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Introduction

Fuel cladding tubes for fast experimental reactor (JOYO) are made of
AI3ZI 316 steel. In using these tubes, a comprehensive analysis on
their

(1) nigh temperature strength property,

(2) irradiation property, and

(3) behavior in Na
must be conducted to enhance their reliability.

In particular, reliable data are required in the analysis of the high
temperature strength property since the data are of urgent necessity
for reactor design and are the basis on which the analyses of the
other two factors (2) and (3) are conducted. Generally, there are
many high temperature strength data available on the AISI 316 steel
but few of them treat of thin and small tubes such as cladding tube.
It is not easy, therefore, to determine and establish an allowable

stress.

Then, the Material Construction Design Committee was established in
the Power Reactor & Nuclear Puel Development Jorporation (Hideyoshi
Utoguchi, Chairman) for the purpose of

(i) determining basic provisions for reactor design, and

(ii) investigating high temperature strength.

liith respect to the item (1i) "above, performance of creep test and
fatigue test on cladding tube itself and establishment of the
respective subgroups were intended, the planning and the performance
of such tests started in 1969, and the primary tests were completed
in March, 1971. '

This report relates to the primary test on creep; in the Creep Sub~
group (led by Susumu Yoshida) tests National Research Institute for
Metals, Kobe Steel Ltd., Sumitomo Metal Industries Ltd., Hitachi,
Ltd. and the Pover iteactor & Nuclear Fuel Development Corporation
joined and performed internal pressure creep-rupture tests and
uniaxial tensile creep rupture and uniaxial tensile creep tests on
primary trial manufapturés (2 types of tube A and tube B) for
"JOYQO" reactor. The tests were made at temperatures 60000, 65000,



70000 and 75000 aiming at a maximum rupture time from 3,000 %o 10,000
hours. The obtained data were statistically analyzed and the creep
rupture strength, creep limit and limiting creep stress at 10,000th hour
were estimated. The comparison between internal pressure creep rupture
and uniaxial tensile creep rupture and the comparison among data of

gimilar steel were also conducted.

In succession to these tests, the tests on the secondary trial

cladding tubes are now under vay vhere creep rate will be obtained

in internal pressure creep test,

Test Pieces

2,1 Outline

As the trial manufactures in 1968 of fuel cladding tubes for fast
experimental reactof, thin and small austenitic stainless steel
tubes (2 types of tube A and tube B) conforming to the AISI 316
manufactured by hobe Steel Ltd. and Sumitomo Metal Industries
vere used. (For purchasing specifications thereof, see

Appendix.) The major features are as follows:

(1) Dimensions: Outside diameter 6.3 % 0.03 mm,
Inside diameter 5.6 % 0,025 mm,
Thickness 0.35 * 0.03 mm

(2) manufacturing process: Vacuum melting
Cold working: approx-. 10%

(3) Allowable defect: 25 P in depth

2.2 Chemical Composition

The chemical composition of the test pieces is shown in Table 1.

2.3 Nature

The optical microscopic structure, grain size, surface roughness
and hardness of the test pieces are shown in Table 2. Fig. ]
(tube A) and Fig. 2 (tube B) show the results of the high
temperature tensile tests, and Fig. 3 shows the results of the

high temperature burst test.



3.

Teating Method

3,1 Sampling of Test Pieces

3.2

4.

5.

3.3

The test pieces were sampled out ¢f the same lot of cladding tubes
of each type of tubes, A and B, respectively. They were further
sampled cut of those that were found acceptable through an ul-
trasonic flaw detecting inspection. Tests were made at random on

the finally selected specimens.
Dimensions of Test Pieces

The dimensions of the internal pressure creep rupture test piece
are shown in Fig. 4. The length of the test piece proper is
200 mm. The ccnnections between the test piece and the closure
head and between the test piece and the ccnnecting tube were

welded by T.I.G. welding.

Fig. 5 shows a uniaxial tensile creep test piece. The length
of the test piece is 115 mm in case of creep test and 300 mm in
case of creep rupture test. Portion of the test piece is drawn
invard to avoid rupture from the T.I.G. weld. All the welds in
the test piece were checked by X-ray non-destructive test for

welding defect.
Teating Machine

The cperating conditions of the internal pressure creep testing
apparatuses and the uniaxial tensile creep testing apparatus

are shown in Tables 3~1 and 3-2, respectively.

Test Conditions

The test conditions are shown in Table 4.

Test Results

5,1 Results of Internal Pressure Creep Rupture Test

The tests were performed at 60000, 65000, 700°C and 75000 res=
pectively at each participant institute, whose results are as
shown in Tables S and 6. Each parenthesized figure shows a



5.2

reference value of test piece ruptured at or near the weld. The
figures marked with (e and 0) show that they were used as data for
statistic analysis of the relation between pressure and rupture
time, and those marked with (e) indicate that they were used as
data for statistical analysis of the relation between pressure

and Larson - Miller parameter. The relations between pressure

and rupture time of all the data except those parenthesized are

graphed as shown in Fig. 6 and Fig. 7.

FProm the above results, differences in the individua) data of
each institute are seen undistinguishably mingled with the
deviations of the data of all the institutes showing no sig-
nificant cuaracteristics, and no common distinct tendency is
found among the data of the institutes. Also, there seems to
be no significant difference in rupture time between the tests
made in Ar zas atmosphere and the tests made in the air at

temperatures 650°C and 700°C for less than 3,000 hours.

Creep rupture strength was higher with tube A than sith tube
B in the present tests made at the specified temperatures for

the specified time.
Results of Uniaxial Tensile Creep Rupture and Creep Tests

Tables 7 and 8 show the results of uniaxial tensile creeﬁ
rupture test and creep test conducted at 600°C, 65000, 700°C
and 750°C by a test agency.* Here, the figures marked with

(e and 0) also indicate same use as in the foregoing sub-
section. rhe relation between stress and rupture time of all
the data obtained is shown in Pig. 8 which indicates that

creep rupture strength under uniaxial tension was also higher
for tube A than for tube B. Also, no significant difference

in rupture time nor distinct tendency was found in the obtained
test results of the creep rupture test pieces and creep test

pieces.

*

Material Testing Division, N.R.I.M.



6.

Rearrangement of Test Results

6.1 Internal Pressure Creep Rupture

6.1.1

Pressure — Rupture Time

In relation to pressure (log P} and time to rupture (log tRr),
curves were statistically applied to the following polynomial

expression:
yi=ﬂ0+ﬂlzi+ﬁ2112+' ........ ..+ﬂnxin+ei

where, y; ¢ Dependent variable
¥4 ¢ Independent variable
Ao : Constant
AL Fr » #p t Regression coefficient
ej : BHrror in normal distribution (0, 04,2)
1 1 1, 2, seianeerse g I

In applying to the above expression, longarithm of pressure
(Log P) was used for independent variable X3 and logarithm
of rupture time (log tR) for dependent variable yi- Regres-
sion line was estimated on the supposition that the dependent
variable (log tR) will be normally distributed in a uniform

variance.

In actual calculations, orthogonal polynomial expression was
used for simplicity of calculatioﬁ; The ratio Vi1 /VE(k+1)
of mean square V], which is due to regression fluctuation
induced by the addition of the k + 1 member to a k-degrees
regression expression, to mean square vE(k+1)' wvhich is due
to residual fluctuation for the (k+l)-degree expression, was
calculated and the obtained value was compared with the value
of P-distribution table at significance level of 5%, Studies
were made to see if increase of degree would lead to some
significant result and how correlation between x; and yy
would be intensified by increasing degree of regression.
Thus, the location of a degree was deduced at which no further
multiplication of degree would produce any significant effect

in an orthogonal polynomial expression; a regression exprésaion



. up to a degree next preceding the degree thus deduced was chosen
and the chosen degree expression was confirmed to be reasonable

by the change of contribution.

Based on the above-stated statistic method, regression analysis
was made on the relation between pressure and rupture time as
shown in Table 9. In making up this table, the data of tube A

and the data of tube B were separately analyzed regressively,

and then regression analysis was made on both tubes A and B

1 ' put together. In such a manner as aforementioned, ratio of
mean square éfb (RE&I7 was compared with Fevalue at signifi-
cance level of 5% /F (0.05)/ and significant degree of
regression equation (round mark in the table) was selected in
reference to the change of contribution (r2)., The degree thus
obtained was of the first degree in the analysis where the
data of tubes A and B were separately regressed, while the
equation was of the first degree at 600°C, 700°C and 750°¢
and of was the second degree only at 650°C where the data of

tubes A and B were analyzed together.

For relation between contribution and test temperature in
ragression equation of the degree selected on the data of the
test pieces, the contribution was 67.2% at 60000, and showed
higher percentage 91.7%, 94.7% or 97.0% at test temperature
65000 or higher, This tendency was seen common to the data
for tube B and also to the combined data of tubes A and B.
‘Therefore, as long as the contribution alone is concerned,
it is known that deviation is greater at 600°C than at 65000
or higher temperature in both cases of A and B tube data.
It is also indicated that contribution at each testing
; temperature is lower in the combined data of tubes A and B
than in the single data of either tube A or B, suggesting
] the presence of a certain great difference between the data
of tube A and those of tube B. Standard deviation 1§b (RE$i7,
an index of the deviation of data from regression line, showed

a gimiler tendency.

R



6.1.2

Each regression curve of tube A, tube B, and tubes A and B, in
relation to pressure vs. rupture time, is shovn in Figs. 9, 10,
and 11, respectively. Confidence interval at 95% confidence
coefficient based on the deviation of data from each estimated
regression value was also shown on each graph. These curves
were graphed with a digital plotter (n244A) direct connected
to an computor WEAC 5100. 1In tube A and tube B, all the
regression equations selected were of the first degree and

the regression coefficient of the first member of such equa-
tions had a tendency to become high as test temperature was
increased. It means that the gradient of the curve of log

P for log tp at high temperature is gentle, that is, the
gradient of the curve of log tg for log P is steep. At 650°C
in Fig. 11, the regression curves have sharp turn at long
time portion. This is reluted to the adopted quadratic
equation as a regression expression, but such regression

curves are not desirable as tendency lines of data.
Pressure - Larson-Miller Parameter

Using the following Larson-Miller parameter the relation
between pressure and rupturs time was rearransed so that
from the internal pressure creep rupture data obtained for
test times up to 3,000 hours, pressure against specific
rupture time for longer hours and rupture time against

specific pressure for longer hours may be estimated.

LMP = T (C + log tg)
where, T : Absolute temperature (test temperature)

C :+ Parameter constant

Curves were applied to the pressure and LMP correlation
in the same manner as applied to the rressure and rupture

time correlation in the foregoing section 6.1.1.

It is important to have a parameter constant most suitable
for interpolation and extrapolation. For this purnose;
the regression curves of pressure and LMP were applied in

an orthogonal polynomial equation method in accordance with

-7 -
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the method of least square in order to obtain sum of squares
of residuals between the estimated regression value and
actually measured rupture time (expressed in logarithm,
respectively) was adopted as most suitable one among those

thus obtained.

Table 10 shows a regression analysis for the relation
between pressure and LMP with a most suitable parameter
constant. The degrees of the regression equation was
selected in the same manner as in section 6.1.1 to be
determined quadratic for tube A, cubic for tube B, and
quadratic for tubes A and B combined. Contribution at
each significant degree was 89.2% with tube A, 93.5%

with tube B, and 72.6% with tubes A and B, indicating
that combined regression of tubes A and B is not suitable.

Confidence interval at 95% confidence ccefficient and
regression curve in a selected equation of significant
degree with such parameter constant as adopted in a
manner mentioned above are shown inFigs. 12, 13 and 14.
The value (C) cof the adopted parameter constant was 17.01
for tube A, 13.12 for tube B, and 14.20 for tubes A and
B in combination. The regression curve of tube A (Fig.
12) and that of tube B (Fig. 13) showed different
tendencies, the former tending to curve dovnward while
the latter tending to curve upward at high temperature
in long time test. The data plot of combined tubes A
and B in Fig. 14 indicates that tube A has higher
rupture strength compared with tube B. As the low
contribution percentage of 72.8% indicates, the applica-
tion of curve was unsuccessful. This is because there
was a comparatively great difference between the rupture
strengths of tube A and tube B.

It is also noted, as stated in section 5.1, that there
was found no significant difference among the data of
all the test institutes and that the difference cof



atmospheric constituents in which test piéces were tested did

not bring about difference upon the data.
6.1.3 Pressure - Temperature

From the selected regression curves and the confidence inter-
vals in the relation of pressure and LMP, the highest and
lowest limit values of confidence intervals and the estimated
regression values of pressures at test temperatures for rupture
time of 1,000, 3,000, 10,000 and 15,000 hours were obtained.

The relation of pressure and temperature for each rupture

time in tube A, tube B, and tubes A and B is shown in Figs.
15, 16 and 17, reépectively. In these three figures, the full
lines are of estimated values obtained from regression curves
and the break lines are of values cbtained from the lowest
limits of the confidence intervals at 95% confidence COm
efficient. The values of the lowest limits only are shovn
because they are censidered important for design purpose,
while those of the highest valuéé are omitied to avoid

complexity in the graphs.

In combined tubes A and B (PFig. 17), assumptions can be made
in many ways including an assumption that rupture time will
be normally distributed under a certéin level of pressure,
and they will lead tc an assumptive conclusion that 50%

of cladding tubes will rupture in 10,000 hcurs at 650°¢
under pressure of approximately 150 kg/cmz, and that 2.5%
of cladding tubes will rupture in 10,000 hours under
pressure of approximately 115 ke /em?,

6.2 Uniaxial Tensile Creep Rupture
6.2.1 Stress - Rupture Time

IFor the relation between stress (log o) and rupture time
(1og tR), the application of curves by pclynomial equation

was made in the same manner as in section 6.1.1.




6.2.2

Table 11 presents the resression analysis in the relation
between stress and rupture time, in which the selected sig-
nificant degrees of equation were both simple and quadratic.
In every type of tubes at every test temperature, the
contribution percentage is seen higher than in the case of
the pressure vs rupture time correlation. One of the
reasons is probably that these data were obtained by only
one test institute. 1In the case of pressure vs rupture time
the contribution percentage was lower at 600°%¢ than at other
test temperatures, and the same phenomenon was found also in

the correlation for combined tubes A and B.

Figs.l8, 19 and 20 vere drawn up by digital plotter of the
confidence intervals at 95% confidence coefficient and the
regression curves in the selected equation of the significant
degree. Data deviation was higher for tubes A and B combined
than for tube A and tube B.

Stress - Larson-MNiller Parameter

Table 12 shows regression analysis results for the relation
between stress and LMP obiained in the same manner as in
section 6.1.2. The significant degree in the selected equa-
tion was quadratic for tube A, cubic for tube B, and
quadratic for tubes A and B, same as in the pressure vs

rupture time.

Figs.2l, 22 and 23 present confidence intervals at 95% confi~-
dence coefficient and curves of selected regression equation
of significant degree with a paramcter constant adopted by
statistic method, The tendencies of regression curves at
high temperatures in long test time were different between
tube A (Pig. 21) and tube B (Pig. 22) as in the pressure vs
rupture time correlation. It is obvious that combined
analysis of tube A and tube B does not bring about high
contribution and that tube A has higher rupture strength
than tube B.

= 10 =



6.2.3

Stress - Temperature

The relations between stress and temperature in 1,000 hrs,
3,000 hrs, 10,000 hrs, 15,000 hrs and 30,000 hrs obtained
from the selected regression equation and the confidence
intervals in the stress<LMP correlation are shown in Figsa.
24, 25 and 26, In the case of tubes A and B combined (Fig.
26), the stress value from the regression curve at 650°C

for 10,000 hours was 11.8 kg/mm? and the stress value from
the lowest limit of the confidence interval at 95% confidence

coefficient was 9.2 kg/mm2.

6.3 Uniaxial Tensile Creep

6.3.1

6-3-2

6.3.3

Creep Curves

As an example of obtained creep curves, curves at 65000 are
ghown in Fig. 27. It indicates that where initial stress
and test time are same, tube A has higher creep rate than
tube B. In the strain calculation, the elongations between
the edges of the test piece and the edges of the tight
drawn spot are disregarded because the ratio of the elonga=-
tion of this parts to the elongation measured between the
edges of the test piece was less than 1/20 after rupture.

Siress - Minimum Creep Rate

Fig. 28 presents relation between stress and minimum creep
rate. Curves were applied by the method of visual fit to
the plots obtained in each type of material at each tempera-
ture. Apparent difference was seen between tube A and tube

B, the former showing higher creep strength than the latter.
Stress ~ Time to Reach Specified Full Elongation

The relations between stress and time to reach full elongations
of 0.5%, 1% and 2% are shown inFigs. 29 and 30, All the test
pieces except 4 test pieces of tube B attained full elongation
of 2% before they were ruptured.

- 11 -



6.3.4 Stress - Temperature

Of the relations between stress and temperature producing a
fixed minimum creep rate, Fig. 31 presents the curves obtained
from the stress vs minimum ereep rate relations and Figs. 32
and 33 show the relation between stress and temperature that
effects a full specified elongation in a fixed time; the former
indicates creep limit at each temperature, while the latter
indicates 1imiting creep stress at each temperasture under each
total strain. Both the creep limit and the limiting creep

strees are seen higher in tube A than in tube B. The creep

limit at which the minimum creep rate attained 10~4%/hr at
650°C (Pig. 31) vas 13.7 kg/mm2 for tube A and 11.8 kg/mm2
for tube B, The limiting creep stress at which full elongation
of 1% was effected at 650°C for 10,000 hours was 13.0 kg/mm2
for tube A (Fig. 32) and 10.4 kg/mm2 for tube B (Fig. 33).

6.3.5 Rupture Time - Minimum Creep Hate

The relation between rupture time and minimum creep rate
obtained at a same stress from uniaxial tensile creep test

is shown in Fig. 34. The results for both tube A and tube B
were approximated to a straight line, though somewhat deviated.
Vhere the minimum creep rate is same, rupture time is seen

longer for tube A than for tube B.

6.4 Correlation between Internal Pressure Creep Rupture and Uniaxial

Tensile Creep Rupture

Since the practice of a uniaxial tensile creep rupture test is
easier than that of an internal pressure creep rupture test, it
will be convenient if the rupture time of the latter can be
deduced from the data of the former by elucidating any usable

correlation between the two types of ruptures.

for this purpose, test pressure in internal pressure creep rupture
was replaced with hoop stress using the following experimental
equations that represent the relation between the ecritical
pressure of internal pressure cylinder and the tensile strength

of material,

- 12 -




6.5

P (Dy/2t;)
P (Dg/2ty; - 0.5)
P (Do/2ty = 1)

where, ¢ stands for hoop stress, P for test pressure, Do for

Equation of outside diameter : ¢

i

EBquation of average diameter : o

Equation of inside diameter : g

outside diameter and t) for thickness. The correlation between
the tensile stress obtained in uniaxial tensile creep rupture
test and the hoop stress obtained from the test pressure in
internél pressure c¢reep rupture test at same temperature for

same rupture time is shown in Pigs. 35 and 36.

Almost same results were obtained with tube A and tube B.
Their indications are that hoop stress obtained from each
equation is comparatively well related with tensile stress
énd, above all, thgt the closest corrslation seéms to come
from the equation of averége diameter which produces inter-
mediary value between outside dismeter and inside djiameter
plots. It seems generally reasonable, therefore, to relate
internal pressure creep rupture with uniaxial tensile creep
rupture by the medium of hoop stress calculated by the
equation of average diameter for the purpose of the present
test.

Comgarison between Obtained Data and IS0 Data

The ﬁniaxial tensile creep rupture data and the data of
internal pressure replaced with hoop stress in the equation
of dverage diameter that were obtained in the present test
were compared with the ISO data (ISO/TGl?/WGlO/EPT-SG) which
contain tensile creep rupture data of tubes, plates and rods
of same 316 steel as the present cladding tubes and which
were collected from England, Japan, Sweden, Belgium and Italy,

and the comparison results are shown inFigs. 37 and 38.

This comparison indicates that rupture strength at each test
temperature is slightly higher in the data of the present
test than in the IS0 data. But the data of the preseﬁt test
tend to show approximation to the IS0 data when tested for

long time.

- 13 -



Then, another comparison was made, as shown in Fig. 39, between the
estimated average rupture stress for 10,000 hours and 30,000 hours
specified to each temperature by the IS0, and the estimated rupture
stress for the same rupture hours that was obtained from regression
curves in the correlation of stress and LMP where tube A and tube -
B were analyzed in combination. As this comparison figure shows,
rupture strength of the present test is higher at 650°C and 700°C
but lower at 600°C than the I50's, but the difference in stress is

within 1 kg/mm2. The differences may be regarded, therefore,

negligible when test time is long.
6.6 Bstimated Values of Stress

The estimated values of rupture strength in 10,000 hrs and 15,000
hrs, creep limit at the minimum creep rate of 10'4%Vhr, and limjiting
creep stress to effect total strain of 1% in 10,000 hrs that were
obtained through rearrangement and review of the above tesgt results
are shown in Table 13,

6.7 Test Pieces after Internal Pressure Creep Rupture

Photo 1 shows an example of the appearance of the test pieces

after they underwent internal pressure creep rupture. These
specimens were tested by a test institute in the atmosphere of

air by the pressure medium of Ar gas. These photos show that the
aspect of rupture in the breaks is "open-door" type at low tempera-
tures. At high temperature, such aspect is seen to be “seam-like"
or "pinhole" type as shown in Photo 2.

This difference in the aspect of breaks is thought to be in
association with the ductility of the test pieces in each test

condition.

Photo 2 shows an another example of the appearance of the test
pieces tested for rupture by another test institute. They have
"seam-like" type and "pinhole" type ruptures including "seam-
like" breaks on symmetrical positions of a tube wall (tube A,
186-4, 280 kg/cm?, 526.0 hrs) and 2 “"seam-like" parallel breaks
on the same spot of a tube wall (tube A, 186-5, 250 kg/cm2,
876.1 hrs),

- 14 -




6.8 Dimensions of Test Pieces After Rupture

Increase in outside diameter (‘QD/DO, %, mean value of several
measurements) in the axial posifion of creep rupture test pieces
after ruptured under internal pressure was studied and an example
of the obtained results is shown in Fig. 40. Some difference of
increases in outside diameter of test pieces is seen in these
graphs depending on axial positions. Values of such inereases in
outside diameté} of each test piece except at or near rupture

were averaged under the consideration that such mean value will

be almost equal to the increase in outside diameter of each uest
piece as a whole, and the mean value was plotted in relation to
rupture time as shown in Fig. 41. From Fig. 41, such increase

in outside diameter is seen slightly lower in tube B than in tube
A. It also indicates that although increase in outside diameter
is seemingly independent on rupture time, it tends to be slightly

accelerated at 75000 in long rupture time.

Fig. 42 shows the relation between elongation and rupture time of
creep test pieces ruptured under uniaxial tension, obtained by a
test institute. Here, a certain relativity is seen between the
elongation and rupture time, that is, the elongation tends to
become high in short rupture time and to become low in long rupture
time, and the curve in long rupture time is inclined to become easy
at higher temperatures below 75000, at which the elongation is seen
higher to the contrary. This elongation is thought indicative of
recrystallization started in long rupture time. The elongation of
tube A is higher at low temperature but lower at high tenperature
in long rupture time than tube B. In general, the rupture time

in which the elongation tendency is reversed appears to become
shorter as temperature increases. Hence, recrystallization is

though to start earlier in tube B than in tube A.

Anyhow, within the ranges of the temperatures and rupture time in
the present test, there were found cases where increase in outside
diameter and elongation can be very small, with the minimum in~
crease value of 0.8% in outside diameter of test pieces (except

at or near ruptures) creep-ruptured under internal pressure and

- 15 -




6.9

with the minimum elongation value of 0.6% in fupturea of creep

test after tested under uniaxial tension.
Hardness of Test Pieces after Rupturé

After rupture, hardness (Hv) of internal pressure creep rupture
test pieces was measured in their axial positions. Fig. 43
shows those of tube A test pieces after long rupture time at
65000 and Fig. 44 shows those of tube B test pieces after long
rupture time at 650°C. Obtained hardness values (each plot
represents the mean of several measurementa) are somevhat varied;
one of the causes may presumably be that measuring loads in the
Vickers hardness measurements were not same in all the test
institutes. Deviation in measured values was also found in
different axial positions of a same test piece (except at rupture),
but considering that such deviation may be slight and that such
deviation may be of similar sige at other temperatures, measured
values of a same test picce were averaged. Thus, mean hard-
nesses of test pieces ruptured at 4 test temperatures in iong
rupture time were rearranged with Larson~Miller parameter
(parameter constant fixed at 20) and put into Fig. 45. In Fig.
45, each plot is given with averaged values of longitudinal
section and cross section in a same test piece, which result

in high deviation. On the whole, however, hardness shows

declining tendency within the parameter range 20 to 22.

Fig. 46 shows the relation between hardness (va 200g, average
of several measurements) of test pieces creep ruptured under
uniaxial tension at each temperature in long rupture time and
Larson-Miller parameter (with fixed constant value of 20).

The hardness of tube A is higher than that of tube B and is
scarcely affected by the change of parameter values, while

the hardness of tube B tends to become slightly lower when the
parameter value is set between 22 and 24.3. This may be ex-
plained, as stated in the foregoing section of rupture elongation,
from the presumable reason that recrystallization was takiﬁg
place earlier in tube B at high temperature in long rupture
time than in tube A,

- 16 =



6.10 Post-Rupture Structure

Photographs of photomicrographic structures taken on the fractured
portions and the opposite sides of test pieces creep-ruptured under
internal pressure are shown in Photo 3. Ruptures are seen in grain
boundaries and numbers of grain boundary cracks are found in the
vicinity of the fractured portion of tube B pieces at 700°C for
815.0 hrs. 1In these photos, effect of cold working is noted still
remaining on the longitudinal sections even after rupture took

place. (For effects of cold working, see lfable 2.)

Photographs of photomicrographic structures (in the vicinaty of

fractured portion) ruptured at each test temperature in long time
are shown in Photo 4 (internal pressure creep ruptures) and Photo
5 (uniaxial tensile creep ruptures). As seen in these photos,
precipitations are increasingly produced inside grain and on
grain boundaries as temperature :noreases, 0 -phase is precipitated
at 75000. and grain size is grown up through recrystallization.
Except grain size, there can be seen no great structural dif=-

ference hetween tube A and tube B.

The precipitation of carbide, the precipitation of ¢ -phase and
the recrystallization are closely related with the behavior of the
obtained creep rupture curves, creep curves, aspects of ruptures,

rupture elongation and hardness.

7. Conclusion

The results of the internal pressure creep rupture test, the uniaxial
tensile creep test and the creep rupture test made on fuel cladding
tubes for fast experimental reactor under non-irradiation condition

are summarized as follows:

1) Difference was found in the creep properties of type A tubes and

type B tubes trial-manufactured by 2 domestiic manufacturers,

2) Significant difference was not found among the data obtained by
all the test institutes from infsrnal pressure creep rupture tests,
Also, the data obtained from the tests made at temperatures 65000
and 700°C in the atmosphere of Ar gas for 3,000 hours max. did
not show difference by atmosphere..

- X <




3) Studies on the relation between the internal pressure creep rupture

test and the uniaxial tensile creep rupture test indicate that the

equation of average diameter can satisfactorily associate the two.

For creep rupture strength, the comparison between the present test
data and the IS0 data indicates that the strength in short rupture
time is higher in the present test data than, and is approximated
in long rupture time to, the ISO data which employed nonw-cold
worked test pieces.

As a result of statistic analysis of the obtained test results,
syress values as basic data for design purpose was obtained as

shown in Table 173,
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Table 1.

Chemical composition of tubes

Composition, wt %
Fe C Si Mn P S Ni Cr |'Mo | Co B N
Ladle | Bal. |0.072]0.58 | .67 |0.014|0.013(12.47 {1713 | 2.54 | 0.04
Tube A 0.066(0.62 | 1.65 [0.017]|0.013]12.43|16.70| 2.48|0.043(0.001|0.034
Check | Bol.
0.067(0.62 | 1.69 [0.020[0.015(12.40{16.72| 2.45|0.043(0.001(0.035
Ladle | Bal. {0.079; 0.60 | 1.60 |0.003{0.016(13.25|16.75| 2.45 {0.03 [0.0003{0.0162
Tube B 0.079| 0.60 | 1.60{0.002|0.011{13.23|16.80| 2.58 | 0.0 {0.0002]|0.0164
Chec | Bat 0.07710.60 | 1.6 0.0Q2 0.012/13.12 | 16.75 2.60/ 0.0 |0.0002|0.0172




T T

Table 2. Grain size, microstructure, hardness and surface roughness of tubes.

_ Grain size Surface Hardness
Photomicrograph (ASTM No.)| roughness (Hv )

Inside surface| Longitudinal

1.0 S 289
Tube A ©.0
Outside surface | Transverse
i .6 S 283
| Transverse ? A wt Longii*uaina‘
Inside surface| Longitudinal
260
0.8 S
Tube B 7.0

Qutside surfacel Transverse

(.5 S 254

Transverse 0.1 mm Longi‘i’udi nal
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Table 3-1 List of internal pressure creep festing apparatfus
Institute No. of No.of specimen | max. Pressure max. Temperature | Pressurizing | Atmosphere

apparatfus | per apparafus ( kg /cnr?) (°C) medium
NRIM 5 2 500 800 Ar Air
HITACHI | 2 500 800 4 Ji¥s
KO BE 5 3 50 O 800 ’ Air
SUMITOMO 5 3 500 800 ” Ar
PNC 10 I 500 750 v Ajr

Table 3—-2 List of tensile creep -testing machine
fnstitute No. of No. of specimen; max. Load max. Temperature Atmosphere
. apparatus | per apparatus ( kg ) (°C)
NRIM 28 I 750 ~1,500 800 Aijr




Table 4

Test Condition

Pressure or

Test Temperoturq Stress Level ( Rupture Time or
(°C) Testing Time )
Internal Pressure 600, 650 4 Level
Creep-Rupture| 700,750 ( 100, 300, 1000, 3000 hr)
Uniaxial Tension| 600, 650 Creep — Rupture y 4 Level
Creep-Rupture| 700,750 ( 100, 300, 1000, 3000 hr )

and Creep

Creep ,» 9 Level

( max. 10,000 hy

)




Table 5 Results afcreep-tupture fests under internal pressure for TubeA.

Institute NRIM | KOBE [HITACHI| PNC [SUMITOMO

Temp. Pressure|No.of | Time fo [No.of T‘amfeTo No.of | Time fo Noof (Time fo {No.of Time fo
o kg/cm 2 | Speci. rupgl:re Speci. ruphyre speu.rupglrjre speci, ruphTrure Speci, ruprwre

;:e . -
. 370/1907] 277.7(1098|(140.8) | — | — |u63| 3715 —| —
o . >
355(190-4| 876.4(160-5| 5393 | — | — |46-8| 1159, | | —
800 155-7| 9390 . C
350 qo|is71.2]43|24545 | — | — |466|20853| — | —
310 |ieoalaoags| 095 [2914.°| — | — |1268]2308. | — | —
310 [1903| 1684 144-2((1038) |186-3| 103.7 |146-9| 1727 |508| to5s)
2801869 316.6| 1 2 311,47 864| 5260 |146-5| 578.|2365| 4831
650 ©1169-2| 364.8° 5260 8. 83.1

“1162-8(1300.0 N °
250115551 100, 1694 1389.0° 186-5( 876.2 (146-7| 916.5|2387|(201.0)

225|158/ 2203.5(1957 1212-2 | 86-6{ 26011 [126-4 58585 | 256:6{ 2519.4”

| 220 —| — |iro|2ee| —| — | —| — |- | —
215|552 2765 — | — | — | — |ug4| 2695 — | —
700 | 185 |1608| 8401 (1697| 5230| — | — |me2| 337" — | —
| 5O [160-2 !449.; 160-6 1527’.5o — | — {1267 1618.0 — | —
155 |190-2| 22434{109-9(25608] — | — |2084] 29025| — | —
150 [190-9| 176.6}169-3| 2005| — | — |i1aea8| 214 — | —
115 [1908] 612.0(1577| 630.1| — | — 126212205 — | —
loo|— | — |ies9lsl2s| —| — | —| — | — | —
750 :
95| — | — | —| — | —| — |575|1604°| — | —
80 |190-5 rsss.r - — = — | = — | =] —
70 (1554 | 24196 1603 [3510.8 | — | —  |i265 (39802 — | —

Parentheses show the reference values of specimen ruptured at welded spot |

Morks( e,0) show the values applied fo statistical anolysis of the relation between
pressure and time fo rupture.

Mark ( ) shows the values applied to statistical analysis of the relation between
pressure and Larson -Miller parameter .

_62_




Table 6 Results of creep-tupture fests under Internal pressure for TubeB.

institute | NRIM | KOBE |HITACHI | PNC [suMiToMo

Temp. P&essure Noof(Time 1o INo.of Time fo iNo.of [Time 10 |No.of [Time o |va.of [Timeto
oc |9 |spec rupglt{re Spec mpglrJre speci. rupht}yre speci mpg'gve Speci, rupfure

hr
370 o8 119.2] — | — | —1 — los=| 1775 — | —
355 |018-9| 266.2 oozl 850 — | — low-7| 173.°| — | —
600 | 330 (10041 288.6 |ows| 3060 | — | — |oss| 350 — | —
1012-4] (302.Dinnon. 2| — . *f |

510 X4 302 Dimans| 15665 1029-4| 556.

280 |0i27|14994 — | — |—| — |—} — | —| —
510 foizs| 107.7 [ ®Seloigol 713 00-2| 73 oore| es.6

i *11004-8] 2013 |~ g ® o
280 |I012-8| 154.5 004 | 209" 1018-3] 192.21036-2{ 251, |l007-1| 127.0

650 | 250 |0032| 3689 [noos| 26951061 2867 o36-9| 548! (0078 (3220

. - * ' [
225 (0129] 699.7 g | 4521 loig-6| 5836 foi-9) 739 |i0076| 5953

©
185 (03418340 — | — | —m| — | —| — | — | —

*linzzr; Loy| | ] ®fnna. y
215 |oz-2| 1278 [T} (LO) 0367| 141. {10073 899
L] ] @
185 0035 3238 10095 | 3224| — | — |ioi-2| 231.3 0011 2883
155 | — | — |o92{@rrs)| —| — | —| — |—| —
?OO [ ] Py [
150 |0i2-1| 7038| — | — | — | — |io224] 5727 00r9| 57686
135 |10042]1038.8|10049| 13047 | — | — |oi-8] 1378 {w077| 815.0
NS fooas|281.0] — | — |—| — | — | — | = | —
150 [1003-3] 1221 [oozes| 14301 — | — 0365|1078 — | —
115 [l003-1] 317.3 [loo26| 5093 — | — lozssl 2615 | — | —
9B|—| — |~ — |—| — |oeefi1a2] — | —
750 _
90| — | — lis|i0953| —| — | — | — | — | —
golosrlieses| — | — | —| — | = — |—| —
70 (0044)169201004-6|30508| — | — |0295]22018| — | —
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Table 7 Resultsof creepand rupture tests under niaxial tension for Tube A

Temp. [Stress| Noof :,';ﬁgg;'s Time for total sirain, by~ |Minimum| Time 1o | Elon-

Creeprate | rupture |gation

o k 1 t o o o o
C e |Secimen; sttgin 105% |1L.0% |20% /e | e | %

31.00127-5| — — — -— 216.2| —

230 156-4 — —_ —_ e N 452.4' —_—
~1220-8/035.] 5.0| 575 2i100(62x10°| 6304| 0.2
opo st — | — | — | — | — | gaes] —
600 220-2| 0.306| 8.0| 114.0]6890]1.5axiG%| 16440 | 7.1
oqo L0l — | — - [ = — leossg| —
. 247-5| 0.2i4| 540| 9730|3842 [24.x16°%|5018.2 | 53
I 220 (2204 | 0.190 | 1070 | 4280| — |85ox10® [ T5inmes | —
18.0|1247-3 | 0.164 |5020 | — | — [z0sx0®|Tatiues | —
7 24.0127-2| — | — — | — | — 968" —
| 210{1175| — | — - | - | = ag18 | —
o173 — | — — | — — 1914.6° | —™
| 247-15| 0163 | B20| 6550|1375 [764x16%] 22904 | 7. |
650 eokl7-al_— | — - | - —  leoc2a7| —

247-11| 0.152 1672,0| 2335 | 3945 | 23,6 | 4971.8 | 4.0

15.0[247-4 | 0.130 | 1045 | 4530|7632 [13,:10° | 85283 | 2.8

[:]
4.0 247-8B | 0.120 | 2047 | 621510085 |1.0sxi0* 105355 | 2.4

13.0 | 220-6| 0.129 | 2207 | 6580 9705 | 980" [Hegens | —
8.0l lho6] — | — | — — — 1320 | —
o276l — | — | — | — — 243.0: —
i 247-9/ 0.6, | 14.8| 539| 109.6|1.2gx10°%] 234.9 |10.3
oploal — | — | — | — | — lioso7]| —
i 200 2205 0.15: | 101.56| 3980| 8160|1.6.xic3 12485 | 4.7
- hokt833, — | — | — | — | = lzas0s| —

2205 | 0087 | 381.0| 1086 | 1925 [6Sexic*| 24578 | 3.6

10.0] 24716 | 0.088 | 8400| 2375|4109 |29x16*| 560839 | 4.3

gl o5 | — — — | — —  |azssg| —
. 0
24712)| 0.083 | 1152 | 3422|5543 |1.oxIG? |6028.2| 2.6
13.0| 112-6 | — — — — — 102,06 —
[1.0]156-5 | — —_ — — — 27i.8| —
153-4. | — — — —_ —_ 6583 | —
2.0

2207 | 0100 | 790( 2108 577034103 s7as5]| 7.0

750 |_7-0| 247-10| 0.07: | 3700| 8740( 1431 [BIexI0*| 20485 &7

6.0| I56-2] — — _— —_ — 25622 —

55| 247-15| 0.05: | 1073 | 2527 | 3814 [2. 72107 | 55038 | 4.2

5.0]247-7 | 0.04: | 2110 | 4630 | 7912 {1.5,xI10* |11625.2]| 5.i

e lHnz-2| — — — —_ — 16518.8] —
T | 247-14| 0.032 | 2225 | 4047 | 6078 |1.5.%10° [l105359.4| 4.9

Marks(e,0) show the volues applied fo siatistical analysis of the relation between
stress and time to rupture . _
Mark («) shows the volues opplied to statistical analysis of the relation between

stress and Larson-Miller parameter.
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Table 8 Results of creepand (upture tests under uniaxial tension for Tube B

Instan-

Temp. | STress| No.of [{picr Time for total strain, hr | Minimum| Time fo Elon-
. k i . Creeprate | rupture | gation
C | Pz |Shecinen 5@;‘” 05% | 1L0%|2.0%| »/nr | thr %

g0 H049-1| — — — | — - _ 143.2: —

1005-1{ 0.3, 52| 369| 91.0[1.5,xI0°| 1603| 56

27.0 |10i15-4| — — | - | — — 52|.§ —

600 | 240 015-2| — — — | — — 919.0| —
051-5| 0.22¢ | 356| 2840| 7405|15:x10% s8s55( 2.6
21.0[1050-3] — | — | — | — — | 23720 -

20.0 [1051-3 | 0174 | 201.0| 2049 | — | 23,410°| 23248 1.2

18.0 [1005-5 | 0169 | 716.0| 5443 | — | z6ox10%| 7578.81 1.7

16.0 105113 | 0.106 | 4679 | — | — [ z7exgo 0o —

21,0 10483 | — — | — — | — 1708 | —

180 H042-2 — | — — —_ 639.8: —

1005-9 | 0.16¢ | 520| 257.0] 5170{22sx16%| 621.2 | 4.

16.0 1050-I —— — - - ""-_ 1298.8: -
650 1005-3 [ 0.145 | 167.0| 7580 1274 | 75.x10* 1587.8 | 25
140 JI05I-15 | 0.127 | 8|70 | 1979 | — |26.16*| 28558 | |9

13.0 1049-2 — —_— - — -— 5215.%_ —
1051112 | 011, | 1510 | 3148 | — [L8sx(0*| 40017 | | g

12.0 [1005-12 | 0.085 | 2231 | 4343 | 5985(1.2:x10%| 6080.8 | 5.0

[ LO [1049-3 | — — — - — | &736.5 —

16.0 Jlo4g5| — | — | — | — — | 1259 | —

13.0 i042-5 - _ - - - 5!8.4? -

100543 | 0.126 | 85.6 | 2385 | 3670|28x103| ass8 | 5.0

o oag-i | — | — | — ] — — | 890 | —

700 051-11 | 0.094| 2832 | 655.0| 1002 |9.42xG% 1177.2 | 3.4
1 0.0 [1005-2 | 0.08s | 4790 | 1030 | 1567 | 58%10%| 1878.9 | =4

go [l0484| — | — — — — |20695] —

1051-9 | 0.07s | 6525 1427 | 2206 | 4isx13*| 25528 | 2.9

8.0 _|1005-4 | 0.074 | 1096 | 2329 | 3618 | 2.70x1G° 45043 4.5

o Jos3| — | — | — | — — 1718 | —

20 1042~ — - — _ "—_3 465.4; —

1051-4 | 0.08s | 830[ 1965 | 3165 | 35:xi8°] 415.0| 4.0

7.0 |I05-14 | 008, | 2620 5338| 8245 1162103 | 1112.4 | &0

POl eoloss| — | = | = =T = 19116 | —
50 |I051-2 | 0.055 | 9440] 1711 | 2597 35,x0°| 308258 | 6.1

g5 |0423 | — | — | — | — | — Jeos05] —

1051-1 | 0.036 | i646 | 3072 | a578]| 20.,x16%| 60011 | &1

4.0 |1005-6 | 0.039 | 2747 | 4276 | 5677 1.3oxi0 *| 108417 | 14.5
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Table 9 Regressionanalysis of the creep-rupfure dataunder infernal pres-
sure represented by the relation between pressure and time fo rupture |

ninumber of observed value ,F(0.05) -

Degree | FO(RES) F* | SD(RES)
Tube \Temp.| of  ifficfaen ~ | FC0.05) | 2(Sue77 [20i-10°

‘c |Polynonid /’%/i'k@ Lvi-y)# b n
O | 18.409525| 5.120|0671647]0.190100
| 600 5 3.947942| 5.320 | 0.780144] 0.155554
(D |187.035767| aaio|o9iessl| 0117086l
A 6505 4. 141062 | 4.450 | 0.933812| 0104335
(D |160.859848 | 4.960 | 0.947015| 0.087363
| 0T, 0.045676 | 5.120 | 0.947316] 0.087/14
I 56 (D |258.422784 | 5.120 | 0,969973| 0.078020
2 3.269992 | 5.320 | 0.979533| 0.064412
. @O | 55989340 | 4.960 | 0.799953| 0.173013
00 0.001282 | &.120 | 0.800002| 0.172992
(D |a13.696265 | 4.260 | 0.947332| 0.087047
B 030 2 2.556591 | 4.280 | 0.952815| 0.082392
700 L |288.986305 | 4.670 | 096015] | 0.080685
1 2 0.549646 | 4.750 | 0.962028| 0078742
O |219.838639 | 4840 | 0956491] 0104213
730 T .252361 | 4.960 | 0.961806 | 0.09764
f! D | 13.095055 | 4350 | 0.395680| 0348477
600 5 .258507 | 4.380 | 0433222] 0557479
650 @) 4.692817 | 4.070 | 0.7414i8 | 0.225564
AardB 3 0.000201 | 4.080 | 0.741420| 0225563
D | 93.043755 | 4.280 | 0801799 | 0.180369
700 5 0.9584(6 | 4.300 | 0810073 | 0.176564
750 @D |271.475126 | 4.350 | 0931384 0.125046
2 2.040303 | 4.3580 | 0.958037] 0.119685

Yi i logarithms of observed value ¥ ; mean of logarithms of observed value,
Yik ; logarithms of estimated value at k-th degree of regression equation,

value in the F-Table at Significance

level of 5%, r*; confribution, so: standard deviation, Round mark ; signifi-
cant degree of regression equation .

_66._




Table 10 Regression analysis of the creep-rupture data under
internal pressure represented by the relation between pressure

and the Larson-Miller parameter .

Tube | OF iifficfon)’ | Feoos) |s¢ti-%7 EChifiky?
POIynommI ngvij-yt) 5(Yi-9)2 n

A (@) | 49.2508435 | 4.045 | 0.89227 |0.130528
3 1.318635 | 4.050 |0.89564 | 0.128470

5 5.380995 | 4.008 |0.93512 |0.1114I8
a 5.721488 | 4.012 | 0.9390! |0.108024

' 21.040552 | 3.929 |0.72752 |0.235072

Aand B > :
3 |.528844 | 3.928 | 0.73162 |0.235299

Yi ; values of LMP calculated from observed value,Y ; mean val-
ue of LMP calculated from observed value, Yik; estimated values
of LMP at k-th degree of regression equation,n; number of observed
value, F(0.05); value inthe F -Table of significance level
of 5% , r?; contribution, sD; standard deviation, Round mark;
significant degree of regression equation .
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Tablel | Regression analysis of thecreep-rupture data under uniaxial
tension represented by the relation between stressand fime to rupture.

Degree FO(RES) r? SD(RES)

Tube [Temp.| o isaal | F00s) [scuer [
o [Polmomicl (1i-fik® SornE 1

n-T-k_

500 (D) [193.718773 | 5.990 |0.974839 | 0.078596

2 0.007570 | 6.610 [0.974886 | 0.078621

(@ | 33.648239 | 6.610 |0.997075 | 0.035549

an %29 s |.657270 | 7.710 |0.997932 | 0.02989!

00 ® 6.921388 | 5.990 [0.985387 | 0.070419

3 2.627653 | 6.610 |0.989838 | 0.058724

250 LD |412.794942 | 5.990 |0986673 | 0.075233

2 1.229049 | 6.610 |0.988500 | 0.U67404

500 () |405.502286 | 5.990 |0.985418 | 0.068760

2 1. 155055 | 6.610 |0.988155 [0.061974

650 |_@ | 11925234 | 5990 |0.992047|0.040302

B 5 3.692956 | 6.610 |0.995425]0.031020

200 (D |275.31058] | 5.320 |0.975205 |0.069943

2 3.507173 | 5.590 |0.984352(0.055564

750 (D |2030687664 | 5.590 |0.997054 |0.030116

2 0.058811 | 5.990 |0.997088 |0.029942

506 O | 22.861091 | 4.670 |0.634432|0.327239

2 1.529417 | 4.750 |0.675757 |0.508188

650 @ 5.302229 | 4.600 |0.794952 |0.256965

Agnd B 3 0. 624808 | 4.670 |0.804355 [0.251004

200 (D {103.969833 | 4.450 |0.852469 |0.196119

2 |. 768944 4.490 |0.873459 0.18610]|

250 (D |387.130395 | 4.600 |0.965099 |0.110934

2 0. 626055 4.670 0966702 [0.108355

Yi ; logarithms of observed value, ¥: mean of logarithms of observed value,
Yik ;logarithms of estimated value at k-th degreeof regression equation,

n; number of observed value, F (0.05); value in the F-Tableat Significance
levelof 5%, r?: contribution, SD: standard deviation, Round mark ; signifi-

cant degree of regression equation.
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Table [2  Regression analysis of the creep-rupiure datg
under uniaxial fension represented by the relation between
stress and the Larson-Miller parameter .

Degree | _TOCRES) r? |SD(RES)
'~ 2 S0 = x
Tube Pol?lfomfﬂl ZW%*. | FQ0.05) [ 2(%ik-1? | Feviznee
y Ao R R
(2 | 85.414595 | 4.225 | 0968320102436
A
3 | 0011957 | 4.240 | 0.96857|0.102359]
5 6.684070 | 4.200 | 0.98547|0.0594i2
4 | 0.056541 | 4.215 | 0.98553|0.05928)
12174625 | 4.008 | 0.78895|0.24529
Aand B @
3 | 0541474 | 4.012 |0.79116 [0.244004

Yi ;values of LMP calculated from observed value, ¥ mean
value of LMP calculated from observed value  Yik: estimated
values of LMP at k-th degree of regression equation, n;num-
ber of observed value, F(0.05); value in the F-Table
at signiticancelevel of 5+, r2; contribution, SD; standard
deviation, Round mark;; significant degree of regression equa-

tion..
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Table 13 Estimated values of stress obtained. (kg/mm?)

Tempera- | Internal pressusé“ Uniaxial tension
ture

Rupture fests Creep tests under
2 uniaxial tension

10.000hr| 15.000 hr | 10.000 hr | 15.000 hr |Minimum crggg |% total strain
%3 | %4 | %3 |%4 X3 |x4 | %3 x4 |rafe Of§543’ohr in 10.000 hrxﬁ

600°C |19.1]15.5|179(14.5]18.0/148 | 17.0]13.9 18.3 16.4

650°C (12.7] 7 |11.6/ 8.6| 11.8] 92|11.0| 85 1.8 (0.4

r00°C| 75/48|63] 39| 72| 50| 66| 45 6.4 5.6

750°C| — | — | — | — | 38/ 20| — | — 3.6 3.0

%1

The hoop siresses, being calculated by the mean diameter formula taking the dimension of the fuel

cladding tubes as 6.3 mm in outside diameter and 0.35mm in woll-thickness, were obtoined

from the relations of temperature versus pressure for Tubes A and B { Fig 17).

The tensile stresses were obtoined from the relations of temperature versus stress for Tubes Aand B (Fig.z26).
The values were obiained from the regression curves. .

The values were obtained from the curves of the lower confidence limit at the confidence coefficient of 95%.
The estimated mean values were obtained for Tube B, the values of which were smaller than those of Tube A.
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Photo, 1 Appearances of specimens after creep-rupture tests by internal pressure creep

testing apparatuses of the same institute.
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186 4, 280%, 526.0hr, )

LU 83,

280% 192.2hr

186- 4, 280%, 5260hr, SPROSILE side

1018-5,

250%, 346.2hr

1B6-5, 250%, 876.1hr

1018-6,

225%, 583.6hr

Tube A b 1

Tube B

Photo. 2 Some examples of superficial cracks of specimens ruptured under

internal pressure at §50C.
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. Vicinity of fractured portion
Fractured portion, Transverse

Transverse Longitudinal

650°C , 1007

Tube B, 700C., 1007 7, 135%, #150hr

Photo. 3 Some examples of photomicrographs of specimens suptured under

internal pressure.




700C, 135%, 23698hr

EEREN

g

750‘0! 70%: 3510.8hr 70%! 30308hr
Tube A p——— 0.05m Tube B

Photo. 4 Photomicrographs of specimens of long- term ruptre at each

temperature tested under internal pressure (transverse),
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l. Scope

This Specifications specifies AISI #316 stainless steel seamless pipes

used for fuel cladding tubes for fast experimental reactor.

Unless otherwise specified, products under this specifications shall

conform to the requirements of A-450 of the ASTM.

2. Reference Standards

AGTM A-450  General Reguirement for Alloy Stecel Tubes
E-165 Liquid Penetrant lnspection
A-370  Mechanical Testing of Steel Products
5-112  Estimating the Average Grain Size of Metals
- 45 Determining Inclusion Content of Steel

A~262 Intergranular Attack in Stainless Steel

3. DManufacture
3.1 Melting
Material shall be vacuum-melted.
5.2 Heat Treatment and Cold Vorking

After processed by solution heat treatment, products shall be
treated with cold working of 8% to 15%. If necessary, products

shall be treated with stress relief annealing.

4. Chemical Composition

The chemical composition of products shall conform to the require-
ments of Table 1.




Element Weight percent

Carbon 0.06 - 0.08
langanese (maximum) 2,00
Phosphorus ( " ) 0.03
sulfur ( " ) 0.0%
Silicon ¢ " ) 0.75
Nickel 11.00 - 14.00
Chromium 16,00 - 18.00
Molybdenum 2.00 - 3,00
Cobalt (m&ximum) (.10
Boron ( " ) . (.001
Nitrogen {( " ) 0.035
Iron Balanée

Table 1. Chemical Composition

The suppliers shall make analysis of each heat, shall confirm that the
specifications are met, and shall submit report thereof to the purchas-
ers. The suppliers shall also make analysis of each lot of products

in accordance with the sampling method and sampling rate specified by

the purchasers, and shall submit report thereof to the purchasers.

.1 Definition of Heat

Heal shall be defined as a single and uniform melt.

liot shall mean products of same dimensions and same thickness
continuously manufactured from same heat, annealed it same anneal-

ing batch, and inspected continuocusly.

lMechanical Properties

Products shall have mechanical properties conforming to those speci-
fied in Table 2, Sampling method and sampling rate shall be specified

by the purchasers.



6.

AL

Mechanical Properties at Jloom Cemperature (Minimum Value)

Tensile strength 0.2% Yield strength FElongation -
(kg/mm?) (kr/mm?) 50 mm (%)

60 40 25

Mechanical Properties at 65000 (Minimum Value)

fensile strength 0.2% Yield §trength Elongation -
(kg/mm?) (kg/mm<) 50 mm (%)

30 20 15

Table 2. Mechanical Properties

Structure

6.1

6.2

Grain Sirze

Test shall be made in accordance with the method specified by the
ASTH E-112, and with the sampling method and at the sampling rate
specified by the purchasers, and maximum grain czize shall not he

more than ASTH <6.
Inclusions

Haterial and inclusion in final products shall be inspected in

accordance with the requirements of ASTH £-45.

nampling method, sampling rate and criterion for judgement shall

be specified by the purchusers,

Dimensional adccuracy

?-l

Straightness

Products shall be free of breaks or twists. Bend shall not be
more than 0.75 mm per 1,000 um. Inspection shall be made to all

products.



7.2 Circularity

Circularity is defined as the difference between the maximum value
and the minimum value of inside diameters. Circularity shall not

be more than 0.05 mm in all products.
7.3 Dimensional Tolerance

Inside diameter, outside diameter and thickness shall be within
the limits of the following tolerances. Inspection shall be made

on all products.

Inside diameter (mm) t 0.025
Outside diameter (mm) + 0,030
Thickness (mm) + 0.030
Lenzth (mm) +18

8. Surface Pinish

Inside and outside surfaces of products shall be free of harmful
deposits or stains including oxides. GLurface roughness shall not

ke more than JIS 35,

4. Cleaning

In cleaning, use of cleaninr arent containing chlorine is not desir-
able. The suppliers, when determined or intended to use cleaning
agent containing chlorine, shall inform the purchasers thereof at
the time of inquiry and shall state in inspection report that
residunal chlorine on the surface of products is not more than

0.008 mg per 10 em? surface area. Inspection method shall be
approved by the purchasers. Inspection method shall be approved

by the purchasers.

10, Test and Inspection

10.1 Mechanical Strength Test




10.1.1 Flattening Test
Flattening test shall be made in accordance with the testing
method specified by ASTH A-450 and the sampling method speci-

fied by the purchasers.

13.1.2 Waring Test
FMlaring test shall bhe made in accordance with the testing
method specified in the ASTM A-450, and with the sanpling

method and sampling rate specified by the purchasers.

1¢.1.3 Hardness Best
Hardness shall be tested in accordance with the sampling

method and sampling rate specified by the purchasers.

10.1.4 Hydraulic lest
All products shall be hydraulically tested at room tempera-

ture under the pressure determined by the following equation:

25t

P S22

D

P : Pressure

3 ¢ One half of 0.2% yield strength in Table 2.
Wominal thickness

D : NKominal outside dismeter

10.1.5% Hydraulic burst Test
Hydraulic burst test shall be made in accordance with the
sampling nethod and the sampling rate specified by the purchas-
ers, and the burst pressure shall not be less than 800 kg/cm2
and the yield pressure shall not be less than 650 kg/cm2.

10.2 Tlaw Detecting Test

10.2.1 Perneability Test
All products shall have permeability test made on their surface
in accordance with the method specified by the ASTM BE-165, and

shall not have any visual defect.




10.2.2 Ultrasonic Flaw Detecting Inspection
Ultrasonic flaw detecting inspection shall be performed on all
products using suitable apparatus, and those products to whieh
defective signal equivalent to or more than the signal in the
standard specimen was given shall be unacceptable. 3aid
standard specimen shall have an artificial defect 0.025 mm

deep and 0.75 mm long longitudinally and laterally.

10.3 Corrosion Test

10.3.1 Grain Boundary Corrosion
The sections of specimens sampled in accordance with the method

and rate specified by the purchasers shall be observed under a
microscope of 100 magnifications without etching, and shall

show no grain boundary corrosion.

10.3.2 Corrosion Resistance
Corrosion test shall be made on producté in accordance with the
ASTM A-262. This test shall include tests for grain houndary
corrosion produced by the precipitation of chromium carbide
and by signa deposit. The criterion for acceptance shall be

specified by the purchasers.

11, Sampling Method and Sampling date

The sampling method and the sampling rate shall conform to the require-

ments of the Quality Control Regulations set forth by the purchasers.

12. Handling, Packing and Transportation

Products shall be carefully handled, packed and transported to be

protected from damage on their surface.

Products shall be individually packed in paper or polyethylene and
shall be transported in containers capable of protecting them from

bending or damaging force.




13.

The transportation containers shall have the following marking clearly

shown:

1) Order number
2) Name of supplier
3) Grade

4) Dimension

5) Lot and heat or ingot numbers

Documents dequired for Submission

The suppliers shall submit the purchasers the following documents

and speciwens on designated date and ehall have them approved by

the purchasers.

No. of - L.

Item Copies Submission Date
Manufacturing Procedures Prior to'preceding test
Quality Control Regulations "
Descriptions of Manufactur-
ing Egquipment "
Menufacturing & Quality
Controlling TForm "
Manufacturing Schedules w
Preceding Specimens "

Test & Inspection Results 3 Within 30 days after test
or inspection
Lot Records 3 hithin 30 days after manu-

facture (lot




SN2k ~71~55

Creep Tests on Tuel Claddings
for Experimental Fast Reactor, "JOYO"

- the Primary Test -

Abstract

As a part of investigating hipgh temperature characteristics of "JOYQM
fuel claddings, made of AISI 316 stainless steel, creep rupture tests
under internsl pressure, creep and creep rupture tests under uniaxial

tension are presented in this report.

Two kinds of test cladding tubes, A and B, were prepared and tested at
600°C, 650°C, 700°C and 750°C with the target maximum rupture time of
3,000 to 10,000 hr. The results were as follows:

1) Some difference was observed in the creép characteristics between

A and B claddings.

2) With regard to creep rupture tests under internal pressure, no
significant difference was observed between the data obtained at
the cooperating firms and institute. No difference in data due to
argon gas atmosphere itself, moreover, was found out between those
at 650°C and at 700°C, test time for both being about 3,000 hr.

3) Review on the results of creep rupture tests under internal pressure
and of those under uniaxial tension indicated that the both were

well correlated each other in the mean diameter equation.

4) Comparing the creep rupture strengths obtained in our experiment
with those by IS0, it was suggested that, with regard to non-cold=
worked cladding, our data were somewhat larger than ISO ones in the
shorter time side while the former were closer to the latter in

longer time side.
November, 1971

Creep Sub=Group

FER Materials Subcommittee
FER Fuel Design Committee
PNC




The work was undertaken by ten sub-group members, each two of them being
the representatives of five organizationsj they are National Research
Institute for Metals, Kobe Steel, Ltd., Sumitomo Metal Industries, Ltd.,
Hitachi, Ltd. and Power Reactor & Nuclear Fuel Development Corp.




