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RUPTURE OF REAR TUBE SHEET AT THE CIRCUMFERENTIAL WELD
OF A HIGH PRESSURE BOILTR
by
D. E, Parsons¥

SUMMARY OF RESULTS
his boiler failed by rupture at the welded circumferential
saam between the furnace and the rear tube sheet dfter about 8 months
of actual service.

The original brittle failures, in the form of toe cracks,
ware believed to have occurred at the time the seam was welded.
During subsequent service the expanded tube ends were girth-welded
to the rear tube shéet, and it is believed that the application of
this additional stress under conditions of restraint caused rapid
intercrystalline propagation of the cracks, resuliing in failure of
the seam.

PDesign changes have since been made whereby this part of the
toiler has been flanged, thereby allowing some stress relief by

deformation.

¥3cientific Officer, Physical Metallurgy Division, Mines Branch,

Department of Mines and Technical Surwys, Ottawa, Canada.
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INTRODUCTION

On December 19, 1957, a section of rear tube sheet and.furnace
plate, welded'in the form of a 5 in. x 12 in. angle and containing
cracks at the toes of the girth weld (water side), was submitted by
Mr., L, Jehu, Welding and Research Engineer, DNDominion Bridge Company
Limited, Lachine, Quebec, ‘to the Physical Metallurgy Division, Mines
Branch, Otta&a, for metallurgical examination. (For purposes of this
report this angle sample has been désignated specimen "EM,)

. Specimen E was covered by a letter dated December 19, 1957,
from Mr, L. Jehu referring to Dominion Bridge Company Contract
No. Y-1360, Drawing No, H=-205-D1-OH,

Subsequently, four additional angle samples similar to E,
identified as specimens "A", "BM", "C" and "D", were submitted by
Mr. A.M. Bain, Plate and Boiler Engineer, Eastern Division, Dominion
Bridge Company, Lachine, and were covered by.a letter dated February
25, 1958, AlSO, on‘April 1, 1958, two samples of plate which had
been étress-relieved by Dominion Bridge Company wefe received from
Mr, L. Jehg. These‘samples, covered by a letter dated April 1, 1958,
were a 3/3 in, x 9 in. x 9 in. plate and a"sandwich" specimen 3 in,
square and 3/8 in. thick; The plate samples were designated specimens
"Ft and "G", respéctively.

Thé December 19, 1957, letter covering sample B identified the
12 in., length as furnace plate and the 5 in. léngth as rear tube sheet
material. The drawing (No. H-205-D1-OH) indicated that in other areas

of the boiler the crack at the girth weld was continuous and had




resulted in 6omplete separation of the‘weld from the furnace plate.
This letter also s£ated that the boiler from which thé sémple
was taken'wés installed during the winter of 1956 and had been in
actual service for about 8 months. It was fired by means of an {nter=
mittent oil bﬁrner, which is estimated to have been lit about fifty
times per day, indicating a life of about 12,000.cycles. During;tbe
épring of 1957; leaks developed around some of the tubes in the‘rear
tube sheet, As a result, the owner had all the tube ends welded to
the tube sheet, to avoid furthef £;ouble. Béoéﬁtly (winter 1957/58),
a fracture occurred bbmpletely through'the‘furnacé‘plate. This crack
‘was about 18 in, long, ran from the top centre line toward dne side,
and was adjacent to the toe of the fillet weld,
| Closer examination réVeaied additional cracks partly through
the thickness of the plate in both the furnace and tube sheet‘blates.
In all cases the cracks wereiadjacent to the toe of the fillet weld. |
The letter bf‘December 19, 1957, statéd that because the boiler
was fabricated during the winternmqnths, their first thought waé of
brittle failﬁfe during hydrostatic tesfing, sinoé the water couid have
been between 40° and SO?F.‘ Therefore, they perfdrmed Charpy V impaot
tests withq£hé following results: . ,
Tested at 34°F - 12,1 Pt-1b (average of 5 specimens)
mooM 50°F o 20,2 ft~1b ( oo 5 U )
moom 70°F . 38,1 ft-lb (M noy, o)

These impact results indicated the t 15 ft-lb would be obtained

at a temperature of LO°F and therefore, on the basis of the ASME Code,

the material should have been satisfactory for service at that‘tomperaw

ture, (In addition, reports on welded ship failures have shown that




cracks initiated only when Charpy V values of the material were bolow

10 ft-1b at the temperature at which failure occurred, )
Feeling that the Charpy V"results were not conclusive, the
Dominion Bridge Company made four drop weight tests (Pellini's methdd)

which gave the following results:

Tested at 20°F - fractured
"on 300 - fractured
"o JO°F - no fracturé
n n LO°F - no fracture

The drop weight tests suggested a Nil Ductility Temperature of about
35°F,

In his December 19, 1957, letter Mr, Jehu further stated:

Tt was doubtful that the test water temperafure

was at or below the suggested N.D.T. point,

therefore we more closely examined the fracture

face of the sample.. It was noted that the fracture

consisted of a series of steps in cross-section and

had a stratified appearance in the front view, This

suggested a fatigue failure, If this were so, then,

as a crack propagates we would expect to find symptoms

of cold work at its root.
He then requested that the Mines Branch examine the fracture micro-
scopically for evidence of cold work and that comment be made concern-
ing the specimen,

Also mentioned by Mr. Jehu was the presence of a scale deposit
about 3/64 in. thick, on the furnace plate and a portion of the tube
sheet, which might or might not have caused inequalities in local
temperature during opesration.

For infermation, the Dominion Pridge Company provided a copy cof

the Mill Test Report, for the [urnace and tube sheet material supplied

to ASTM-A-285/C, showing lhe following properties for the furnace and
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head plates. These details are shown in I%bles 1 and 2.

TABLE 1

Mechanical Properties of Tube Sheet and Furnace

(per Dominion Bridge Company)

Plate

Ultimate

Ultimate

18trength| Strength
(bottom | (top
{ longitu~|longitu-|Elonga-~
Yield Pt.|dinal) |[dinal) |tion % |RA
Heat Wo.] Bar Size | p.s.i. PeSaia p.s.i. {8 in, % Material
66157 |1.560 x | 39,500 | 56,900 | 58,100 | 29.0 |57.6 |Head-
0.715 in, .
66148 | 1.550 x 37,800 55,000 | 55,500 | 31.0 62.0 |Furnace
0.783 in, '
TABLE 2
Chemical Analysis of Tube Sheet and TFurnace Plate
(per Dominion Bridge Company)
Percent
Sample Carbon Manganese " DPhosphorus Sulphur
Head Plate 0.22 0.35 10,010 0.038
Furnace Plate 0.18 - 0,38 © 0,011 0,030
PROCEDURE,

Examination of the various samples was carried out as follows:

Sample E:

(1)
- (2)
(3)

Visual magnaglo and penetrant inspections were made.

polished and etched with 6% nital solution.

(4)

The angle was sectioned and the Tracture surface was examined, .

A section 3/8 in, thick, transverss to the crack, was cut, .

A-ray diffraction examinations were made on boiler deposits
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and scale taken from the water and furnace sides of the plates,

(5) Chemical and spectrographic analyses were made on'metal'samples
frém the head and furnace plates., The boiler deposit was
analyzed for Ca** and Na* by flame photometer, and was analyzed
spectrographically for other elements. Spectrographic and wet
analyses were made on the 5~pass and 2-pass weld deposits,

(6) Microspecimens taken in the weld and crack regions were
examined.

(7) A Rockwell B hardness;survay was made on a section cut through
the weld~crack region. |

(8)  Tensile tests, Charpy V notch tests and Hounsfield slow bend
tests were carried out on the head and furnace plates.

Samples A, B, C and D:

In addition to the tests carried out on sample E (items 1-8
inclusive) four angle samples, A, B, C and D, taken from other
positions along the fracture, and submitted later than B, were
exanined as follows:

.(9) Slices, 1/2 in. thick, were cut from each angle and were surface
ground and aetched for evidenca of weld overlap.
(0) oxide samp&eé wore obtaiﬁed from the crack,

Main Fracture Sample:

(11) A section of furnace plate containing the main fracture close
to its point of origin was also supplied later by Dominion
Bridge Compaty, and the fracture was examined metallographically.

Samples F and G:

A plate sample, I, and a sandwich sample, G, were prepared from

plate after removal of all mill scale and were heat treated by the
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(4) X-Ray Diffraction Analysis of 3cale and
' Boiler Deposit, Sample E

¥-ray diffraction studies were carried out on 6 specimens from

sample . I 1dentified as follows:

(a) Black Scale (Water Side) -~ from surface of furnace plate.

(b) Brown Boiler Deposit (Water Side) - from head sheet,

(c) Black Scale from Crack (Water Side) - black oxide from surface

of older part of crack,

(d) Boileir Deposit = boiler deposit sample from Dominion Bridge

Company .

(e) Sample of Black Oxide - taken from beneath the superficial
hbrown deposit which overlay the 2-pass weld on the water side.

(f) Combustion Side - sample of black, high temperature oxide

taken from the combustion side of the furnace plate.

The results of the x-ray analyses identify the boiier deposits
b and d as anhydrite (CaSOL), Plaster of Paris (CaSOL3Ho0), and an
amorphous constituent. The black oxide samples a and c contained
CaCOB, CaSOh and amorphous material with traces of hematite and -
magnetite present on the water side and on the old part of the crack
surface, OSample e was identified as hematite and anhydrite with
traces of calcite. Somple f was identified as magnetite (FeBOhL
high temperature oxide.

The significant result is believed to be the presence of ‘traces
of FeBOh,‘high temperature oxide, on the darkened part of the crack

surface,
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(5) Chemical and Speclbropraphic Analysis of Purnace and
Head Plate, Sample T :

TABLE 3

‘Mines Branch Analysis (Wet Analysas)

3ample B ' - . Llement (%) A
Tdentificalion C | Mn Si - 3 P Cu I. Ni Cr. Mo
rurnace 0.1810.38 <0.01 0.036' 0.013| 0.261} 0,10 0.08 0,03
Rear Head 0.17 | 0.34 [K0.01 | 0.040} 0,014 0.28 0.12{'0.09 {0.04

The brace silicon content identifies.the ateel as rimmed steel.

The chemical composition conforms to the requirements of ASTM-A-285/C

for Firebox quality steel pléte. -(The rim i1s visible on both the head

plate and furrace plate etched with 6% nital, Figurs 5,)

TABLE

Mines Branch Semi-Quantitative Spectrographic Analyses

Sample E A ' Element (%)

Tdentification | Ni Gr Mo Co v Al Cu Sn As

Purnace Plate |0.09 |0,09 | 0.07|0.005 | w.D. | 0.004| 0.3 | 0.015|N.D.

Head Plate 0.07 {0.09 | 0,05 ] 0.005 | ¥.D. | 0.004] 0.3 | 0.0L5/N.D.

"NDi - not detected.

Flame Photometer Tests for Caft and Na*: When téken on the
brown boiler: scale these gave a strong calcium flame and.
a result which showed practically no Nat* in the deposit.

€
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TABLE 5

Chemical and Spectrographic Analysis of Veld Depositst'

ilement (%)

o %

Sample | C In Si 3 P Cr )4 Mo Ni | Al

5-pass

weld 0,10 1 0,92 {0,582 (0,024 0,022 10,07 10.02 |€0.02 1 0,0910,01 |N.D,

DL aa »
S ABS

weld [0.10 { 0.72 {0.51 10,021 }0.053 {0,06 0,02 [€0,02 | 0.09|0,009|N.D.

&t - Weld deposits on sample T,
X - Spectrographic analysis.
N.D. =~ Not detected.
The weld deposits contain residual quantities of chromium, nickel
and vanadium, but are considered normal for metal of 60,000 psi ultimate

strength except for the relabively high phosphorous content, 0.058%,

of -the cracked weld,



Spectrographic Analysis of Boiler Deposits
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TABLE 6'

(Ih'perceﬂt)'

Sample B (Semi-Ouantitative)

Boiler Deposit

Boiler Deposit
From Inside of

Boiler Deposit
from Surface

Flemen Adjacent to Weld Crack (Oxidized Zone) |. of Rear Head
Pe 15,0 P.C. a5
Ca P.C. 10.0 P.C.
Mg 9.0 2.0 7.5
Na N.D. . N.D. 1.0
Ba 0.0h 1.0 © 0.04
st 1.0 0.8 1.5
Mn 0.3 1.5 0.3
A1 Ok 0.2 Ouls
Cu 0.05 0.6 0.03
7n 0.3 N.D. 0.3
Sr - 0.3 N.D. 0.3
ML 0.0 0.5 0.02

i 'o.is ‘N.D. 0.2
Pb 0.15 “N.D. 0.15
cd 0.005 0.3 0,005
B 0.005 N.D. 0.005
Cr 0.03 0.15 0,02
v 0.008 N.D. ' 0.009 -
Zp ; 0.003 N.D. 0,004
N.D. - not detected P.C. - primary constituent






















(3) Mochanicsl Test Results (Mines Branch), Sample E

TABLL 7

Tensile Tés%s

Ultimate
Tensile |[Yield |[Blonga- |Red. of |Brinell
Sample IRy Size Strength, |Point (tion Area |Hardness
N0, (psi) (psi) {(#) (%
Furnace 0.505 in. dia. ,
Plate £1 | 2 in. gauge 59,800 40,000| 37.0 60.6 123
Furnace 0.505 in, dia. ' :
Plate #2 | 2 in. gauge 60,000 37,000 37.5 58.6 123
Rear Head |0.125 in. dia. -
Plate #1 | 4D . gauge 66,1400 38,900 27.6_ 61.4 128
Rear Head |0.125 in. dia. -
Plate #2 | 4D . gauge 66,000 34,800 | 27.6 61l.h 126

%A1l test, bars were taken in the plates nomal to the weld.

TABLE g8

Charpy V Notch Impact Tests .(ft-1b)

Sample ' .

No. (20°F) (34°F) (50°T) - (70°F) (100°F)
Head Plate 5% gkt 12%k 16% 3%
Furnace ‘ . ’

Mate #1 gr 115k 17* 3wk 51,k
Turnace
Flate #2 gk 1% 163k 23% - 3gk

®Notches normal to plate surface, *Notched parallel to plate surface.

Note:

The
the

15 ft-1b transition temperature of the furnace plate is of
order of L40°F; the 15 ft-1b transition temperature of the
head plate appears to be of the order of 65°F,
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are visible on the head plate above both fillet welds. The heated
" zones of the 5-pass welds (left) overlap the deposits of the.wald

where toe cracks were present, proving that the smaller weld at the

right of the picture was made first. (The angle has been bent to open
the crack for inspection.) |

It will be noted that in this sample, A, unlike sample E, the
crack at the toe of the 2-pass weld adjacent to the furnace plate is
considerably larger than the crack next to the head plate. Also, the
rim present.bn the plates is visible in Figure 15.

(10) Identification of Oxide Present in 0ld Part.
of Fracture Surface

The results of X-ray diffraction examination of oxides taken
from the eracks of samples A - D confirmed the previous results on

sample E,

RESULTS ON ORIGINAL FRACTURE SAMPLE

(11) Examination of Fracture Surface at Origin

In appearance, this fracture resembled all the other large
cracks, having a smooth, transcrystalline aspect on the water side
with intercrystalline attack evident in the deeper part of the crack,
From thé‘fip of the erack final rupture had completely severed the
furnace plate, leaving a 45° shear zone between the intercrystalline
crack and the combustion surface of the furnace plate.

Also, like all the crack specimens examined, the crack origi-
nated in the soft, spheroidized parent metal at the toe of the weld
adjacent to the hardened weld zone,

Except for the presence of the h55 shear fracture, caused by

"the final rupture, the appearance of this fracture was identical teo




2
that of the cracks previously discussed (samples E'- A).

RESULTS ON SAMPLES F AND G

(12) X-Ray Diffraction Examina‘oion of Ssmples F and G

Xwray ‘diffraction analysis of the red oxide formed on the 9 in.,
% 9 in, % 3/8 in. plate sample identified this material as hematiye.
However, in the crevipe of the 3 in. x 3 in., x 2 in. sandwich sample,
a Black oxide formed and this constituent was identified as pure
magnetite, fhe magnetite pattern obtained from the oxide, formed in.
the crevice during stress relief £fea£ment at 1150°F, matched the
pattern obtained on oxids scrapingsvtaken from the old part of the

crack surfaces in samples A - E,

DISCUSSION

Materials:

Mechanical test results, Charpy V notch impact tests, bend
tests, chemical analysis; spectrographic anélysis,vand.métallogfaphic
éxamination show thét tﬁe piatés confcrmvto the raQuirements,or ASTM-A~
285/C, although the ultimate strengbh résulﬁs obﬁained on head plate
material, using 0,125 in. diemeter tensile bars, was slightly above'
the'65,900 psi maximum, Also, the Charpy V notch results on ﬁhe ‘
héad plate éuggest a 15 ft~1b transition temperature of 65°F, whereas
that, of the furnace plate is of the order of LO°F, |

Both steels were of rimming grade and had well developed rims
and silicon contents of less than 0,01%, The forritc graln sizes of

the head and furnace plates were, respsctively, No, 8 and No, 7., The

 Ma/C ratio of the plates was 2il, phosphorus contents were low, and
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sulphur contents were of the order of 0,040%,
| Analysis of the weld deposit metal showed that this material
was normal for a type 60 (60,000 psi ultimate) rod, except that the
residual content of chromium nickel and vanadium, together with the

manganese present (0,80%), would increase the hardenability of the

weld deposit. Also, in the cracked weld the phosphorus content of

0,058% was higher than normal.

Cracks:

The cracks were located at the toe of the fillet weld adjoining
the head and furnace plates and ofiginated on the water side., All the
cracks started in the soft spheroidized metal immediately adjacent to
the hard zone beneath the weld deposit (i.e., in the metallurgical
notch, in the presence of a mechanical notch), Failure had occurred

without deformation of this metal adjoining the weld., No evidence of

cold work was observed when the cracks were examined under the micro-
scope. All the cracks could be classed as brittle, and occurred in
ductile material suggesting that the weld was restrained at the time
of failure and that the welding stresses were not relieved by deforma-
tion.

While the weld deposit metal was stronger than the plate
material and had hardness zones as high as Rockwell B 94, this condition
is considered normal, and without restraint the welding stresses should
have been relieved by plate deformation, The relatively high phos-
phorus content (0.058%) was, however, higher than normal,

Examination of the larger crack present in samples A to E
showed that the crack consisted of two aspects, one of which, an older part,

was open to the boiler water and was black and oxidized in appearance.
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dn this part éf the crack, striations normal to the plate surface'
.were observed and the fracture éppeared brittle. Beneath the 6xidi;ed
part of the crack the newer part of the fracture was rough and inter-
granular in appearance and had remained tightly closed so that oxidation
had only occurred in a few patches on the fracture surface,

Examination of the main fracture showed that it also had the
two aspects mentioned and, in addition, had an area where final
rupture had oceurred leaving a 45° shear failure. The origin of this
crack, like éll othér cracks examined, was located in the soft
parent metal immediately adjacent-ﬁo the hardened metal at the toe of
the fillet weld,

Examination of the weld deposits showed that the cracked weld
had been made before the heavy 5-pass fillet weld was made,

Several types of oxidation product were identified by X-ray
diffraction, For example, on the furnace side of the samples, biéck;
magnetic, high temperature Fe30,, was present., |
| On the water side of the,platé the oxide was mainly hematite
with traces of magnetite detected after magnetic concentration, Also,
in the old part of'the crack, hematite and boiler deposit was predoﬁi—
nahf but, after magnetic concentration of scrapings from ﬁho crack
surface, magnetite patterns were obtained which matched the magnetite
.deyeloped synthetically when a sandwich sample was cleaned and heat~
treated at 1150°F in the Dominion Bridge Company EtreBS*relief furnaceg

The -X-ray diffraction and metallographic evidence, while not }’
conclusaive, led.to the suspicion that, in addition to bbiler deposit

_and corrosion products, traces of high temperature Fe30h from the
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stress-relief treatment were present on the older surface of the weld

toe cracks,

The brown boiler deposit was essentially CaSO, or CaCOz, and
flame photometer results did not detect Na*, hence nothing was observed
to explain the presence of intercrystalline corrosion in the deeper
part of the cracks.

Hypothesis re Origin of Cracks:

Based on the location and appearance of the cracks and on the
scale observations, the following hypothesis is postulated for the
origin of the cracks: |

The original cracks formed by brittle failure in the mechanical-
metallurgical notch between strong weld metal and weak parent metal,
These eracks formed without  deformation under conditions of restraint,
probably at the time the heavy 5-pass weld was made, and because of |
inaccessibility escaped detection. During stress-relief at 1150°F,
magnetite formed in the crack on the "older" part of the crack. The
cracks at this stage did not progress until additional stress was
applied, probably at the time the tubes were welded to the tube sheets.
The application of additional stréss in the preseﬁce of the pre-
existing crack opened the "old" crack and allowed stress corrosion to
proceed,‘forming the "newer? intercrystalline part of the crack,
resulting in a reduced section and finally in rupture of the furnace

plate.

CONCLUSIONS

1, The oxidized part of the larger crack was bellieved to be

transcrystalline and to have occurred when the heavy 5-pass weld was
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made on the combustion side of the rear head plate., This part of the.
‘ fracture occurfed without deformation,leaving traces of‘the~chévfon
pattern indicative of brittlevfailure.

. 2. The newer part of the larger crack was intererystalline,
indicating that the original crack progressed by stress corrésion
attack untll the section was sufficiently reduced fdr rupture, This
part of the fracture could have been induced by ﬁhe application of
additional stréss when the tubes were welded to the head sheet,

3 Failure.occurred in every instance in the mechanical-
metallurgical notch at the toes of ‘the 2-pass weld.

L4, The plate material conformed to ASTM-A-285/C and was con-
sidered satisfactory. The weld deposits were considered normal for
class 60 rod, except for slightly high residual contents and the
presence of 0,058% phosphorus in the 2-pass weld,

5. No evidence of cold-worked metal, suggestive .of fatigue
failuré, was observed in tﬁa vieinity of any of the cracks examiﬁeda

RECOMMENDATIONS
1, The suitability of the heavy 5-pass weld behind the lighter
2-pass weld may need to be ieconsidqrad under the conditions of
restrdiht present in this design of Soiler.

2, M@gnaflux inspection, after completion of the weld and the
‘stresa-relief treatment, might #asiat in detecting weld cracks prior
to service. | |

3. Salection of weld metal having lower residual contents,
and having mechanical properties and hérdness matehing those of the

boiler plate, might allow some relief of welding stresses by deforma-

~

-ty
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tion prior to the stress-relief heat treatment.
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