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FINAL REPORT CNX PCRV THERMAL CYLIXDER
AXIAL 1ENDON FAILURES

D. A. Canonico, J. C. Criess, and G. C. Robinsom!

ABSTRACT

The port-test examination of the failed tendms ‘rom
the PCRV thermal cylinder eiperiment has been concluded.
Failures in the wires are attributed to stress-corrosion
cracking. The cause of the tendon failures has not been
umequivocably established, but they may have been due to
nitrat2s in the duct. The vires employed in the msnu-
facture of the tendons will crack in less than 72 hr in
a 0.2  solution of ammonium nitrate at 70°C. The quality
of the vires is pomr, and surface cracks wvere detected.
These could have icted as concentrating sites for both
stress and the deleterious conmtaminants. Ue feel that
the factors that led to the failures in the thermal
cylinder experiment were unique. An improper formulation
of the epoxy resin did not provide the tendon anchor plate
seal that vas desired; indeed, the improper formulation
is responsible for the high level of nitrogen in the
ducts of the failed tendons.

INTRODUCT 108

In May 1973 the Prestressed Concrete Reactor Vessel (PCRV) thermsl
cylinder test was terminated. During detensioning it was found that
nearly all of the inner row ASTM A 416 prestressing tendons had failed
during the lifetime of the experiment. An in—-depth study sought the
cause of the tendon fasilures. Previous work was reported in two interim
reports. The first? discussed the PCRV thermal cviinder experiment. The
second’ presented the results of preliminary cbservations and studies and
serves as the background for this final report. It specifically discussed
the tendon failures up to the time of its issusace. The summary from
that report is provided.

'Reactor Division.

2G. D. Whitman, Interim Report on PCRV Thermal Cylinder Axial Tevdocr.
Failures, ONNL-TM-4763 (December 1975).

’D. A. Canonico, Second Interir Report ov. PCEV Thermal (ylirder
Axial Tendon FPailures, ORNL-TM-4764 (November 1974).




2

"The posttest examination of the tendons from the PCRV
thermal crlinder tests is continuing. It has been shown to

date that the failures have occurred both before and after

the hot-spet test. The failures occur in the inner row and

do appear to be due to a stress corrosion phenomenor. The

evidence to date tends to minimize the probabilicty that

nydrogen esbrittlement is responsible for the tendon failures.

A successful stress-corrosion cracking (SCC) test has been

conducted; however, the conditions were extremelv severe.

Failure occurred in 420 hr. The final failure is bv ductile

mode; there is no evidenre of a brittle failure mechanism.

A cup-cone fracture, initiated by a loss of cross section,

is the prevailing morphologv.

The tendons that have failed contain wax that is enriched

in chlorine and nitrogen. Further, an aqueous liquid has been

obtained ard analyzed. I too has a high nitrogen content. It

is certain that moisture entereé the ducts surrounding the tendon.

There is evidence that the epoxy resin was incorrectly formu-

lated and that free ammonia was preseny in the region of the

bottomr anchor plates. An SCC mechanism incorporating the free
amonia and carbon dioxide from the atmosphere has been postu-
lated and tests to prove this theorv are under wayv.”

Since the issuance of the interim report in November 1974, additional
studies have been conducted to explain the cause of the tendon failures.
This report addresses itself to the results and conclusions that were
Jerived f-om these studies, and constitiutes the completion of the
metallurgical examination of the failed tendons.

REVIEW OF FRIOR EXAMINATION

Figure 1 is a sketch c¢f the axial tendon zssesblies. The tendons
vere enclosed within the duct as shown. The wires (ASTM A 424) were
coated with NO-OX~ID "A" by the manufacturer of the tendons,” and the
ducts were filled with Mobilwax 2300-T5L6 during the assembly of the
thermal cyiinder experiment. Tendon failures occurred randomly during
the lifetime of the experiment, as shown by the load-time curvcs obtained
vith instrumented tendons (see Figs. 9 thru 16 of Ref. 2). aa example
of a typical fracture is shown in Fig. 2. All che wire failures contained
a flat semi-elliptical initiation site and a ductile cup-cone fracture
when the net area of the wire was not able o withstand the stressing
load. (The initiation site in the wire shown in Fig. 2 contained
sulfur, but this was not necessarily true of all of the failures.) The
wax in the ducte of the disassembled thermal cylinder test wa: chemically
analyzed, and the results are given in Table 1. For comparison, the
as-received NO-OX-ID "A”" Special and Mobilwax 2300-T5L6 are included.
it §is evident that the wax in the tendon ducts contained large quantities
of nitrogen. Although the chemical form of nitrogen was not determined,

“Corrosion inhibitor manufact:ired by Dearborn Chemical Division of
W. R. Grace and Cowmpany.
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Fig. 1. Axial Tendon Subassewbly.

the vax had a strong odor of ammonia when it was initiaily removed from
the ducts. This was true for the wax from ducts that ceatained failed
tendons (tendons 19 and 28) as well as for that taken from a duct in
which the tendon did not fail (No. 44). The presence of nitrogen in

the wax could not be explained on the basis of its presence in the
NO-0X-ID (high itrogen but very little NO-OX-ID was used to coat the
wires) or in the Mobilwax (where large quantities are used but the
nitrogen level was low). A review of the experimental procedure revealed
that the presence of nitrogen and perhaps the high moisture content

could probably be traced to an improper formulation of the epoxy sealer.



X-BAY ANALYSES OF RACTURE SURFACE S8 PHOTOLRAN OF MACTUM SURFACE

TENDON 1. STRAND 7

Fig. 2. Fractographic Examination of Tailure Surface in a Wire
fro= Tendorn 1. The flat area in the photomacrograph was viewed and
analyzed in the scanning electron microscope. There is a definite
indization cf sulfur in the flat area of the fracture surface.

Further, visual inspection of the ::oilvv:i: ! fluoride shrink tubing on
several of the removed tendon assemblies indicated that the seal design
was ineffective in preventing water ingress from the concrete.

RESULTS OF RECENT STUDIES

During the past year we have investigated the probable mechanism(s)
that could explain the tendon wire fafilures. In addition, the effect
of the temperature difference between the outer row and inner row tendons
on the preferential location of the failures was studied, and some
randomly selected wires (from the seven-wire tendons) were examined
mecallographicaliy.



Table 1. Cnemical Analysis of the PCRV Thermal
Crlinder Test Wax

Identification Level of Contaminant, ppa
of Source
of Kax Cl S N H,0
As-received NO-OX-1D 3.1 1900 78S 76
z.1
2.4
As-received
Mobilwax 2300-T5LE 3.6 3206 200 32
7.6
2.7
Wax Removed From
Tendon 192 840 1,900
Tendon 282 6400 25,585
Tendon 44 1000 24,800

?Inner row tendon that contained failed wire(s).

bOuter row tendon that did not contain a failed wire.

Experimental Stress-Corrosion Cracking Studies

As ;;reviousl\‘r2 indicated, a strong ammonia odor was associaced with
the moist wax from the disassembled ducts of the thermal cylinder test.
Subsequent analysis of some of the liquid showed it to be zr aqueous
solution containing nitrogen, chlorine, sulfur, and perhaps other
substances. The nizroren appeared to be mostly in the form of asmonia
(or perhaps a volatile amine), but in a few cases low levels of nitrate
(" 50 ppm) vere also present. Because of the small volumes of solution,
complete analysis was not possitle. From the above observations and
the known applied stress levels in the tendons, stress-corrosion cracking
appeared to be the most likely cause of failure.

The amrwonia apparemtly originated from the incorrect forsulation
of the epoxy sealer used to coat the bottom sea’ plates and the top
concrete surface of the thermal cylinder. Exciss hardener was used in
preparation of the sealer. Hardeners used wit:: epoxy resins contain
organic amines, which can hydrolyze ir the presence of water to produce
ammonia.

Various ammonium salts, such as nitrate and carbonate, are known to
be capable of producing stress-corrosion cracking in steels. To deter-
mine whether the steel in question was susceptible to cracking in such
environments, several U-bend specimens of the steel were exposed to
various solutions that contained certain asmonium salts and the epHxy
mixtures.




ne test environment was the incorrectiv formulated epoxy resin
used in the thermal cylinder test. A mixture with a large excess of
hardener (large enough that the mixture did not harden) was placed on
a shel{ in a closed container, and under it was placed the same volume
of water. After equilibration for one week the ammonia comcentration
of the water was 0.2 ™. At that time samples of both tke water and
the resin were taken for use as test solutions. Then carbon dioxide was
added to the svstem, and after a week both phases were resampled. Other
test environments inciuded 0.2 and 2.0 ' and saturated asmonium nitrace.
0.1, 0.2, 0.5, and 1.0 > and saturated ammonium carbonzte, and the same
carbonate solutions with 50 ppm nitrate (as NaNO:) added.

The test specimens were made from the center wires of uncracked
circumferencial tendons taken from the thermal cvlinder experiment.
These were centerless ground to a diameter of 0.060 in. (1.5 sm). Then
}3-in. (76-sm) lengths of the steel were bent into small-:icics U's, and
the legs were held essentially parallel by insertion in short pieces of
sintered aluminum oxide insulation containing two holes. The wires were
both plastically and elastically deformed. Figure 3 shows a tvpical
test specimen. The small U-bends were placed in 25-ml Pyrex bottles
containing 15 ml of test solution. Plastic-lined screw-top lids sealed
the containers against evaporation. The bottles were placed in 2
small oven hield at the desired temperature.

T-134264

Fig. 3. The U-bend Specimen Used in the Stress-Corrosion Studies.
The 0.060-in.-diam (1.5-mm) steel test section was ground from a sound
area of a wire remved from a tendon in which individual wires had
failed. The wire is bent into the U configuration, and its ends are
placed in the refractory retainer.
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No cracks were found in the specimens exposed in either epoxy
oixure (with or without ;) or in the water eguilibrated with then
during exposures that lastedé 94 davs at 70°C. Similar tests in the
same vnvironments to which 50 ppo nitrate had teen added produced the
sate vesults during a 100-dav test at 66°C. Also cracking was completel:
absent in all concentrations of ammonium carbonate solutions under the
above conditions, either with or withou: 50 ppm nitrate 3dded.

Cracking was noted only in the 0.2 and 2.0 > ammonium nifrate
solutions. 1In the 0.2 *’ solution at 70°C duplicate specimens cracked
in three davs. Under the same conditions the one specimen exposed to
the 2.0 ™ sclution cracked in the time interval between 7 and 10 éavs.

A failed sp>cimen is shown in Fig. 4. Failures in the other two U-bend
specimens looked almost identical to the one shown. The one specicen
exposed 1o the saturated solution of amponium nitrate at 70°C dié not
crack during the 94-dav test.

The above results show that the steel from which the tendons were
made is susceprible to stress-corrosion cracking in 0.2 and 2.0 7
a=moniur nitrate, but not in very dilute soluticms (50 ppm) or in verv
concentrated solutions (saturated at test temperatues). However, in
certain regions along the tendons higher cencentration of the dilute
nitrate sclution could have occurred, in which case cracking cortainly
could have resulzed. Although our results do not allow cne to conclude
urequivocaliv that ammonium nitrate was responsible ror the observed
cracking, they do not exclude the possipilizv that cracking resulted
from nitrate present in the aqueous environment.

Retension Tests

As previcusly noted, the observed failures were associated with
the inner rov cf tendons. This implies either a preferential location
for the corrodent(s) or a sensitivity to the slight difference in
temperature experienced bv the outer and inner row of tendons [52 vs
38°C (125 vs 100°F)]. A test was prepared to examine sensitivity to
tempurature. We assumed that the corrodent(s) was still present in
the ducts and that a reversal in the radial temperature gradiert would,
in time, resufit in a failure of an outer-row tendon. On these premises,
two pie-shaped segments were removed from the PCRV thermal cvlinder test,
one including tendons 15 and 39, the other tendons 20 and 45 (see Fig. 5).

Each segment was outfitted on the outside cvlindrical surface with
silicone rubber electric strip heaters and on the radial cuts immediately
adjacent to the ingide circumferential surface with Panelcoil heat ex-
changers as shown in Fig. 6. FEach tendon was equipped with a calibrated
load cell, the output of which was conti~nously recorded by a multipoint
recorder. Thermocouples were embedded in the inner and outer cylindrical
faces of the segments; temperatures were rontinuously recorded by a
multipoint recorder. Heater input was controlled bv manuallv adjustable
Variac voltage control and by a temperature controller.

On August 20, 1974  tendons 20 and 45 in one segment and tendon 39
in the second segment were retensioned. Tendons 45 and 39 were retensioned
to the design load of 316,200 1b (162.2 kN). At that load tendon 39 showed



Y-12681%

Y-126814

Fig. 4. Failed U-bend Stress~Corrosion Specimen. This specimen
failed in a 0.2 ¥ ammonium nitrate solution in 72 h. at 70°C.



Y-12677

Fig. 5. Location of Tendon Assemblies in the Prestressed Concrete
Reactor Vessel Thermal Cylinder Test.
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"3 {Photo-4i83-74

Fig. 6. Panelcoils and Electric Strip Heaters on Segments of Thermal
Cylinder Test Before Being Insulated.

distress, as indicated by audible popping sounds. Following transfer

of the load to the concrete anchors, the load in tendon 39 dropped

to 18,900 1b (84.1 kN), thercby indicating that several wires had broken.
Tendon 20 was subjected to a reduced loading of 19,500 1b (8€.7 kN)
because of observed departures from measured linear load-extension
response. Tendon 15 was not stressed since it had failed during the
earlicr detensioning of the thermal cylinder model.



11

Upon completion of the restressing operation the heat exchangers
for the two concrete segments vere descaled and passivated. Corrosion
inhibition was initiated and the prescribed thermal conditions of 66°C
(150°F) om the outside and 24°C (75°F) on the inside were instituted
on August 30, 1974. The loads on the tendons and temperatures of the
segaents wvere then monitored continuously until termination of this
task.

During the intervening period no significant changes in load
occurred. Apparently, the factors leading to the previously cbserved
failures were no longer active or never existed in the ducts tested.
The load loss exhibited by tendon 39 during retensioning was probably
a consequence of the environmental conditions existing during operation
of the thermal cylinder test. The reversed thermal gradient imposed or
the segments had no observable effect.

Assessment of Wire Quality

During the course of this investigation, numerous incidences of
poor wire quality were noted. Some of these observations wvere phmi.ouslys
reported. Since the release of the interim report additional studies of
randoaly selected wires have revealed that the vires in the tendons
used in the thermal cylinder test were of questionable quality. Locating
defective areas in the wires is fortuitous. Radiographic examinations
of randomly selected wires removed from archive (unused) tendons did
not reveal any evidencr of defects in the wires. However, metallographic
examination of these "acceptable” wires revealed fine hairline cracks.
Figures 7 and 8 contain typical photomicrographs of the types of defects
obse-ved. These cracks are not detectable by the usua. examination
standards. The mos’. damning evidence was obtained during the centerless
grinding of the wires before the preparation of the U-hend stress
corrosion test specimens. During grinding one vire simple separated
into two pieces; a metallographic examination of the wire revealed the
quality shown in Fig. 9. These fissurelike cracks could serve as both
locations for concentrating any contaminants present and stress con-
centrating sites. Thus, these cracks could have contributed to the
failures observed in the thermal cylinder test.

CONCLUSTONS

1. The tendon corrosion problem experienced during the Thermal
Cylinder Experiment is fairly unique because of the particular cowbina~
tion of materials emploved. A similar set or conditions should not
occur in a prototype Prestressed Concrete Reactor Vessel. In general,

g

’D. A. Canonico, Jecond Interim Fepopt cm PURV Thepmal Culivier
Arial Tendon Failures, ORNL-TM-475%46 (November 1974).
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Manufacture of

Surface Defects in a Wire Used in the

Fig. 7.

Tendons .

These surface laps could serve as concentrating sites

X

100

for contaminants that cause stress-corrosion cracking.
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Fig. 8. Sulfide Stringers in the Interior of a Randomly Selected
Section of Archive Tendons Emploved in the Thermal Cylinder Test. 500x.

Y-12653°

Fig. 9. Photomicrograph of a Wire that Separated During a Centerless
Crinding Operation. The cracks, which are perpendicular to the longitudi-

nal axis of the wire, could contribute to premature failure.




the presently accepted tendon protection procedures emploving her=etically
sealed ducts and protective coatings should prevent the type of corresicn
problems encountered ir this particular experiment.

2. Stress-corrosion cracking of the vires used to sanufacture the
tendons employed in the thermal cylinder test occurred in 72 hr or less
in 2 0.2 ’ solution of samonium nitraze at 70°C.

3. Stress—corrosion cracking of the wvires did not occur ‘n either
a saturated or very dilute (50 ppm) solutiom of asmomium nitrate at 70°C.

4. Fajilure did not occur in U-bend specimens exposed to asmonium
carbonate solutions of any concemtration for over 94 days at 70°C.

5. Adding 50 ppm nitrate to the asmonium carbonate solutions did
not cause failure during a 100-day exposure at 66°_.

6. The tendon failures in the thermal cylinder test were probably
due to stress-corrosion cracking, possibly assisted by the poor quality
of the steel vires in the tendons.

7. An improper formulatiom of the epcxy resin (excess hardener,
see Conclusion 1) used to coat the hottom plates of the thermal cylinder
test may have produced an enviru.nment that led to the crackiug. This
improper formulation resulted in 2 high level of nitrogen in the liquid
that came into contact with the tendoms. Although chemical analysis
showed most of the nitrogea to be ammonium nitrogen, low leveis of
nitrate nitrogen vere present.

8. Reversing the thermal gradient for 14 months on two retensioned
segments from the thermal cylinder test had no cbservable effect on the
load-carrying capacity of the tendons; cracking did nc: occur.

9. The quality of the vires used to manufacture the tendons
empleyed in the thermal cylinder test is questiomable. Laps, cracks,
and other evidence of metallurgically poor wire quality were observed.
(It should be emplasized that these wires represent che msanvfacturing
practices employed in the wid-1960s and may not represeat curreat
practice.)

RECOMMENDATIONS

1. The coastructors of prestressed concrete reactor vessels
should be alerted to the consequences of an improper formulation of an
epoxy rvesin sealant. Ordinarily, epoxy would not be employed in PCRV
construction, but there is evidence of its use in England to repair
voids or concrete honeycombing in the tendon anchorage region of a
vessel. In cases vhere similar "protective”™ procedures are employed,
extreme care should be exercised to ensure that the tendon ducts are
sealed and that excessive hardener is not employed in the epoxy mixture.

2. A critical assessment should be made of the wire(s) that are
used in prestressing tendons. There is evidence that suggests that
the vires used in the msnufacture of the ASTM A 416 tendons employed in
the Thermal Cylinder Experiment were of gquestionable quality. A study
should be undertaken to determine vhether or not the wires used in
this study represent current metallurgicsl quality.
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3. An extensive parametvic study should be conducted to determine
the threshould levels of contaminants that are not detrimental to the
load-carrving capacities of the tendons.
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