
severe 15-300
extremely severe below 15°
(dangerous)

Obviously, the "degree" of graphitization may fall between these
gradings.

REHABILITATION

Where significant quantities of graphite have been found in the
heat-affected zone in piping or valve materials to warrant concern,
several procedures may be employed to restore the steam power system
to & safer operating condition. These are: «

(1) Solution heat treatment.

{(2) Removal of graphitized area in the
heat-affected zone by (&) partial
or (b) complete grcoving out and
rewelding.

(3) Replecement of graphitized pipe or
valve sections.

The choice of the proper procedure depends primerily upon the de-
gree of graphitizaticn, the estimated future life and operating con-
ditions of the perticular power system and certain econocmic factors.
Sometimes moderately or even heavily graphitized pipe or valve Joints
which do not show cracking are tempcrerily rehabilitated by the solution
heat treatment until the next shutdown of the steam power system, or
- until replacement pipe or velve sections can be obtained. It is important
to realize that both the solution heat treatment and the rewelding pro-
cedure serve only as temporary cures.

The continuous use of materials susceptible to graphitization
should be accompanied by periodic examination of weld-probe specimens
to study the progress of graphitization. The results of such periodic

studies glso asgist in the selection of & suiteble rehasbilitation
procedure.



Solution Heat Treatment

The solution heat treatment consiste of heating the graphitized
area to sbove the upper critical (transformation) temperature of the
steel. At these temperatures the "ferritic" steel has transformed into
an "austenitic" steel in which the graphite will dissolve. Upon sub-
sequent cooling, the carbon will again be in "solution" or will form
cementite perticles. A commerciel solution heat trestment consists of
heating for two to four hours at temperatures between 1700 and 1750°
F, depending upon the type of steel and the degree of graphitization.
Thie 1s followed by controlled cooling to 1000° F at a rate of 3000
to 4OC® F per hr.

The major adventege of this procedure is that it is less costly
than rewelding or the replacement cf pipe or valve sections. However,
where long cperating periods of five, ten or even more years &re
involved, the solution heat treatment provides, at best, only a
temporary cure. It is generally accepted that grapnite will re-form
more rapidly end in less time in the solution heat-trested, heat-
affected zone than 1t did in the criginal stress relieved weld. It is
also belleved that the solution of graphite during the solution heat
treatment leaves small voids in the steel metrix. These voids con-
tinue to act as local stress raisers so that the solution heat treat-
ment does not improve materially the ductility and toughness over that
of tne previously graphitized area. Thus, subsequent regraphitization
during service is likely to further weaken the material.

One large utility campany, having first solution heat treated one
steam power system, decided subseguently to cut out a2ll welds and heat-
affected areas and reweld the entire system. Rewelding in the first
place would have been considerably less costly.

Rewelding of Graphitized Area

In tais procedure the graphitized area is first removed by fleame
o1 arc grooving and/or grinding and Is rewelded subsequently. A siress
relieving heat treatment should follow the welding operation.

In the case of moderate graphitization, partial removel of the
grapnitized area may be adequate. The groove is cut to ebout 1/16 in.
from the backing ring on the inside diareter of the pipe or valve.
Where grephitizaticn has cccurred only cn one side of the weld, as may
be the case in the valve side of pipe-tc-valve jcints, the procedure
illustrated in Fig. 8 should be followed. Where graphitization has
occurred on both sides of the weld, the recommended procedure is
illustrated in Fig. 9. The new groove is epproximately 1/3 to 1/2
wider than the original grcove.

The adventage of this procedure is that fit-up, groove protection
and back-up are not required. Of course, proper supporting of the
piping 1s essential in order to prevent cracking in the weld area and
not disturb the cold spring (prestress) in the plpe line at room temper-



ature. It must be realized that a small zone of graphitized steel re-
mains at the root of the new weld deposit.

Where the degree of graphitization has been sufficlently heavy to
reduce seriously the ductility and toughness in the graphitized area
cauging cracking to occur in bend specimens at an angle of less than
450, it may be advisable to remove completely the heat-affected and
weld areas. The cut ends should then be pulled together, fitted-up
and rewelded as illustrated in Fig. 10. In rigid systems 1t may be
desirable to bulld up the groove faces with weld metal and grind to
obtain a standeard edge preparation prior to the final welding operation
of the two ends.

Where necessary, suiteble pipe sections should be inserted,
preferably of 1/2 Cr - 1/2 Mo, 1 Cr - 1/2 Mo or 1 1/k Cr - 1/2 Mo steel
to replace cne or several removed sections, &s illustrated in Fig. 11.
Generally, the 1 1/4 Cr - 1/2 Mo gredes are most readily available.

In due time graphitization may reoccur in the new heat-affected
zones adjacent to the weld. Depsnding upon the materials involved
and the postheating cycle, the rate of graphitization in the new heat-
affected zones may be reduced considerably. If the estimated safe
operating life exceeds the planned operating life of the steam power
system, the rewelding procedure may well be the most economical.

Replacement of Pipe or Valve Sections

In pipe or velve materials which are very susceptible to graphitizea-
tion and which show graphite in the pipe or valve metal as well as
serious graphitization in the heat-affected zone, it may be adviseble to
replace completely the graphitized components. Bend specimens which
fall et an angle of less than 15 degrees usually indicate that the
degree of grephitization is extremely severe.

Where pipes and valves are replaced, the use of 1/2 Cr - 1/2 Mo,
1Cr - 1/2 Mo or 1 1/4 Cr - 1/2 Mo materials should be considered.
The replaced sections are not likely to give further graphitization
troubles. Little or no further sampling is required. Moreover, im-
proved design snd febrication practice of present-day piping and valve
systems results in lower pressure drops and higher quality Joints so
that higher efficiencies and lower maintenance can be obtained.

RECOMMENDING REHABILITATION

Rehabilitation by (1) solution heat treatment, (2) removal of
grephitized areea in heat-affected zone by (a) partial or (b) complete
grooving out and rewelding or (3) the replacement of graphitized pipe
or valve sections is usually advisable where the degree of graphitiza-
tion is found to be heavy, severe or extremely severe. Because the
most sultable method varies with each particular steam power system, a
definite recommendation cannot be made on the basis of a laboratory
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exemination alone. The proper method can be determined only after a
careful review end evaluation of the economic and operational factors
such as operating &nd pesk temperatures and pressures, cycling,
thermal or mechanical fatigue end shock conditions, sxpected service
life, retirement of the perticular steam power unit, etc. The over-
all condition of the whole steam power unit must be considered also.
If many joints show "heavy" graphitization, it may be advisable to cut
cut completely the respective weld joints and heat-affected zones as
illustrated in Fig. 11. Where only one Joint chows "heavy" graph-
itization, partial grooving out and rewelding may be sufficient.

For the purpose of illuetration only, exemple recommendations are
given below for a particular steam power system. The following operation-
al characteristics &are assumed for this hypothetical installation:

total operation 100,000 hrs.
expected future operation 150,0C0 hrs.
operating tempersature 890 - 915° F.
operating pressurec 970 - 680 psi.-
shut -downs 2 per year
conditions for severe negligible

thermal shock

exposure to mechanical negligible
vibrations
piping material carbon-moly
(ASTM A206)
deoxldation practice 2 lbs. aluminum

per ton of steel

pipe size 12 in. nom.
(12 3/4 in. 0.D.)

wall thickness 1.3 in. (schedule
160)




The following recommendations might be made:

Degree of Recommended
graphitization rehabilitation

none take enother weld-probe specimen
after 20,000 - 30,000 hrs. of
service.

mild take another weld-probe zpecimen
after 8,000 - 10,000 hrs. of
service.

moderate gouge out (partielly) heat-affect-

ed zone and reweld.

heavy cut out (completely) heat-affect-
ed zone and reweld.

severe replace respective piping or valve
materials &t next scheduled shut-
down. Check affected materials
for cracks.

extremely severe present condition of material ex-
tremely hazardous. Check for cracks,
meke immediate repairs end rerlace
materials as soon as replacement
gsoctions can be obtained.

Where a system is subJect to severe thermal or mecheanical shock,
the above recommendations might include radiographic snd magnetic
particle inspection of the steam power aystem.




Pipe
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Fig., 1. Crack in graphitized zone on valve
side of "weld-probe" specimen in
valve-to-pipe joint. (Because of
dimensions of valve, the specimen

was removed by drilling out.)

Fig. 2. Photomizrograph of the graphitized
zone in the cracked valve material
shown in Fig. 1.

Valve

500X
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Fig. 5. "Weld-prober" saw in
operation removing

boat-shaped specimen i : s s A
X - g. 4. Appearance of piping after
from p;p?-go—valvv removal of boat-shaped

joint. weld-probe specimen from

pipe-to-valve and pipe-to-
saddle joints.

PECIMENS FOR MICROE XAMINATION

K
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L SPECIMEN FOR BEND TESTING

Fig. 5. Sectiomns for bend testing and metallographic examination.



Fig. 6. Rewelded area of sampled cap-to-header joint in steam header
(a) with preheating coils and deposit of initisl root pass,
(b) completed weld (which has been stress relieved).
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(a) "Very mild" graphitization
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(b) "Mild" graphitization

Fig. 7. Microstructures at 100 and 500 diameters illustrating various de-

grees of graphitization.
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Heat-
Base affected

metal zone

100X 500X

(c) "Moderate" graphitization

Heat -
Base affected

metal zone

100X

(d) "Heavy"graphitization

Fig. 7. Microstructures at 100 and 500 diameters illustrating various de-
grees of graphitization.
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(e) "Severe" graphitization

Heat-
affected
zone

100X
(f) "Severe" graphitization

Fig. 7. Microstructures at 100 and 500 diameters illuystrating various de-
grees of graphitization.
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AREA TO BE

GROOVED OUT
AND REWELDED

GRAPHITIZED ZONE

Fig. 8. Sketch illustrating procedure for partial
grooving out and rewelding of joint with
graphitization on one side of the weld.

AREA TO BE
GROOVED OUT
AND REWELDED

L GRAPHITIZED ZONES A

Fig. 9. Sketch illustrating procedure for partial
grooving out and rewelding of joint with
graphitization on both sides of the weld.
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AREA TO BE GROOVED OUT,
(—‘FITTED UP AND REWELDED

GRAPHITIZED ZONES l

(a)

NEW WELD

(b)

Fig, 10. Sketch illustrating procedure for complete
(a) grooving out and (b) rewelding of joint
with graphitization on both sides of the
weld.
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PIPE OR VALVE END PIPE INSERT
GROOVED OUT AND
PREPARED FOR REWELDING

Fig. 11. Sketch illustrating inserting of pipe section to compen

PIPE END
GROOVED OUT AND

PREPARED FOR
REWELDING

sate for several

weld joints completely grooved out, pulled together, fitted-up and

rewelded.

31



GRINNELL'S SERVICE

In plants where the degree of graphitization is found to be
sufficiently severe to merit consideration of one of the rehabilita-
tion treatments, it is advisable to evaluate in conference with
gqualified engineers the best possible procedures. Grinnell engineers,
with over ten years of leboratory and research experience, are highly
qualified and prepared to provide each utility with this complete
metallurgical service. Where deeired, this service can include the
recommendation and ordering of replacement materials, preparation of
specifications and any other necessary engineering service.

The consulting service is available for & perticular project, or
for a continuous "watchdog" program in which weld-probe samples are
removed periodically every 5,000, 10,000 or 20,000 hrs. and & report
is made on the level of operating safety of the piping system.

A highly trained and experienced field force 1s also readily

available and well equipped for all types of sempling and rehabilita-
tion treastments, which are made in the shortest possible tims,.

PRELIMINARY EXAMINATION

In the laboratory the weld-probe specimen is cut longitudinally
into three pleces.

A 1/% to 3/8 in. wide strip is cut from the 1/8 in. thick center
niece to serve as a bend specimen. On the basis of these preliminary
test results, the power plant or refinery management is informed.
Where a bend specimen has indicated extremely severe graphltization,
the manegement is informed by telephone. Otherwise, the preliminary
report reassures the plant that the system can be safely operated.

Under ordinary conditions, the results of the preliminary exam-

inations are communicaeted to the customer within one week from the
receipt of the specimens in the laboratory.

FINAL EXAMINATION

One of the side secticns, cut from the original weld-probe
specimen, is further sectioned to secure a small area across the heat-
affected and fusion zones. The other msids cection 1s rroperly identi-
fied and filed for further reference.

The two "sub-sections™ are mounted, polished and etched for
examination under the microscove. Photomicrographs are made of areas
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representing the average structure and, where encountered, of severe
cases of graphitization.

In a few cases a further study of the base metal is desirable and
sultable esections may be prepared for microexaminsation.

FINAL REPORT

In the final report, the results of the preliminary and final
examinations are reviewed and correlated. Where applicable, recommende-
tions ere given for future "weld-probe" programs and/or for consideration
of rehabilitation programs of graphitized steam power systems. All
recommendations are supported by test data and photomicrographs.



