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FAILURE ANALYSES FOR CRACKED TYPE 304 STAINLESS STEEL 

PIPING IN THE 4-IN. RECIRCULATION BYPASS LINES 

OF THE DRESDEN-II AND QUA.p CI~IES~II BWR SYSTEMS 

by 

I. Introduction 

Craig· F. . Cheng 

Materials Science. Divisio.n 
Argonne .National Laboratory 

Argonne, Illinois 60439 

Corrosion-cracking incidents of structural components and fuel-element 

cladding in water-cooled nuclear reactors have been extensively reviewed by 

. the writer. (l) All pressure-boundary penetrations have been small seeping 

leaks., and pipe severance has not. occurred·, The failures of nonpressurized 

I 

boundary components have been limited to small fasteners and screws. However, 

none of the cracks appeared to constitute a potential nuclear safety hazard, 

directly or indir.ectly, nor did they lead to damage to other components. 

II. Conclusions 

The 4-in. recirculation bypass lines in Dresden-II and Qua.d Cities-II 

BWR systems exhibit.ed circumferential cracking adjacent to the weld joints. 

Metallurgical analyses were performed on the cracked sections of Type 304 stain-

less steel piping (Schedule 80). ·The conclusions are sunnnarized below. 
·- - ------------·. ~--~- ~--'--...!.·---~:-·-~-' -··-. 

(a) The 4-in. ·.line iri Dresden-II Loops A. and B ruid seeping leaks, 

which were readily picked up by the radiation detection monitors. In 

Quad Cities-II Loop B, nonthroughwall cracks were detected by ultrasonic 

inspection during scheduled outage. 
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( b) The primary mode of cracking appears to be similar to previous small 

piping leaks in Dr~sden-I, (2) namely, intergranular stress-assisted cor-

rosion cracking (IpACC) with no fatigue involved. 

(c) The major circumferential cracks started from the inside diameter 

surface and propagated radially toward or through the outside diameter. 

(d) The cracks were near welds and located in the heat-affected zone 

at the counterbore region, which had been ground before and, in two instances, 

after field welding. 

(e) The cracking is attributed to ISACC, which is normally associated 

with oxygen in the coolant and localized tensile stress. 

(f) The sum of the residual tensile stress from preweld grinding and 

the tensile stresses resulting from opera·tion with the bypass closed is 

sufficient to promote quasi-brittle fracture that initiates from imper-

fection sites at the grinding grooves on the inside diameter (JD) surface. 

(g) The localized tensile stress in the vicinity of the weld joints 

can be reduced by machining, deburring, or gentle grinding of the counter-

bore region prior to welding and by leaving the bypass valves completely 

open during operation~ The former produces a residual compressive stress, 

and the latter eliminates the thermal-expansion portion of the operating 

stress. 

III. Cracking Incidents 

A. Dresden-II 

On 9/13/74 after 29,178 hr of operation (or 15,750,617 MWh), a leak in 

the Type 304 stainless steel (SS) Dresden-II BWR piping system was indicated 

by the radiation leak-detection monitors. Water was leaking at 5 gpm from 

a crack in the 4-in. recirculation bypass line (Schedule 80) of Loop B (Fig. 1). 
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The flow in this cracked section of pipe was stopped by closing the two 

bypass valves. The throughwall· circumferential crack was located next to 

the weldolet in th~ 4-in. horizontal line at approximately t.he 9 .o'clock 

position on the 28.:..in •. horizontal. pipe (Fig •. 2a). The cracked joint, with 

a counterbore region .and a V-groove of 37-1/2°, was welded by a procedure 

that is in conformity with paragraph PW #28 and Section IX of the ASME 

Code. (
3

) 'This procedure included welding the first pass by the inert-gas 

shield-tungsten-arc· nonconsumable electrode process ·using a consumabie 

insert (Fig. 2a). The seco.nd pass was welded in the same mariner except 

that a filler metal was used. All remaining passe~ were welded by the 

shielded-metal-arc process. 

A seeping leak was detected on 9/15/74 in the corresponding recircula-

tion bypass line in Loop A (Fig. 1). This second crack is located at a simi

lar joint, but at approximately the 12 o'clock position on ~he right-angle 

28-in. vertical line. The flow in this cracked section of pip.e was not 

isolatable from the recirculation system. The reactor was shut down by 

gradually depressurizing the system in accordance with operating procedure. 

Ultrasonic inspection of similar vertical and horizontal joints and the eight 

recirculatio11 nozzles in the bypass li:nes showed no sign of incipfet1t cracks. 

The cracked sections .in Loops A .and B were removed arid repaired. In the case 

of Loop A,. it was necessary to "freeze plug1'. the. 28-in. vertical line during 

the repair operation. 

The recirculation bypass valves in Loops A and B operated for.649 and 

' ·516 cycles, respectively, 10-15% of which was used for cleaning the motor'-· 

generator brushes. These valves were closed during normal reactor operation. 
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B. Quad Cities-II 

On 9/16/74 during the routine shutdown of the Quad Cities-II BWR 

systems after 15,990 hr of operation (or 12,530,491 MWh), all nozzles and 

joints of the recirculation bypass lines in Loops A and B were ultrasoni

cally inspected. A nonthroughwall crack was found in Loop B at a location 

that corresponds to the throughwall crack in Dresden-II Loop B (Figs. 1 

and 2b). The cracked joint was similar in design and fabrication to those 

in Dresden-II, except the V-groove was 30° in the Quad Cities-II weld. 

The cracked section in Loop B was removed and repaired. 

The recirculation bypass valves in Loops A and B· operated for 282 and 

387 cycles, respectively, 10-15% of which was used for cleaning the motor

generator brushes. Again, these valves were closed -during normal reactor 

operation. 

IV. Examination of Cracked 4-in. Pipe Section 

The procedure used to examine the cracked 4-in. pipe sections was 

similar in Dresden-II Loops A and B and in Quad Cities-II Loop B. Ac

cordingly, each step of the m.etallurgical analyses will be reviewed, and 

the results will be compared. 

A. Nondestructive Examination 

The defective sections of the 4-in. pipe were circumferentially sawed 

off at the weldolets and at a distance of ~l ·ft along the pipes. In the 

cases of Loop A in Dresden-Ii and Loop B in Quad Cities-II, these sections 

were shipped to Argonne National Laboratory.(ANL). They were subsequently 

X-rayed and ultrasonically inspected prior to being longitudinally cut 

into halves at the midpoint of the major crack zone. One half was sent to 

the General Electric Company (San Jose) and the other haif remained at ANL 
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for independent. evaluation. . However, the section for Loop B in Dresden-II 

was split. longitudinally into halves at the Dresden station and one half 

was shipped to ANL and the other to General Electric. 

All 4-in. pipe. s~ctions were X-rayed circumferentially to include an : 

area containing the weld metal, the counterbore region, and.the undisturbed 

pipe surface (Fig. 3). Then the same section was ultrasonically inspected . 

circumferentially from the outside diameter (OD) surface and then a longi-

tudinal traverse was taken at 1/4-in. intervals from the weld to the undis-

turbed pipe region. A 2.25-MHz transducer with a 45° shear mode was used 

to seek out the cracks in Loop A of Dresden-II. The circmnferential cracks 

in the radiographic scan (Fig. 3) correlate with the wall-thickness profile 

in Fig. 4. The throughwall major crack zone and nonthroughwall minor crack 

zones are located in areas in which the wall thickness was reduced by 

excess.ive grinding at the ID surface prior to welding •. In Loop B of 

Dresden-II and Quad Cities-:-II~ only the major crack zone was detected 

by radiographic scan. The wall-thickness profiles in these cases also in-

dicated a reduction in thickness in the region of· the cracks. 

B. Macroscopic Examination 

Macroscopic exaII1ination of the welded joints w.i th respect: to crack 

contour, the fracture surface, and the ID pipe surface are illustrated in 

Figs. 5-7, respectively. In Dresden-II Loops A and B, the major cracks 

were throughwall. Both the maj,or and minor crack~ propagated radially from 

the ID surface at the counterbore region adjac'ent to the weldment. A 30 to 
' ' 

40-mil step had been machined in the '\il-in.-long counterbore zone in the 

fabrication shop and then ground in the field just before welding. (3) After 

welding, the weld beads were also ground (Figs. 7a and 7b). In Quad Cities-II 
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Loop B, the crack near the weld joint had not penetrated through the wall. 

The preparation of the weld joint prior to weiding was similar to that used 

for the Dresden-II loops; howev.er, after welding, the weld bead was not 

ground (Fig. 7c)~ 

In the three loops, the major cracks near the welded joints were located 

in the thinnest portion of the cross section in areas of maximum applied 

stress (Fig. 8). Furthermore, all major and minor cracks were found ~1/4 in. 

below the weld (Fig. 9) in the counterbore region, which had been ground. 

Minor cracks were found closer to the weld than the major cracks. The 

major (Fig. 10) and minor cracks (Figs. 11 and 12) appear to have initiated 

at grinding grooves on the ID surface. The cracking is circumferential and 

deviates axially with the width of the grooves. This was particularly 

evident when the minor cracks (Fig. 12) were subsequently examined by means 

of scanning electron microscopy (SEM Section III D). 

C. Metallo graphic Examination 

Cross-section metallography of the major and minor .cracks in the three 

loops (Figs. 13 and 14) showed that the cracks were predominately intergranular 

and initiated in the heat-affected zone (HAZ) of the welds, which was con

firmed by transmission electron microscopy (TEM). In the area beyond the 

counterbore region, the ID surface of the 4-in. line had "pickle" pits to 

a depth of several grains c~o.15 µ, Fig. 15). Some longitudinal stringers 

were also present, as shown in Fig. 15(A), but when the stringers were 

cross sectioned they were found to be elongated fabrication :imperfections 

and not sulfides. This was confirmed by SEM examination 

D. SEM Examination 

The fracture surfaces of the major cracks (Fig. 6) in the three loops 

were subjected to SEM examination after carefully removing the oxide scale 
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film by a proprietary chemical cleaning solution obtained from the Dow 

Cheinical Company. This solution does not attack the stainless steel 

grairi boundary. C4
) Thus, .it was possible to confirm that no grain-boundary 

segregates were present. Any apparent segregates that were lodged on the 

rough surfaces were ·identified as corrosion products. In the three loops, 

the cracking was predominately intergranular (Fig. 16a, b, and c). At 

the wedge opening, localized transgranular cracks and ductile tearing at 

grain.boundaries (Figs. 16b and 16c) w.~re evident, then brittle fracture 

commenced (Fig. lGb-B) and eXtended to the crack tip (Figs. 16a and 16b-C). 

A few .fatigue striations were pr.esent near the crack tip o= the 

fracture surface in Dresden-II Loop B (Fig. 17), but similar striations 

were not ob~erved in Dresden-II Loop A nor in Quad Cities-II Loop B. · The 

striations may have been produced by vibratiort while water was leaking 

(5 gpm) through the cracked joint. On the other hand, the Dresden-II 

Loop B specimen was the only: one of the three specimens t4at was subjected 

to reverse bending during the process of physically 'separating· the mating 

fracture surfaces. The striations could have resulted .from such bending 

action. 

The results of.SEM .examination of the grinding grooves (shown metal

lographically in Fig. 12) are shown in Fig. 18. Note the plastic defor

mation at the grooves on the ID surface.that resulted from grinding and.the 

incipient crack-initiation sites running parallel to the crack path. 

E. TEM Examination 

TEM examination was made on the thin disks at the cross section of the 

weld joint in the HAZ adjacent to the weld and next to the major crack, as 

shown in' Fig. 9. The specimen near. the weld_ (disk 1 in Fig. 9) showed 
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M23c 6 continuous carbides (Fig. 19) as expected. The area next to the major 

cracks (disk 2 in. Fig. 9) and the area between the weld and the major crack 

(disk 3 in Fig. 9) both showed M23c6 discontinuous carbides. The former 

(Fig. 20a, b, and c) appear less discontinuous than the latter (Fig. 21). 

In addition, the 4-in. line in Dresden-II Loop A away from the counterbore 

region exhibited a solution-annealed condition, with an absence of carbide 

precipitation on grain boundaries and on twins (Fig. 22). Similar 

results are expected for both Dresden-II and Quad Cities-iI Loop B, since 

all 4-in. lines were fabricated by the same manufacturer from one heat of 

steel. 

F. Corrosion Products 

The corrosion products identified by X-ray diffraction at the ID and 

fracture surfaces in the three loops as well as for Dresden-I. in the cleanout 

fitting and supply line of the secondary steam-generator system are sum

marized in Table I. The corrosion products were carefully removed by light 

scraping from the ID or fracture surface. In view of the abundance of 

face-centered-cubic (fee) stainless steel and body-centered-cubic (bee) a-iron, 

it was prudent to check whether loose corrosio,n products removed by stripping 

with plastic tape also contained fee and bee structures. This was indeed the 

case, which confirmed that these species were not merely introduced by scraping. 

The presence of iron ferric phosphate hydroxide or lipcombite [Fe3 (Po4) 2 (OH)_~! -~n 

Dresden-II Loop B was attributed to scrubbing of the ID surface with tri-

sodium phosphate after sectioning off from Loop B. The hematite (a-Fe203) 

in Dresden-II Loops A and B is probably a redeposition product from the 

oxygen-rich region at the core resulti~g from radiolytic decomposition of 
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water.· Any hematite present in Quad Cities-II Loop B is likely to have 

reacted with the· trisodium phosphate to form lipcombite. Likewise, the 

hematite. in the Dr.esden-I ·secondary steam-&eilerator s.ystem is collected 

by the crud trapsjat one end of the primary steam'drum. 

G. Residual'.Surface Stresses 

Grinding marks i.n. the counterbore region produced a disturbed surface 

layer ("'20 µin) at the ID (Figs. 23a and 23b) of the 4-in. lines. This layer 

was too shallow for meaningful microhardness measurements. Preliminary 

X-ray work at ANL on this layer, however, showed the existence of residual 

stresses. In view of this, residual surface stress measurements were~ 'made 

by X-ray diffraction on mock-up 4-in. pipe sections~ with surfaces produced 

by grinding, machining, or deburring the counterbore region of the ID. The 

surfaces were thus fabricated in the same manner as those used to repai~ 

the cracked pipe sections. The mock-up pipe sections were shipped to 

Metcut Research Associates-, Inc., Cincinnati, Ohio, for quant_itative resid
' 

ual-stress analysis .. The two-angle technique employed at Metcut ·is based 

upon the technique reconnnended by the Society of Automotive Engineers. (S) 

The stress is determined by measuring the change· in the angular position of 

the diffraction peak produced by diffraction from a set o~ selected crystal~ . . . 

lographic planes. The angular position of the diffraction peak was det~r-

· mined by a. five-.point parabolic regression procedure. The intensity . 
. . ' ' ... . 

measured at each of the five .points was corrected for the background inten-

sity using a linear approximation of the background intensity as a function 

of angular position. The data were corrected for penetration of the radiation 

into the stress gradient and for stress relief caused by layer removal and 

pipe slitting (Table II). (6) The microstrain versus depth data were converted 
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into residual surface stress versus depth plots (Fig. 24). Note that the 

ground surface had ·a residual tensile stress of rvg ksi to a depth of 'u2 mils, 

whereas the machined or deburred surface remains compressive up to 8 mils 

in depth. 

V. Discussion 

The cracking characteristics near the weld joints in the 4-in. lines 

are similar to those previously observed in Type 304 SS in BWR systems, 

namely, ISACC associated with oxygen in the coolant and local tensile stress. 

It was concluded from both SEM examination and in-service strain gauge 

readings that the cracking'was not associated with high-cycle fatigue. The 

circumferential cracks initiated in the counterbore region at the ID surface. 

These cracks were 'Vl/4 in. from the weld and in an area of smallest cross 

section. Finite-element analysis by Sargent and Lundy(]) confirmed that the 

stress concentration was highest at the cracked area, although the nominal 

stresses were low. Furthermore, TEM revealed that the cracks were in the 

HAZ with M23c
6 

discontinuous carbides, which became continuous closer to 

the weld. 

The discussion will proceed with a consideration of the effect of 

oxygen and 'factors influencing crack ·initiation; 

A. Effect of Oxygen· 

The amount of oxygen required for ISACC in BWR systems has not been 

clearly defined. However, the lack of similar intergranulai cracking in the 

primary water lines (<O.l ppm oxygen) of pressurized-water reactors suggests 

(1) 
the minimum concentration is probably above 0.1 ppm. . ·Berry et al. (S) 

showed that highly stressed sensitized Type 304 SS cracked when exp·osed to 

simulated BWR water containing 0.2 ppm oxygen. According to. Clark and 
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(9) . 
Gordon, a definite oxygen acceleration of the corrosion process exists 

between 0.2 and 3-5 ppm in sensitized Type 304 SS. Between 5 and 100 ppm 

little additional acceleration is due to oxygen. The oxygen concentration 

in the 4-in. line is.normally around 0.2 ppm when the bypass valves are 

open. Pump leakage may cause a transient surge in the oxygen concentration 

(<3 ppm) at each bypass valve opening, thus accelerating the initiation 

stage of ISACC. This may have been a contributing factor for ISACC of the 

4-in. line in Quad Cities-II Loop B. Loop B, with 387 cycles of valve 

openings, exhibited nonthroughwall circumferential cracks near the weld 

joint, whereas the corresponding location in Loop A, with 282 cycles of 

valve openings, showed no cracking. A s~ilar comparison cannot be made for 

Dresden-II, since both Loops A and B had more than 500 cycles each and had 

throughwall circumferential cracks far beyond the initial stage of cracking. 

B. Crack Initiation 

The mechanism of ISACC of austenitic stainless steel in BWR systems 

is not clearly unders~ood. The. cracking may be divided into two stages, 

initiation and propagation. (l) The usual failure mode on smooth specimens, 

when stressed beyond yield, is a relatively long initiation stage followed 

by a relatively fast rate of crack propagation. (8 ) Stress is thought to 

play a minor role. in the incubation stage(lO) of initiation, except in its 

final period when cracks are formed. (ll) Thus., .in the absence of a residual 

or applied tensile stress of a. critical level, the final stage of initiation 

cannot be completed, and, therefore, the cracking cannot proceed to the 

propagation stage. Thus despite numerous sites of "pickle" pits (Fig. l:S) 

at the undisturbed ID surface, no' sign of cracking was observed. Conversely, 

if the tensile stress fails to initiate cracks at surface imperfection sites, 
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crack ~ropagation cannot occur. Berry et al. (8 ) tested sensitized Type 

304 SS in simulated BWR water at different levels of Sm,* which is O. 9 

of the 0.2% offset yield strength, or 16,400 psi at 260°C. He reported that, 

in the accelerated test environment of 100 ppm dissolved oxygen in water 

at 288 °C, some 3 Sm and 2 Sm (plastically strained) specimens failed in 

a matter of days. · One specimen loaded tci Sm failed after 83 days of ex-

posure, ~hereas the ~emaining 1 and 2 Sm specimens survived almost 400 

days without failure. Apparently, less initiation sites were a:vailabl~ 

in the remaining 1 and 2 Sm specimens to promote· cra~king. 

Grinding at the counterbore region of the weld joint pr<;>duces three 

types of physical damage: surface roughening, generation of tensile residual 

stresses in the surface, and microcrack formations. (l
2

) 

1. Surface Roughening. Qtialitatively, ·the "deeper," "steeper," and 
. . . 

"sharper" the roughness "valleys," the more deleterious wili be their 

effect as stress-raisers. Hoar and Hines(lO) suggest~d that, under the 

influence of. stress, preferential dissolution oc<;:.urs as a result of 

disarray at the surf ace. Cracks are then initiated from the sharp notches 

p:roduced (as shown in Fig. 18). An extreme example of this effect has 

. . (13) 
been reported by Jackson. The surface of an austenitic stainless 

steel was dry-ground with an abrasive grit. On exposure to dilute chloride 

solutions (2 ppm or greater), with no applied stress·, visible anodic sites 

formed on the speciinen surface at inclusions,._ 1and subsequently stress-

corrosion cracking initiated at these sites. 

2. Residual Stresses. The residual stresses generated near the 

surfaces are highly dependent on the fabrication method and are normally 

*Sm is the maximum allowable stress-intensity value as specified in 
USAS B31. 7 (1969) Nuclear Power Piping., USA. Standard Code for Pressure 
Piping~ 
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caused by metallurgical transformations resulting from phase changes, 

precipitation reactions, weld shrinkage, or mechanical working resulting 

in plastic .deform~tion of the surface layer (Figs. 22a and 22b). As a 

general rule, abusive ~achining or grinding can hB.ve a deleterious effect 

on stress-corrosion resistance by building in a tensile stress at or near· 

the surface of a component. (lZ) On the other hand, the standard pre-

.veritive surface.treatments such as shot.peening, sand blasting,. and stress 

relief(l4) can produce significa~t improvements in resistance to cracking. 

In most other. surface preparations, the effects are unpredictable, de-

pending on whether the resultant stresses are in tension or compres~ion. 

Table II, a compilation of data obtained by X-ray analysis, shows that 

t~e ground surface resulted in residual tensile stress, whereas the 

machined or deburred surface had residual compressive stress in the first 

6 mils below the surface. However, abusive machining will generally 

produce residual tensile stresses, wher.eas gentle grinding can produce 

residual co~pressive stresses. <5> 

3. Microcrack Formations. Conventional machining or grinding should · 

not produce microcracks on the surface of .a ductile material such as 

austenitic stainless steel. However, the surface finish can play a role 
. . 

in the formati6n of a .protective oxide film. It is clear that the 

nature, thickriess, and .properties. of the protective oxide film present 
' ·• ... . .·· ' .. · . . .· ' ' · .. ·· .· ·... . .·~. .· .· .. (i5) 

o.n stainless steel can markedly affect stress-corrosion susceptibility, , 

·but data on how various machining and grinding treatments affect the film 

are not available. 

· VI. Summary 

The cracking near the weld joints in the 4-in. recirculation bypass . 

· line of Type 304 SS in Dresden-II and Quad Cities-II has been attributed 
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to ISACC. The cracking is· associated with the combined action of oxygen _ 

in the coolant and localized tensile stress. The circumferential cracks 

initiated at grinding grooves on the ID surface in the counterbore r.egion 

near welds. The cracks .were confined to the HAZ where the M23c6 carbides 

(continuous and discontinuous) in the grain boundaries promote anodic dis-

solution at the crack t.iP. The precipitate-free zone of the solution-

annealed 4-in. line is less susceptible to cracking. In the case of the 

weld metal; the immunity to cracking is attribu~ed to the austenoferritic 

duplex phase in which delta ferrite acts as a crack arrester. (l,B) 

During the long incubation period of the crack-initiation stage, 

dissolved oxygen promotes anodic dissolution, a potential difference 

.develops between the oxygen-depleted solution at the crack tip and the 

relatively oxygen-rich bulk coolant. As a result of the hydrolysis of 

the cations, the solution in the crevice increases in acidity until the 

reaction is stifled by mass-transport limitations. At the final period 

of the crack-initiation·stage, the localized tensile stress must be of 

_sufficient magnitude to start quasi-brittle fracture at the crack tip 

from the imperfection sites on the ID surface. The sum of the residual 

tensile stress from grinding (estimated as 9 ksi from Table II) and the 

loading stresses (estimated as 9 ksi by Sargent and Lundy in Ref. 7) from 

operating with the bypass valve closed in Dresden-II Loop B may be above 

the Sm stress level (16.4 ksi at 260°C). 

As the crack propagates along· the grain boundaries, the magnitude 

of the total tensile stress (a ) is reduced by relieving the residual 
max 

tensile stress from grinding, but the maximum shear stress ('max) is not 

strongly affected. (l6) The lowering of the a /T ratio leads to ma_x max 

brittle fracture beyond the w~dge opening. (l
7

) 

i 



TABLE I. Corrosion Products in BWRa 

Dresden-II Quad Cities-II Dresden-I 
Oxide LOOJ2 A LOOJ2 B LOOJ2 B Cleanotit Fitting Su1rnl:y Line 
Scale ID Fracture ID Fracture ID Fracture ID Fracture ID Fracture 

Fee (SS) s s s s s Sb s s s s 

Bee (a-Fe) s s w A w wb M s M s 

Spinel (NiFe2o4 M M M M M Mb M w M w 

+ NiCr 2o4) 

F e3 (PO 4 ) z (OH) z A A A A w Mc A A A A I 
I-' 
\J1 
I 

a-Fe2o3 M M w A A Ab A A A A 

Cu
2

0 w w A A A Ab A A (CuO) A 

aRelative concentration: S-strong, M-medium, W-weak, and A-absent, Data obtained by X-ray diffraction. 

b 
Red oxide scale at wedge opening and black oxide scale at crack tip • 

. cRed oxide scale at wedge opening only; Fe
3

(P0
4

) 2 (0H) 2 absent in black oxide scale, 
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TABLE II. 
. a 

Residual Stress in Type 304 Stainless Steel Piping 

Produced by Various Fabrication Processes 

Ground Machined 
Depth, .stress, Depth, Stress 
mils ksi mils ksi 

0.1 -47.6 o.o -58.3 

0.4 -32.1 0.4 -31.4 

1.8 +8.8 2.0 -18.7 

3.1 -7.2 3.7 -18.4 

6.0 -85 .8 . 6.1 -16.1 

9,8 -21.3 12.6 +15.8 

aStress has been corrected for depth and slitting. 
tension and a negative stress denotes compression. 
analysis. 

Deburred 
Depth, Stress 
mils ksi 

O.d -25.1 

0.4 -26.8 

2.2 -6~9 

3.8 -13.6 

7.0 -21.6 

10.5 +0.3 

A positive stress denotes 
Data obtained by X-ray 
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Fig. 1. SchematiC showing cracks in 4-in. recirculation bypass lines. 
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Fig. 6. Fracture surface of major crack (ANL !1alf), (A) Dresden-II 
Loop A, (B) Dresden-II Loop B, and (C) Quad Cities-II Loop B. 
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Fig. 7. Inside diameter surface of 4-in. line. (A) Dresden-II Loop A, 
(B) Dresden-II Loop B, and (C) Quad Cities-II Loop B. 
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Fig. 8. Cro ss section of cracked joint in 4-in. line (A) Dresden-II 
Loop A, (B) Dre sden- II Loop B, and (C) Quad Cities-II Loop B. 
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Fig. 9. Location of major c rnck to weld joint. (A) Dresden-II Loop A, 
(B) Dresden-II Loop B, and (C ; Quad Cities- II Loop B. 
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Fig. 10. Macrographs showing cracks initiating at grinding marks on the ID 
surface next to weld. (A) Dresden-II Loop A, (B) Dresden-II Loop B, 
and (C) Quad Cities-II Loop B. 



Fig. 11. Minor cracks and grinding grooves at ID surface in Dresden-II 
Loop A, section C of Fig. 3. 



Fig. 12. Minor cracks and grinding grooves at ID surface in Dresden-II 
Loop A, section D of Fig. 3. 
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Fig. 13a. Cross-section metallography of major crack in Dresden-II Loop A. 



Fig. 13b. Cross-section metallography of major crack in Dresden-II Loop B. 
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Fig. 13c. Cross-section metallography of major crack in Quad Cities-II 
Loop B. 
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Cross-section metallography of minor cracks in Dresden-II Loop A, 
section C of Fig. 3. 
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Fig. 15. Micrograph showing ID of 4-in. line in Dresden-II Loop A. (A) 
Surface condition and (B) cross section of (A). 



A B 

Fig. 16a. SEM of fracture surface near crack tip of r.iajor crack in 
Dresden-II Loop A showing (A) intergranular cracks and (B) 
brittle fracture at grain boundary. 
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B· c 
Fig. 16b. SEM of fracture surface at wedge opening of major crack in 

Dresden-II Loop B showing (A) intergranular and localized 
transgranular cracks, (B) localized ductile tearing at grain 
boundary, and (C) brittle fracture. 
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Fig. 16c. SEM of fracture surface at wedge opening of major crack in 
Quad Cities-II Loop B showing (A) intergranular and localized 
transgranular cracks and (B) localized ductile tearing at grain 
boundary. 



Fig. 17. SEM of fracture surface at crack tip in Dresden-II Loop B 
showing fatigue striat i ons next to str e tched zone, 



Fig. 18. SEM of ID sur f ace in Dresden-II Loop A, section D of Fig. 3, 
showing crack initia tion. 



l/2 µ 

Fig, 19. TEM of specimen near weld in Quad Cities-II Loop B showing 
M23c6 continuous carbides. 



Fig. 20a. TEM of specimen near crack in Dresden-II Loop A showing M23c6 
discontinuous carbides. 



Fig. 20b. TEM of specimen near crack in Dresden-II Loop B showing M23c6 
discontinuous carbides. 



Fig. 20c. TEM of specimen near crack in Quad Cities-II Loop B showing 
M23c6 discontinuous carbides. 
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Fig. 21 TEM of specimen between weld and crack in Dresden-II Loop A 
showing M

23
c

6 
discontinuous carbides. 



Fig. 22. TEM of 4-in. line in Dresden-II Loop A showing absence of carbide 
precipitation in the grain boundary and twins. 
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Fig, 23a. Cross section of grinding marks at ID surface of majo r c rack 
opening (pipe side) in Dresden-II Loop B. 
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Fig. 23b. Cross section of grinding marks at ID surface of major crack 
opening (weld side) in Dresden-II Loo_p B. 

• 



,.. 

z 
·O 

•. 

I ... \ .. 

. . . 

Vi+20r---r--.~r---r---r---ir----r---r---i~""T"--.,..---,r--..,...;..-.,..---,r--~----........-.....,...;....--.---J,_..,..-
.z 
.W 

·u;. 1-
.x .·. 0 

. ·.Ar.·· . :.-D ..... . 
. -' __.. , 

,. JX<, 
I ----

. ---
/ --

! --::::::::::::-:=-=----~-~----""'~. ~-:::.:-::.. ____ ~ . . . . ,..Jl---- -Ji.-p---- ........... 
:_ .,,... .,,... ..,.,,, . . . . \· . / 0 

, . . \ / 
\ / 

. ' / / 

\ / 
\ / 

\· ,// 
.\.·. ;/ 
\ . / .. if .. · .. [:j. DEBURRED 

o GROUND 
c MACHINED 

,. 

·. 

2 3 4 5 6 7 8 9 JO 

DEPTH BELOW SURFACE, mi Is 

Fig. 24. -Residual stress in Type 304 stainless steel piping produced by grinding, machining, and deburrip.g. 


