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ABSTRACT

Analysie of five bolts of 17-4 PH stainless
steel from the Heavy Water Components Test Reactor
that had falled in service showed that the fallures
were 1lnitiated by stress corroslon. In all but one
of the falled bolts, an unstable crack size was
reached after very 1little stress corrogion causing
fast crack propagation and complete failure. 1In
one bolt, the stress corrosion crack had stopped
growing. Many of the bolts, including all those
that failed, were found to have been ilmproperly
heat treated to approximately the H925 condition,
instead of the specified H1100 conditlon. The
harder H925 conditlon 1s conduclve o stress cor-
rosion cracking 1n this alloy. No evidence for
fallure by fatigue was found.

-2 -




List of Tables and Figures

Introduction .

Summary .

Results and Discussion .

CONTENTS

Description of Gas Baffle Assembly

Description of Bolts . . . . . . .

Fractography

Metallurgical Condition of Bolts .

Analysis of Applled Stresses . . .

Conclusions

Acknowledgment

References

iy

3

11
16
18
18
20

20



Table

IT

11T

Filgure

LIST OF TABLES AND FIGURES

Chemlcal Composition of 5/8-inch Bolts ., ., .
Hardness of BolbS « « v o o o v o v v 0 v v

Behavior of Stressed 17-4 PH Stalnless Steel
Samples in the HWCTR . . . . + « + o « & & &

Gas Stilling Baffle Assembly . . . + « « « .
Positlons of Broken 5/8-inech Bolts., . . . . .
Irradlated 5/8-inch Bolts « « 4 v « & & « &+
Irradiated 3/4-inch Bolts . . . . . . . . . ,
Fracture Surfaces of Falled 5/8-inch Bolts .
Fracture Surfaces of a Falled 3/4-inch Bolt .

Dimpled Rupture and Intergranular PFracture in
5/8-1nch BoLltS + « v 4 v o & & 4 0 4 4 s 4

16

17

17

10

13
14

15



INTRODUCTION

The Heavy Water Components Test Reactor (HWCTR) was operated
for the USAEC from March 1962 tc December 1964 to test fuel and
mechanical components with potential applicability to power
reactors moderated and cooled by liguld D;0. The reactor opera-
tlion was terminated when thils program was redirected toward DZ0
reactors ccoled by organic llquilds.

During an inspection of the interior of the HWCTR reactor
vessel in February 1964, two 5/8-inch bolt heads from the support
legs of the gas stilling baffle were found on top of the hori-
zontal reactor shield. During remcval of the gas baffle assembly
for repairs, two more broken 5/8—1nch bolts were found. One
3/4-inch bolt was also cracked,and it subsequently failed during
removal. The gas baffle had been installed during startup tests,
subsequent to original construction. This assembly contained
eight 5/8-inch bolts and 34 3/4-inch bolts. All of these bolts
were of 17-4 PH stginless steel¥.

This report gives the results of the detalled examinations
and subsequent tests to plnpoint the causes of the bolt failures.

* 17-4 PH refers to a patented, hardenable stalnless steel manu-
factured by Armco Steel Corporation.
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SUMMARY

The eight 5/8-inch 17-4 PH bolts and the failled 3/4-inch
17-4 PH bolt were much harder than specified and, thus, had not
been properly heat treated.

Stress corrosion of the excessively hardened bolts inltlated
eracks, which grew slowly until the applied lcoad was suffleclent
to cause rapld fracture of the main portion of the bolt. Electron
microscopy indicated that the main fractures had occurred by
ductile rupture in tension. No evidence of fatigue was found.

Although the stresses on assembly of the bolts are unknown,
differential thermal expansion between the bolts and the surround-
ing 304L material, and intensification of the stresses at thread
roots could have produced stresses of approximately 96,000 psi.
Such stresses are sufficient bo cause stress corroslon in the
improperly heat-treated material during the 276 days of reactor
operation prior to discovery cof the fallure.

The 17-4 PH bolts were replaced by "Inconel"* X and AISI 4140
steel, which operated satisfactorily for the remaining 126 days

of reactor operation.

* Trademark ¢f the Internatlonal Nickel Company
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RESULTS AND DISCUSSION
DESCRIPTION OF GAS BAFFLE ASSEMBLY

The gas stilling baffle was a circular-shaped plate 1-1/4
inches thick and 50-1/4 inches 1n diameter that was bolted to a
3/ﬁ-1nch-thick baffle support ring, Flgure 1. Both the gas
baffle and the support ring were in twe sections to facilitate
assembly Inside the HWCTR vessel, and were bholted together with
metal straps. The gas-baffle assembly was supported by four
T-shaped support posts that were in turn bolted to the top of
the flow-distribution baffle. The gas baffle and baffle-support
ring were bolted together and to the top of fthe support posts
with thirty-four 3/4-inch-dlameter bolts. The baffle-support
posts were bolted to the flow-distribution baffle with elght
5/8-inch diameter bolts. Nothing is known about the initial
stresses induced 1n the bolts durlng Installation. A preoprietary
thread lubricant subseguently found to contaln chlorildes may have
heen used during the Installation of the baffle. Thus, chlorides
may have contributed to the failures.

All plate material in the gas baffle including the washers
was 3041, stainless steel; all bolts were 17-4 PH.

Spacer

Block

Baffle
- Support
Ring

; Gas
Broken =% e : ¥ N O X : : Stilling
3/4 - in, =t : i : A j Baffle

*3/4 - in. bolts holding beffle support ring to top ot support posts
FIG. 1 GAS STILLING BAFFLE ASSEMBLY
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DESCRIPTION OF BOLTS

The four 5/8-inch bolts that failed were in support posts
1, 2, and 4 of the gas stilling baffle, Figure 2. The two bolts
that were found first, 1A and 2B, had falled adjacent to the
first or second threads from the unthreaded shank, Filgure 3.
Bolts 4A and 4B failed adjacent to the first engaged thread. No
other cracks were found in the eight 5/8-inch bolts by low-
magnification inspection.

All surfaces of the elght 5/8-inch bolts were covered by a
thin, black corroslon film. This fllm also covered the fracture
surfaces of the falled 5/8-inch bolts, and showed that the frac-
tures had occurred some time before they were discovered, which
was after about 276 days of reactor operation.

The failed 3/4-inch bolt was located in the top of post 4,
pogitlon A, and held the baffle support ring tc the support post.
The fracture cccurred adjacent to the first engaged thread,
Figure 4. This bolt was also covered with the black film, but
only part of the fracture surface was black. The rest of the
fracture surface was light gray, dencting the area that fractured
when the bolt was removed during the repair work.

Y
Plant North

© - Failed Bolt
@ - Unfailed Bolt

Y
Support Post Bolt Location-of Failurs on Bolt
1 A Adjacent to first thread on shank
2 B Adjocent to second thread on shank
4 A Adjacent to first engaged thread
4 B Adjocent to first engaged thread

FIG. 2 POSITIONS OF BROKEN 5/8-INCH BOLTS
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FAILED
BOLTS
Bolt 1A Bolt 2B

INTACT
BOLTS

FIG. 3 IRRADIATED 5/8-INCH BOLTS
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FAILED

INTACT
BOLT

BOLT

FIG. 4 IRRADIATED 3/4-INCH BOLTS
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FRACTOGRAPHY

The macroscoplic features of the fracture surfaces were
examined to determine the sites of crack initlation and the areas
of fast crack propagation. Previocus studles of the macroscopile
features‘*"a) of fractures have shown that fast crack propagation
generally oécurs near the end of the fallure sequence and pro-
duces ripples on the fracture surface. The ripples run roughly
parallel to the direction of crack movement, taking a fan-shaped
appearance, and polnt back to the area of crack initlatlon and
slow growth. Shear lips form as the last step 1n fracture and,
thus, are not associated wlth the early phases of fallure.

The fracture surfaces of the 5/8-inch bolts shown in
Figure 5 were almcst totally covered by ripples in the fan-shaped
orientation. The areas of crack initiation and slow growth,
indicated by the ripples and the absence of shear lip, were
small and shallow, showing that the main crack had inltilated
and/or grew slowly about 1/3 around the clrcumference, while
advancing only about a thread depth into the bolt, Figure 5.
The extended but shallow crack, and the roughness of the surface
produced during the slow growth perlod, suggest that stress cor-
rosion was responsible for crack formatlon early in the fallures.
The large fraction of the surfaces covered by the ripples and
the low amplitude of the ripples indicated a high applied stress
durling fallure.

The fracture surfaces of bolts 4A and 4B appeared very
similar to the fracture surfaces of bolt 1A {Figure 5) even
though the bolts fractured in different places (see p. 5) .

The fracture surface of the 3/4-inch bolt was generally
gimilar to the surfaces Jjust described, except for the relatively
"larger area covered by the in-service fracture, Figure &. The
area of in-service fracture (dark area} was rough and generally
featureless, suggestive of a stress-corrosicn crack. The greater
roughness (compare with Figure 5) and the fact that the crack had
arrested long enough for the black film tco form by general sur-
face corrosion both indicate that the applied stress was low.
The ripples produced during removal of the bolt are typlcal of
fast fracture in this material in the hardened condition and
compare well with similar features observed in the failed 5/8-
ineh bolts.

None of the areas of erack initlation exhibited any of the
macroscople features characteristic of fatlgue fallures. At
first glance, the "half-moon” mark about midway through bolt 2B
(Figure 5) may appear to be a fatigue feature. Such an inter-
pretaticn 1s dilscounted, however, by the morphology and excellent
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definition of the features surrounding the "half-moon” mark. '
For example, ripples were clearly formed and contlinuous across g
the "half-mcoon" mark; and the surface inside the "half-moon"

contalned rilpples, lnstead of being smooth as would have been

the case for a fatlgue fracture. The "half-moon" mark was

probably caused by a change in temperature or stress durlng the

brief period of crack propagation.

The fracture surfaces were replicated for electron micro-
scople examination by the cellulose acetate-carbon technique.
Electron micrographs are shown in Figure 7. Milcroscoplecally
the fracture surfaces were composed largely of varlous slzed
dimples, indicating ductile rupture, and some "orange peel" and
irregular microeracking, which are evidence of stress corroslon.
These fractographlc features showed that the fractures had
occurred by tensile rupture. The low ductility suggested by some
of the features, secondary cracking and discontinuous cleavage,
may-have been caused by the plane straln conditions set up by
the notch effect of the threads and the low fracture tcughnese
of highly hardened 17-4% PH. Detalled searches revealed no
microscopic arrest lines characterlatlce of fatigue.

The fractures of bolts 1A and 2B and the 3/4-inch bolt were
sectloned approximately parallel to the ripples and examlned
metallographically. The fracture surfaces were smooth and almost
totally transcrystalline acrossg the fracture surfaces of the
5/8-inch bolts and the light area of the 3/4-inch bolt, Figure 6.
In contrast, the in-service part of the 3/4-ineh fracture surface
was much rougher and exhibited more intercrystalline fracture. )
Many comparatlvely short, branching cracks oriented apprceximately
90° to the surface were observed in the 5/8-inch bolts and the
in-service part of the 3/4-inch bolt, Figure g, | These cracks
were transcrystalline and intercrystalline, and were the same
average length (depth) from one side of the bolt to the other.
These secondary cracks probably formed by streas corroslon crack-
ing from residual quenching stresses after complete fallure of
the bolts. These observations confirmed the results of the
macrofractography, namely that most of the main fracture occurred

during fast tensile fracture.
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Crack initiation
and slow growth

Fost crack
propagation

Shear lip

FIG. 5 FRACTURE SURFACES OF FAILED 5/8-INCH BOLTS
Ripples point to the grea of crack initiation
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PROFILE OF FRACTURE PRGDUCED DURING REMOVAL OF BOLT

1000X

PROFILE OF FRACTURE PRODUCED BY STRESS CORROSION DURING HWCTR OPERATION

FIG. 6 FRACTURE SURFACES OF FAILED 3/4-INCH BOLT
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FIG. 7 DIMPLED RUPTURE AND INTERGRANULAR FRACTURE IN 5/8-INCH BOLTS

Large areas of the fracture surfaces were covered by corrosion products (black spots)
and small pits from general surface corrosion after failure
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METALLURGICAL CONDITION OF BOLTS

The chemical composition of bolts 1A and 2B was determined !
spectrographically and found to meet Armco Steel specifications L
for the major elements except possibly chromium., Results are N
glven in the accompanying Table I. The indicated chromium con-
tent of each bolt was marginally lower than the specified value,
but this factor 1s not belleved to be significant. According to
vacuum fusion analyses, the hydrogen contents were below 1/2 ppm.

TABLE I

Chemleal Composition of 5/8-inch Bolts

Composition, welght percent

Armeo Spectrographle Determinaticn
Element Specificationi*!} Bolt 2B Bolt 1A

Copper 3-5 4 Y
Chromlum 15.5 - 17.5 13 14
Nickel 3-5 4§ %
Manganese 1.0 max - -
Iron - 78 77
Carbon, phosphorus,

sulfur, silicon 1.14% max - -
Columbium and

tantalum 0.15 - 0.45 - -

Total g9 9 8

The hardness of the bolts was measured on crosg sections
near the bolt head and near the threads., The hardness of both
failed and unfailed 5/8-inch bolts and the failled 3/4-inch bolt
was greater than the specified level of Rockwell C 34, (Rp 34)
and varled between R, 39 and 44, Table II. The hardness of an
unfailed 3/4-inch bolt was R, 33, a typleal hardness for bolts
heat treated to the H1100 condition as required in the HWCTR
specifications. These data show that all the 5/8-inch bolts
and at least the failed 3/%-inch bolt had been annealed for
precipitation hardening at about 925°F, rather than at 1100°F.

As a result, the bolts in the HO925 conditlon were stronger than
specified, but were also highly susceptible to stress corrosiocn
cracking. 'S’
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TABLE II

Hardness of Bolts

Size Hardness, Rgla)

5/8 in., four unfalled 43 - Ly .
1A 41 S
2B 30

5/8 in., failed {, i
4B 43

3/% in., one unfailed 33

3/% in., one falled 41

{a} Armeo specified'*’' hardness for H1100 i
is Rg 34; H1028, 3B; and H925, 42, . .

Subsequent evaluation of stressed corrcsglon specimens from
HWCTR have confirmed the high susceptibility of the fully hard
17-4 PH alloy to cracking in the HWCTR environment.(®) Out of
ten stressed bend specimens of 17-4 PH alloy with different
treatments, the three specimens with hardness above R, 40 failed
during exposure in HWCTR. The comparison of hardneas with failure
experience is presented in Table III.

TABLE III

Behavior of Stressed 17-4 PH Stainless Samples in HWCTR

(Exposure: D,0 maintained at pD of 10.7 0.5 with
Li0K, temperature during operation about 240°C,
temperature during shut-down about 25°¢)

Hardness Behavior
After Test, in the
Condition When Placed 1n Test Re EWCTR
Cold worked 484, annealed 8 hours 30 0K
at 1100°F 30 oK
Anneazled 8 hours at 1100°F 26 OK
25 oK
Cold worked 48%, annealed 1 hour 42 Faileal®)
at S00°F 39 oK
Annealed 1 hour at 900°F 32 0K
30 fo):4
i3 Failea(P)
( Preaumed »>40) Failea(e)

{a) Failure discovered after totel exposure of 1000 days te Di0
atmosphere 1n reactor gas space, of which 400 days were at
operating temperature.

(b) PFallure discovered after total exposure of 65 days to HL0
atmosphere plus 1000 days in D0 atmosphere in reactor gas
space, of which 400 days were at operating temperature.

(c) Pallure dlscovered after exposure of 65 days in H,0 plus
535 days in D 0 of which 276 days were at cperating
temperature.
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ANALYSIS OF APPLIED STRESSES

No record could be found that torque limits were specified
or used in the installation of the 17-4% PH bolts. Thus, the
Initlal stresses are unknown.

Calculatlions have shown that during HWCTR operation signifi-
cant thermal stresses were generated in the boclts because the
thermal expanslon of the 304 stainless steel plates and washers
was greater than that of the 17-4 PH bolts. At 250°C the addl-
tional tensile stress that would be generated in the threzded
part of the 5/8-inch bolts by thermal expansion was calculated
to be 24,000 psi. The total stress would be further intensified
by the ncteh effect of the threads, particularly at the first
thread on the Bolt shank. Peterson!7”’ reported a stress concen-
tration factor of over 4 as determined by phctoelastic measure-
ments on a Whitworth (English) thread, which is very similar in
thread design to the UNC thread on the 5/8-inch bolts. Consider-
ing only thermal stresses, therefore, the minimum stresses in
the bolts were approximately 96,000 psi. Thig stress alone 1s
enough to initiate stress-corrosion cracking in lmproperly heat-
treated material.!S!

CONCLUSIONS

1. The stress-corrosion failure of (four 5/8-inch and one 3/4-
inch) improperly heat-treated 17-4 PH bolts in a total of
42 bolts after 276 days(a’ of operaticn in the gas stilling
baffle of the HWCTR 1ndicated the necesslty of proper heat
treatment of 17-4 PH for service in water-cooled reactors
operating at temperatures of about 240°C,

2. The detalled metallographlc examlnation of the excessively
hard failed bolts confirmed that stress-corroslon cracking
had initlsted the falliures cobserved in the HWCTR.

3. The hardness of the falled bolts ranged from Rockwell C 39
to ¢ 43, which indicated that they had been improperly heat
treated, The bolts corresponded to the H 925 condition (aged
at 925°F) rather than the specified H 1100 condition (aged
at 1100°F).

4. The excessively hard 17-4 PH alloy is known from its per-
formance in other reactors to be susceptible to stress-
corrosion cracking{si. This behavlor was conflrmed in a
subsequent test of stressed test specimens in the HWCTR
environment, whilch showed that specimens harder than Rockwell
C-40 failled after about 400 days of cperation.

- 18 -
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At the time that corrective measures were taken to replace
the bolts in the stilling baffle -~ before the results of
this investigation were avallable - the 5/8-inch bolts were
replaced with "Inconel" X (AMS-5667-F Heat Treatment) con-
taining rclled threads, and the 3/4-inch bolts were replaced
with AISI 4140 steel (ASTM No. 193-62T). In the following
eight months of operation before the HWCTR was shut down,
during which the reactor accumulated 126 operating days,

the replacement bolts operated satlsfactorily. Reference §
gives detalls of the corrective measures,
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