Journal of Nuclear Materials 403 (2010) 68-74

journal homepage: www.elsevier.com/locate/jnucmat

Contents lists available at ScienceDirect

Journal of
Nuclear Materials

Journal of Nuclear Materials

Master curve characterization of the fracture toughness behavior in SA508

Gr.4N low alloy steels

Ki-Hyoung Lee **, Min-Chul Kim®, Bong-Sang Lee ®, Dang-Moon Wee?

2 Department of Materials Science and Engineering, KAIST, Daejeon 305-701, Republic of Korea
b Nuclear Materials Research Division, KAERI, Daejeon 305-353, Republic of Korea

ARTICLE INFO

Article history:
Received 7 January 2010
Accepted 31 May 2010

ABSTRACT

The fracture toughness properties of the tempered martensitic SA508 Gr.4N Ni-Mo-Cr low alloy steel for
reactor pressure vessels were investigated by using the master curve concept. These results were com-
pared to those of the bainitic SA508 Gr.3 Mn-Mo-Ni low alloy steel, which is a commercial RPV material.
The fracture toughness tests were conducted by 3-point bending with pre-cracked charpy (PCVN) spec-
imens according to the ASTM E1921-09c¢ standard method. The temperature dependency of the fracture
toughness was steeper than those predicted by the standard master curve, while the bainitic SA508 Gr.3
steel fitted well with the standard prediction. In order to properly evaluate the fracture toughness of the
Gr.4N steels, the exponential coefficient of the master curve equation was changed and the modified
curve was applied to the fracture toughness test results of model alloys that have various chemical com-
positions. It was found that the modified curve provided a better description for the overall fracture

toughness behavior and adequate T, determination for the tempered martensitic SA508 Gr.4N steels.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The reactor pressure vessel (RPV) is the key component in
determining the lifetime of nuclear power plants because it is sub-
ject to the significant aging phenomenon of irradiation embrittle-
ment and there is no practical method for replacing that
component. For materials used for the RPV, sufficient strength
and toughness are required to prevent failure against the operating
conditions and the aging degradation of materials [1,2]. Various
studies have focused on improving mechanical properties by the
controlling heat treatment conditions and chemical composition
of conventional RPV steel, SA508 Gr.3 Mn-Mo-Ni low alloy steels
[3,4]. On the other hand, some research is currently being con-
ducted to indentify new materials with higher strength and tough-
ness for larger capacities and longer lifetimes of the nuclear power
plants. SA508 Gr.4N Ni-Mo-Cr low alloy steel, in which Ni and Cr
contents are larger than conventional RPV steels, may be a candi-
date RPV material with the improved strength and toughness from
its tempered martensitic microstructure.

The loss of toughness caused by irradiation embrittlement
during reactor operation is one of the important issues for RPV
materials [5-7]. The degradation of the fracture toughness results
in an upward shift in the ductile-brittle transition temperature,
as well as a decrease in the fracture toughness in the ductile mode
[8]. In particular, the ferritic steels reveal a significant change in
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the fracture toughness within a small temperature range and large
scatters on the measured toughness values at the same tempera-
ture [9,10]. An efficient and reliable method to quantify the embrit-
tlement and the fracture toughness in the transition region is the
master curve concept proposed by Wallin [11]. The concept was
based on the 3-parameter Weibull statistics and the weakest link
theory, which defines a reference temperature (Typ) to characterize
the fracture toughness properties of low alloy steels in the transi-
tion temperature region. Wallin observed that the temperature
dependency of fracture toughness is not sensitive to the chemical
composition, heat treatment, and irradiation for ferritic steels
[12,13]. This result led to the concept of a universal shape in the
median toughness-temperature curve for all ‘ferritic steels’. In
ASTM E1921-09c, the tempered martensitic steels are considered
as a class of ‘ferritic steels’ for which the master curve concept is
applicable [14,15]. However, there are some doubts about the uni-
versal shape in the ASTM master curve for the tempered martens-
itic steels, such as Eurofer97 [15-17]. Furthermore, it was reported
that the fracture toughness increased discontinuously when the
phase fraction of the tempered martensite was over a critical frac-
tion in the heat affected zones of SA508 Gr.3 [18]. Therefore, it may
be necessary to evaluate the applicability of the master curve for
the tempered martensitic SA508 Gr.4N low alloy steel.

This study focuses on the evaluation of the fracture toughness
behavior with temperature for the tempered martensitic SA508
Gr.4N low alloy steels from the view point of the applicability of
the standard master curve concept and statistical analysis. The
results are compared with those of the bainitic SA508 Gr.3 low
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Table 1
Chemical composition and tensile properties at room temperature of the test materials (H3:SA508-Gr.3 commercial steel, KL4 series: SA508-Gr.4N model alloys) (wt.%).
C Ni Cr Mo Mn P YS (Mpa) UTS (Mpa) El (%)

H3 0.21 0.92 0.21 0.49 1.36 0.007 447 595 27
KLA4-Ref 0.19 3.59 1.79 0.49 0.30 0.002 581 750 19
KL4-Ni1l 0.22 2.66 1.81 0.54 0.33 0.002 535 698 17
KL4-Ni2 0.21 4.82 1.83 0.54 0.32 0.002 677 758 17
KL4-Cr1 0.21 3.65 1.04 0.54 033 0.002 585 762 17
KL4-Cr2 0.21 3.63 2.47 0.53 0.32 0.002 590 762 16
KL4-Mn1 0.21 3.64 1.85 0.54 0.11 0.002 532 712 16
KL4-Mn2 0.21 3.63 1.86 0.54 0.52 0.002 581 782 18
KL4-Mo1 0.21 3.57 1.87 0.11 0.33 0.002 533 735 17
KL4-Mo2 0.21 3.70 1.86 1.00 0.33 0.002 634 808 15
KL4-P 0.21 3.63 1.87 0.54 0.33 0.029 596 760 16
KL4-SC 0.18 3.59 1.83 0.53 0.01 0.002 583 677 15
KL4-0P3 0.21 3.60 1.78 0.49 0.20 0.002 586 743 23
KL4-OP4 0.20 2.89 1.88 0.49 0.21 0.002 575 717 23
KL4-WO 0.14 2.75 1.48 0.48 0.40 0.002 516 644 23
KL4-C 0.13 3.55 1.79 0.48 0.31 0.002 524 694 23

alloy steels. Additionally, a way to better define the fracture tough-
ness behavior by the master curve is proposed and the result is
discussed with the experimental data from various SA508 Gr.4N
model alloys with different alloying contents.

2. Experimental

The materials used in this work are 15 model alloys of SA508
Gr.4N steels (KL4 series) that had various alloying element con-
tents based on the composition range of the ASME specification
[19], and H3 is an archive material of commercial SA508 Gr.3 steel
used in Korean Standard Nuclear Power Plants (KSNP) [20]. Table 1
gives the chemical compositions and tensile properties of the test
materials at room temperature. KL4-Ref is a reference model alloy
in which the chemical composition is in the middle range of the
specification of SA508 Gr.4N steel. The model alloys were all
heat-treated by austenitizing at 880 °C for 2 h followed by air
quenching, and were then tempered at 660 °C for 10 h, which are
the typical heat treatments for RPV steels, including SA508 Gr.3.

Optical microstructures were shown in Fig. 1. Specimens were
mechanically polished and etched in 3% Nital solution. The micro-
structures of KL4-Ref were predominantly tempered martensite,
including some bainite. H3 also showed a typical tempered struc-
ture. These microstructures were composed of laths arranged in
packets of up to half the prior austenite grain size. However, the
lath structure of tempered martensite was more fine and complex
than that of bainite. It was reported that fine Cr-carbides, such as
M-C3 and M,5Cg, precipitated primarily in Ni-Mo-Cr steels due to
higher Cr contents, while coarse MsC type carbides were mainly
observed in Mn-Mo-Ni SA508 Gr.3 steels [21].

Fracture toughness tests were carried out by 3-point bending
over the temperature range from —180 to —40 °C with standard
pre-cracked Charpy (PCVN) specimens (10 x 10 x 55 mm), in
which the initial fatigue crack length was about 5 mm. The test
temperature was maintained at 0.5 °C by a regulated liquid nitro-
gen flow in an insulated chamber equipped with a proportional
integral derivative (PID) controller. The test results were inter-
preted by following the ASTM E1921-09c in terms of the cleavage
fracture toughness Kj. The Kj. values obtained from the PCVN spec-
imens were converted to the ones equivalent to the 1T-CT speci-
men, Kjir. The fracture toughness data were censored by the
validity limit values when the measured Kj. values were greater
than the validity limit given by Eq. (1) according to the ASTM
E1921-09c standard procedure.

b0-0'y~E

ch_limit = m (1 )

Fig. 1. OM micrographs of the model alloys: (a) KL4-Ref and (b) H3.

where by is the initial ligament size, o, is the yield strength at the
test temperature, E is the modulus of elasticity, v is the Poisson’s ra-
tio, and M is the non-dimensional constant, which is 30 in ASTM
E1921-09c.

According to the master curve concept, it is assumed that the
cumulative failure probability can be calculated with the following
expression by means of a 3-parameter Weibull function:

m
= @
where Py is the cumulative failure probability, Ky, is @ minimum
fracture toughness value, K, corresponds to the Kj. value that repre-
sents the 63.2% cumulative failure probability, and m is a Weibull
slope that defines the scatter of the Kj. values on the Weibull distri-

bution. The minimum fracture toughness of ferritic steels, Ky is
assumed to be 20 MPa m®° and the theoretical Weibull slope, m is

Py =1—exp
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4. The Kj¢(med) that corresponds to the 50% cumulative failure prob-
ability was calculated using the following equation:

Kjcmed) = Knin + (Ko — Kiin) (In 2"/ (3)

The variation of Kjmedy With temperature was described by
using the following equation:

Kic = 30 + 70 exp(0.019(T — To)) (4)

where T is the test temperature and Ty is a reference temperature
where the median fracture toughness of 1T specimens is equal to
100 MPa m°®”.

3. Results
3.1. Statistical analyses of the measured fracture toughness

Fig. 2 plots the master curves in accordance with the ASTM
E1921-09c standard method for 1T-adjusted 47 K. values of KL4-
Ref (a) and 59 values of H3 (b). In the case of H3, the dataset at -
40 °C was excluded in determination of the reference temperature
because most of the Kj. values were invalid data: there were 11 in-
valid values and only one valid value. The upper and lower bound
curves, indicating 95% and 5% failure probabilities, respectively, are
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Fig. 2. Standard ASTM E1921-09c master curves and the measured fracture
toughness values of (a) KL4-Ref and (b) H3 (the invalid points were determined
using ASTM E1921 validity limit equation (Eq. (1)). There were no ductile crack).

also plotted by dotted lines. The reference temperature (Ty) for
KL4-Ref, which was calculated from all the datasets, was
—135.3 °C, which was lower than that of H3 by 57.4 °C. These re-
sults showed that the fracture toughness of the tempered martens-
itic SA508 Gr.4N steels is much better than the tempered bainitic
SA508 Gr.3 steels in the transition temperature range.

The Weibull distribution for the measured fracture toughness of
each test temperature (—140, —150, —160, —170 and —180 °C for
KL4-Ref, —60, —80, and —100 °C for H3) is shown in Fig. 3. The
measured toughness values are all tabulated in Appendix A. In
Fig. 3, the best linear fit lines are plotted on the measured data.
The low slope implies a large scatter of data including the in-
creased K. values due to constraint loss at that temperature.
According to Wallin [9] and Anderson and Stienstra [22], the theo-
retical Weibull slope of the fracture toughness data would be over
4, which was derived from the crack tip stress—strain distribution.
If the slope is much less than four at the test temperatures, it is
thought that the constraint loss may have extensively affected
the measured Kj. values and the dataset should be censored care-
fully for evaluation of the cleavage fracture toughness.

Fig. 4 shows the Weibull slope of the dataset at each test tem-
perature. The temperature scale was normalized by the reference
temperatures (Tp) of the tested materials. The ASTM E1921-09c
mentioned that the applicability range of the fracture toughness
data for determining a master curve is T +50 °C. The datasets of
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Fig. 3. Statistical distributions of the fracture toughness values determined from
the 3-parameter Weibull function for (a) KL4-Ref and (b) H3.
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Fig. 4. Weibull slopes for dataset at each test temperature.

the KL4-Ref at each test temperature produced Wiebull slopes
ranging from 3.71-8.99. The slopes for the datasets of H3 ranged
from 3.55-4.23. The slopes clearly tended to decrease with a rise
of the test temperature in both steels. However, the changes in
the slopes of the H3 datasets were not extensive within the broad
normalized temperature range from —23 °C to 18 °C, while those of
KL4-Ref changed rapidly in a narrow range from —35 °C to —5 °C. In
particular, the comparatively high slopes of datasets for KL4-Ref
were observed, indicating an extremely small scatter of the mea-
sured fracture toughness values in low test temperatures. Surely,
the size of the dataset has a strong effect on the variability of the
slope on a Weibull plot [23,24]. The small datasets were subject
to large uncertainties, while the median slope for the large datasets
tended to be close to the theoretical value of 4. Wallin proposed
that a permissible range of slopes for datasets, including about
10 specimens, would be between 2.2 and 7.5 based on the enor-
mous data filed [24]. Considering these results, the Weibull slopes
for the datasets of both KL4-Ref and H3 were approximately within
the predicted range, especially in the case of H3, but the result of
KL4-Ref at low temperature, —170 °C, was outside the predicted
range.

3.2. Fracture toughness behavior with temperature

In Fig. 2b, the data distribution of H3 was well fitted to the mas-
ter curve shape throughout the whole temperature range, even
with the Kj. values over the validity limit at high temperature such
as —40 °C. However, Fig. 2a shows that, at the low test tempera-
tures (—170 and —180 °C), all values are located below the median
curve. On the contrary, the dataset at a high temperature of
—140 °C deviated from the upper region of the median curve.
Therefore, the dependency of the K. values on the temperature
in KL4-Ref was thought to be steeper than that predicted by the
standard master curve in tested temperature region.

In order to assess the influence of the data distribution on the Ty
determination, the Ty obtained from all the data was compared
with the Ty values calculated from each single-temperature data-
set. Fig. 5 gives the single-temperature T, determination results
with standard deviations for KL4-Ref (a) and H3 (b), respectively.
Although the number of data points measured at —180 °C for
KL4-Ref was insufficient for valid T, determinations, the datasets
were included in analyses in order to confirm the general tenden-
cies of Ty variations. The standard deviations for Ty were calculated
according to the formula given in ASTM E1921-09c:
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Fig. 5. Ty values calculated from the single-temperature datasets in (a) KL4-Ref and
(b) H3.

/gZ
0= T + ngp )
where B is the sample size uncertainty factor given in Table 2, r is
the total number of valid specimens, and ., is the contribution
of experimental uncertainties, oexp = 4 °C. The Kfjmed), an equivalent

value of the median toughness for a dataset, is defined as follows
[25]:

1 r
Kl nea) = - Z 30 + 70exp(0.019(T; — Ty)) (6)
i

where r is the total number of valid tests and T; is the individual test
temperature. According to the results of H3, the maximum differ-
ence between the T, values from each dataset was about 12 °C.
The Ty values from each dataset deviated only 7 °C from the T, that
was determined from all the datasets. Considering the standard
deviation of each Ty value, all individual Ty values overlapped with
the average T, from all the data. However, in the case of KL4-Ref, the

Table 2
Values of the parameter $ according to ASTM E1921-09c,
as function of the equivalent median toughness.

Kiea) (Mpa m) 1%
>83 18
83-66 18.8
65-58 20.1
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differences among the Ty values from individual single-temperature
datasets were large, where the maximum difference was 37.9 °C.
Standard deviations did not overlap with +1¢ lines of Ty from all
the data, in particular, at the low temperatures of —180 and
—170 °C. The Ty values determined by the single-temperature anal-
ysis of the standard master curve method decreased with a rise in
the test temperature. These results may have arisen from the stee-
per dependence of the Kj. values on the temperature, which was
mentioned in the previous paragraph. Hence, we attempted to mod-
ify the master curve expression in order to more accurately describe
the fracture toughness behavior for tempered martensitic SA508
Gr.4N steels.

4. Discussions
4.1. Adjustment of the master curve expression

It has generally been theoretically and experimentally reported
that the major microstructural factors affecting the fracture tough-
ness of steels are grain size and distribution of second phases, such
as carbide and inclusion. However, Shin et al. reported that the
relationships between grain size or carbide size and fracture
toughness did not fit well with the general tendency in the case
of steels with a predominantly tempered martensite microstruc-
ture [18]. Lucon [17] also raised doubts about the applicability of
the standard master curve concept to the ferritic/martensitic steels
with chromium contents between 9% and 12%. Thereafter, Bonade
et al. [16] and Muller et al. [15] attempted to modify the standard
master curve expression for the tempered martensitic Eurofer97
steel.

In this sense, in order to evaluate the fracture toughness behav-
ior of the tempered martensitic KL4-Ref alloy accurately, modify-
ing the curve shape was attempted in the same way as in
previous research [15-17]. The adjustment of the master curve
equation was undertaken to more accurately describe the Kj. evo-
lution. The exponent of the master curve equation was re-deter-
mined from the exponential fitting for datasets of KL4-Ref:

Kicimed) = 30 + 70exp(0.033(T — T)) (7)

where the exponential parameter related to the curve shape was
changed from 0.019 to 0.033 for the standard master curve expres-
sion. To minimize changes in the basic form of the master curve
expression, only the exponential coefficient related to the curve
shape was adjusted, while the other parameters (30 and 70) related
to the position of the curve on the temperature axis were not ad-
justed [25]. Fig. 6 shows the curve with the adjusted exponential
coefficient on the plot of Kj. values obtained from KL4-Ref. The
standard master curve is also plotted in Fig. 6. The T, that was
determined from the new curve expression was —142.2 °C, which
is lower than the Ty calculated from the standard master curve
expression by 7.7 °C. As can be observed, the new curve shape pro-
vided a much better description for the datasets throughout the all
test temperature. Additionally, the shape of the tolerance-bounds
was also adjusted according to the new expression so that it pre-
dicted the distribution of data scatter properly.

In order to check the consistency of the adjusted curve for eval-
uating the fracture toughness, the Ty values obtained from the sin-
gle-temperature determination procedure at each test temperature
were compared with the Ty calculated from all datasets by a multi-
temperature determination procedure. Fig. 7 summarizes the re-
sults obtained by the modified master curve equation. In contrast
to the results obtained by the standard master curve (Fig. 5a),
the T, values determined at each temperature slightly deviated
from each other and also from the Ty value by using the multi-tem-
perature procedure with all datasets. Therefore, the adjusted curve
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Fig. 6. A curve with an adjusted exponential parameter and the measured fracture
toughness values of KL4-Ref.
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Fig. 7. T, values from determined from adjusted curve expression for the single-
temperature datasets in KL4-Ref.

expression may be more suitable to evaluate the reference temper-
ature of the fracture toughness in the lower transition region for
the tempered martensite steels.

Some researchers mentioned that the constraint loss from small
specimens such as PCVN may result in the steeper transition of the
measured fracture toughness [26-28]. They explained that the
constraint limit of the current standard method may not be conser-
vative. In the current study, the valid data were mainly located
within the lower transition region where the test temperatures
are lower than Ty, due to the specimen size limit for validity in
the higher temperature region. Therefore, testing programs with
bigger specimens would be necessary for ensuring that the steeper
master curve is valid in the whole transition region including high-
er temperatures than To.

4.2. Application to other model alloys

We tried to confirm that the adjusted curve shape represents
the overall fracture toughness behaviors of other model alloys with
different chemical compositions. Fig. 8 shows the standard and the
adjusted curve plots for the measured Kj. values obtained from 15
different model alloys, where the temperature scale was normal-
ized by the T, values of each alloy listed in Table 3. The invalid
Kjc values in Fig. 8 did not contain stable crack growth data and
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Fig. 8. Measured Kj. values of the KL4 model alloys with (a) the standard master
curve and (b) the modified curve.

Table 3
To values of model alloys determined by the standard master curve and the modified
curve.
Alloy Standard Ty (°C) Adjusted Ty (°C)
KL4-Ref -134.5 -142.2
KL4-Ni1 —106.B -114.2
KL4-Ni2 -161.8 -166.7
KL4-Cr1 —75.7 —86.7
KL4-Cr2 -161.8 —165.5
KL4-Mn1 -1425 —144.1
KL4-Mn2 -137.5 —142.6
KL4-Mo1 -136.5 -1414
KL4-Mo2 -120.1 -127.6
KL4-P —104.9 —-110.2
KL4-SC —155.1 -157.5
KL4-OP3 -132.1 -134.4
KL4-OP4 -127.0 -126.8
KL4-WO -97.7 —100.2
KL4-C -138.7 —140.2

those were all determined using ASTM E1921 validity limit equa-
tion, Eq. (1). These invalid values may be too high due to loss of
constraint from small PCVN specimens. Bigger specimens may be
useful to enlarge the valid data range.

The adjusted curve expression described the temperature
dependency of the Kj. values more properly. The number of data

Table 4
Distribution of data points according to the standard and adjusted curve concept.

Number of Kjc Number of Kjc Number of Kjc

below median above median out of the

curve curve tolerance-bounds
Standard MC 152 929 30
Adjusted MC 131 120 21

points above and below the median curve was counted for the
standard and adjusted curve, respectively. These results are pre-
sented in Table 4. In the case of the standard master curve plot,
the proportions of data points below and above the median curve
were 60% and 40%, respectively. In particular, in the lower transi-
tion region where the test temperatures were below T, —20 °C,
most of the measured Kj. values were smaller than the median
fracture toughness line. These results mean that the data distribu-
tion was asymmetric for predicting the standard master curve. In
contrast, a considerable agreement was found for the adjusted
curve where the proportions of data below and above the median
were almost the same (52% and 48%). As a result, the adjusted
curve expression provided improvements in the description of
the fracture toughness behavior of the tempered martensitic
SA508 Gr.4N steels. Based on the current investigation as well as
others, it is believed that the modified curve with an adjusted
exponential coefficient can provide a good description of the Kjc
evolution with temperature and an accurate determination of Ty
for tempered martensitic SA508 Gr.4N Ni-Mo-Cr low alloy steels.

5. Conclusion

The fracture toughness behavior of the tempered martensitic
SA508 Gr.4N Ni-Mo-Cr low alloy steels was characterized and
compared with that of bainitic SA508 Gr.3 by using the master
curve concept in the transition region. The main findings are as
follows.

1. The Weibull plots showed that the data distribution for the Gr.3
steel was approximately within the theoretically predicted
range. However, the datasets for the Gr.4N model showed had
comparatively higher slopes, which mean smaller scatters of
the measured fracture toughness data in low test temperatures.

2. For Kj. evolution with temperature, the data of Gr.3 steel fitted
well to the standard master curve shape. However, the mea-
sured Kjc values of the Gr.4N model alloys change more steeply
with temperature than those predicted by the standard master
curve concept.

3. A modified curve with the adjusted exponent adjusted from
0.019 to 0.033, better describes the steeper Kj. evolution
throughout the test temperature range for the tempered mar-
tensitic low alloy steels. Ty values could be consistently deter-
mined at different test temperatures by using the modified
curve in the single-temperature analysis procedure.
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Appendix A
The measured K. values and crack lengths for tested specimens

(The invalid points were determined using ASTM E1921 validity
limit equation (Eq. (1)). There were no ductile crack growths).
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Alloy Test  Adj. to 1T — Kjc (Mpa m®?) alw
temp.
(°C)
KL4-Ref —140 82.1, 85.6, 89.2, 96.9, 99.8, 100.7, 108.4, 129.8, 147.0", 0.524, 0.525, 0.524, 0.523, 0.526, 0.523, 0.523,
158.9 0.526, 0.526, 0.522
—-150 63.7,64.9, 72.0, 75.7, 77.2, 77.3, 78.1, 79.8, 80.8, 81.6,94.1, 0.522, 0.523, 0.528, 0.524, 0.523, 0.526, 0.520,
104.6, 105.5, 107.7114.3 0.527, 0.523, 0.527, 0.525, 0.526, 0.521, 0.524,
0.521
—-160 62.6, 63.0, 64.6, 67.5, 68.3, 69.8, 73.8, 83.3, 83.6, 87.7 0.518, 0.526, 0.522, 0.520, 0.525, 0.528, 0.520,
0.526, 0.530, 0.523
—170 499, 51.5, 55.1, 57.8, 58.9, 60.5, 60.8, 61.0 0.528, 0.523, 0.521, 0.524, 0.525, 0.526, 0.522,
0.523
—180 45.0,47.9,48.1,51.4, 54.4, 55.9, 56.4, 57.0 0.523, 0.521, 0.522, 0.526, 0.520, 0.518, 0.525,
0.522
H3 —40 105.7,123.8", 141.2" 144.2", 148.7", 153.5", 178.8", 206.5",  0.495, 0.506, 0.525, 0.506, 0.480, 0.499, 0.522,

209.6%,242.9°, 261.8", 270.4"

—60 64.6,66.6,71.6,82.1,93.5,100.5, 101.9, 112.5, 114.4118.5",
119.0°,119.57,119.6%, 132.4", 132.7", 140.5", 144.9", 148.1",
148.8",154.0°, 157.1°, 159.8", 172.7°, 185.3"

-80 72.4,72.6,74.2,75.1, 85.5,96.0, 98.1, 105.1, 112.5, 125.0°

—100

62.7, 73.6, 73.7, 75.3, 80.3, 87.0, 104.7, 107.7

0.531, 0.524, 0.500, 0.529, 0.524

0.502, 0.510, 0.513, 0.498, 0.552, 0.504, 0.509,
0.515, 0.516, 0.518, 0.514, 0.506, 0.526, 0.506,
0.503, 0.520, 0.537, 0.526, 0.522, 0.506, 0.523,
0.520, 0.509, 0.516

0.504, 0.503, 0.509, 0.506,
0.511,0.516,0.499,0.510, 0.512, 0.510

0.518, 0.512, 0.499, 0.508, 0.492, 0.501, 0.505,
0.510
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