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This paper introduces the present status of the comprehensive
material performance database for nuclear applications, which was namod
JAERI Material Performance Database (JMPD), and examples of its utiliza-
tion. The JMPD has been developed since 1986 in JAERI with a view to
utilizing various kinds of characteristic data of nuclear materials
efficiently. Management system of relational database, PLANNER, was
employed, and supporting systems for data retrieval aﬁd output were
expanded. In order to improve user—friendliness of the retrieval system,
the menu selection type procedures have been developed where knowledge
of the system or the data structures is not required for end-users.

As to utilization of the JMPD, three types of data analyses are

mentioned as follows:

(1) A series of statistical analyses was performed in order to estimate
the yield strength values Sy and the tensile strength values Su cof

aluminum alloys which are widely used as structural materials for

research reactors.

* on leave from Nuclear Energy Data Center
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(2) Statistical analyses were accomplished by using the cyclic crack
growth rate data for nuclear pressure vessel steels, and
comparisons were made on variability and/or reproducibility of the
data between obtained by AK-increasing and AK-constant type tests.

(3) The method of determining the minimum creep rate and the time to
onset of the tertiary creep objectively was proposed using creep

curve data of high-temperature alloys.

Keywords: Material Performance Database, Relational Database,
Aluminum Alloy, Pressure Vessel Steel, High-temperature Alloy,
Yield Strength Values, Tensile Strength Values, Cyclic Crack
Growth Rate, Stress Intensity Factor Range, Statistical
Analysis, Variability, Creep Curve, Minimum Creep Rate,

Time to Onset of Tertiary Creep
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1. Introduction

Based on the recent remarkable improvement of the computational
environment, massive and guick communications for complex materials data
are able to extract attractive and sophisticated information easily and
timely. These improvements are also leading to other advancements such
as graphic display, statistics evaluation, networking capabilities etc.
Many groups are now developing computerized material databases to make
available to general properties data for metals, alloys, composites etc.
[1-4]. Referring to the critical and technical assessment on the re-
search and development in the field of nuclear technologies [3], promo-
tion of advanced material research which could bring about technical
breakthroughs in many research fields have to be encouraged. In accor-
dance with this new trend, a comprehensive material performance data-
base, which was named JRERI (Japan Atomic Energy Research Institute)
Material Performance Database (JMPD), has been developed since 1986
focussing on the data stored through research and development promcted
by JAERI.

This paper introduces the present status of the JMPD (6], and three

examples of its utilization.

2. Outline of JMPD [6]

Basic studies were initiated for developing new concepts and mechan-
isms for comprehensive data evaluation of materials for nuclear applica-
tions and their handling systems. Based on a survey made to undersﬁand
the present status and key issues of existing activities relevant to
material databases, significance of both the flexibility of data struc-
ture and user-friendliness of the system was highly emphasized to
achieve the requirements of the system,

Referring to more than ten databases which have been already devel-
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oped as comprehensive databases in Japan and foreign countries [7-9],
tentative data structure for metallic materials was originally deter-
mined in a three-level hierarchy. The ocutline of the three-level hierar-
chical data structure is shown in Fig.l. Six categories such as data
source, material, specimen, test method & data reducticn, test condi-
tion, and test result, were classified into the primary level. Twenty-

five tables were considered teo be in the secondary level., More than 420

data items were prepared for the tertiary level.

The concept of the JMPD is schematically illustrated in Fig.2. In
the figure the newly developed part is shown as a shadowed portion. Man-
agement system of relational database, PLANNER which is supperted on the
mainframe, was chosen from the viewpoints of easy retrieval cf the
necessary data and easy updating of the data. Functions of supporting
system for data retrieval, graphic descripticn, statistics and specific
analyses were expanded. The supporting system for data retrieval was
extensively intensified to improve user-friendliness which may play an
important role to extract useful information from complex mixture of
materials data. Main features of the newly developed system for data
retrieval are as follows:

(1) Knowledge of the system or the data structures is not required for
end-users,

(2} The system can be easily adapted to the changes of significance of
data items which strongly depends on the pregress of research and
development. ' '

To clarify the merits of this system, Fig.3 shows a comparison
between a typical retrieval procedure based on the Structured Query
Language (SQL) and the newly develgped menu selection type procedure to
solve a representative question. It is clearly shown that users can
easily extract important information when they access the newly devel-
oped one. Functions of unit conversion, inspection of the stored data,
help etc. were also supported for further improvement of user-friendli-
ness of the system,

The data stored in the JMPD by the end of August 1983 are listed in
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Fig.4, in which the data from more than 7800 test pleces are prepared
for data evaluation. The data stored were checked through the authors’
review in order to prevent the unexpected misinput within the range of
possibility. Only the data of the materials whose origin such as chemi-
cal compositions and heat treatment conditions as well as experimental

methods are clear have been stored.

3. Analyses and Evaluations of Material Data through JMPD

The following three types of data analyses were performed utilizing
the JMPD;

(1) evaluation of the yield strength values Sy and the tensile strength
values Su of aluminum alloys for research reactors [10,11],

(2) statistical analyses of variability and/or reproducibility of envi-
ronmentally assisted cyclic crack growth rate data for nuclear pres-—
sure vessel steels relative to AK (stress intensity factor range})
control modes [12-14]1, and

(3) proposal of the method of determining the minimum creep rate and
the time to onset of the tertiary creep objectively using creep

curve data of high-temperature alloys [13].

3.1 Evaluation of Sy and Su of Aluminum Alloys for Research
Reactors [10,11]

Aluminum alloys are frequently used as structural matexrials of re-
search reactors. Although the material strength standards such as the
vield strength values Sy and the tensile strength values Su are neces-
sary for "design by analysis", the material strength standards for those
materials have not been determined yet.

Hence a series of tension tests was performed and the results were
statistically analyzed with the aim at generating the above-menticned

design values. The procedures applied to the present program were as
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fellows:

(1) Based on actual use for research reactors in Japan, actual manufac-
ture in Japan, possible use in the future reactors etc., All00P-0O,
A5052P-0, A5052BE-0O, A6(061P-T6 (T651 for a thick plate), AB061BE-TS
and AG063BE-T6 were selected as the test materials for the present
progranm,.

(2) The tests were conducted on eight heats per material at temperatures
ranging from room temperature (RT) to 200°C at every 50°C in princi-
ple,

(3) The specimens were prepared according to the Japanese Industrial
Standards (JIS) Z 2202 [16].

{4y The tests were performed using the test procedures recommended in
JIS G 0567 [17] in principle.

{5) The data oktzined were stored in the JMPD.

And the values of Sy and Su were determined on the basis of the test
results as follows:

(1) All the values of 0.2% proof stress {(or ultimate tensile strength
(UTS)) are normalized with dividing them by the mean value obtained
at RT for the same heat of the material.

(2) The best fit curve for the normalized values 1s evaluated with the
least square method in a third-order polynomial expression as a func-
tion of test temperature for each material. The evaluated curve 1is
called Curve A.

(3) Minimum position values (MPVs)} are evaluated with multiplying the
values of Curve A by Sy (or Su) at RT, which is defined as the mini-
mum value indicated in JIS H 4000 {18]) or in JIS H 4040 [19].

(4) Curve B is determined along the MPV curve in such a way not only
that the wvalues at higher temperatures should not be higher than
those at lower temperatures, but also that the values should not be
higher than 1% probable values of yielding (or fracture) at each
temperature based on the test results.

(5) Sy (or Su) is determined as the values of Curve B.

The computer program performing the above~mentioned procedure was
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registered in the JMPD, and the stored data were statistically analyzed
through the menu selection type procedure. Based on the statistically
analyzed resultslthe draft of Sy and Su was evaluated. Figure 5 is an
example of plotting on normal probability paper for UTS of All(Q0B-O at
RT. Figure 6 is the draft of Sy and Su for A1100P-0,

The draft was compared with MITI No.501"! as well as the ASME Codes,
and the trend of the available data was also examined. It was revealed
that the draft could be adopted as the material strength standards, and
that the values of the draft at and above 150°C for A6061~T6 and A6OG3-
T6 could be applied only te the reactor operating ceonditicns III and
Iv*2. And the draft, which is shown in Table 1, has already been adopted
in the Science and Technology Agency regulatory guide as standards for

structural design of nuclear research plants.

3.2 Statistical Analyses of Variability/Reproducibility of Environmentally
Assisted Cyclic Crack Growth Data Relative to AK Control Modes [1 2-14]

A lot of cyclic crack growth rate data for nuclear pressure vessel
steels have been accumulated mainly through the activity of the Interna-
tional Cooperative Group on Cyclic Crack Growth Rate Testing and Evalua-
tion {(fhe ICCGR Group) [20-22]. The data have been stored in the JMPD.
Most of them were obtained by the commonly used constant—-load-amplitude
(ASTM E647 [23] based) tests, i.e., AX-increasing type tests, while
those by AK-constant type are less common.

In general, in order to examine the dependence of some phenomenon on
some parameter, the parameter is desired to be kept constant and
independent of the resultant phenomencn oOr change of property to be
measured. In the case of cyclic crack growth tests, the parameter which

should Dbe kept constant, i.e., an independent variable, is the AK and

*1 The notification No. 501 of the Ministry of International Trade and
Industry, i.e., the structural design code for power reactors in
Japan,

*2 fThe reactor operating conditions III and IV correspond to emergency
and faulted conditions, respectively.
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the value to be measured, i.e., the subject variable is the da/dN
(cyclic crack growth rate).

Regarding the known large population of influential factors and the
sequential effects of those, any difference that might result in vari-
ability and/or reproducibility of crack growth rate measurement can be
made clear by a comparison between AK-increasing and AK-constant type
tests. In fact, an appreciable difference between those was already
observed by the authors through the fatigue crack growth tests for a low
alloy steel SA533B-1 in air [24]. The trend has been suspected to become
more apparent when the tests are conducted in corrosive environments
where more variables, hence uncertainties, are included during the
tests. From such a viewpoint, statistical analyses were conducted by
using some typical data sets stored in the JMPD in the present work.

All the data of cyclic crack growth rate on low alloy steels stored
in the JMPD were classified into 14 categories based on material and
test environments as shown in Table 2. A preliminary survey revealed
that some data groups should be omitted from the analyses due to their
inadequacy of the sample size as summarized in Table 2. The data of five
categories shown in Table 3, therefore, were eventually analyzed. In
addition to the da/dN‘versus AK relations, the corresponding versions of
the effective stress intensity factor range were also examined. The
effective stress intensity factor range, AKe, used in the present study

is defined as follows [25]:

AK
AKe = —mm— , (1)
2.88 - R

wnere R is Kmin/Kmax.

Statistical analyses were conducted separately for the data cbtained
by AK-increasing and by AK-constant type tests. Figure 7 shows a compar-
ison based on the data obtained in air environment. Figure 8 shows
exémples of da/dN versus AK relations for SAS508-2 steel in simulated PWR

(pressurized water reactor) primary coolant. The data set identification
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and the number of the data sets analyzed are shown in Tables 3 and 4,

respectively.

The following three sorts of staﬁistical analyses were conducted;

(1) correlation ccefficients for da/dN versus 4K and/or da/dN versus AKe
(see Fig. 9},

{2) standard deviaticns about the regression lines (sese Fig. 10), and

(3} standard deviations about the mean da/dN at several different AaAK
levels (see Figs. 11 and 12).

Based on the analytical results, the following conclusions were
drawn:

{1) AK-constant type tests are generally superior to the commonly used
AK-increasing type ones from the viewpoint of variability and/or
reproducibility of the data.

(2) The differences in variability and/or reproducibility of the data
between those two types of tests are more pronounced for the data in
simulated LWR (light water reactor) primary coclants than those in
alr,

(3) Variability is larger at lower AK levels, especially in the data
obtained by AK-increasing type tests.

(4) The effective stress intensity factors, which are referred to in the
present statistical analyses, cause negligible effect in improving

the data plots,

3.3 Proposal of Method of Determining Minimum Creep Rate and Time to
Onset of Tertiary Creep Using Creep Curve Data [15]

A nickel-base heat-resistant alloy, Hastelloy XR [26], was developed
as the structural material for high-temperature compbnents of the Ja-
panese first HTGR; i.e., the High-Temperature Engineering Test Reactor
{HTTR) . Creep data on the alloy have been accumulated and stored in the
JMPD, Creep curves of the alloy were analyzed by utilizing the JMPD.

‘In the analyses of creep curves, the following Garofalo formula (Eg.

(2)) [27) for the primary and the secondary creep stages and the follow-
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ing Kachanov-Rabotonov formula (Eg. (3)) [28] for the tertiary creep
stage were applied, because the applicability of these formulas to ¢reep

curves on Hastelloy XR was known to be fairly good [29-32].

g = at + b{l-exp{-ct)} for O_gts_t3 (2)

o
i

at3 + b{luexp(—cta)} + a —_—] dt for t. <t=st. (3}

were £ 1s creep strain, "t" 1s time, T, is the time to the onset of the

tertiary creep, t, is the time to rupture, and "a", "b", "c¢" and "n" are
constants.

When these formulas are applied, the wvisual fitting method from £
versus "t" or £ versus "t" plots 1is usually adopted to determine the
time to the onset of the tertiary creep t, and/or the minimum creep rate
man . Such a method, however, is not preferable for the precise evalua-
tion of many creep curves. Hence a simple and useful method different
from visual fitting was proposed in the present study.

In the proposed method a range 6f the data which belongs to the
secondary creep is determined as follows.

All the t-€ pairs existing on the right side of the datum peint
which gives the minimum €/t belong to the tertiary creep, and all the t-
€ palrs existing on the left side of the datum point which gives the
minimum (SR-E)/(tR~t) belong to the primary creep, where g, is rupture
elongation (see Fig. 13). The secondary creep stage can be considered
from the datum peint which gives the minimum (€R~8)/(tht) to the datum
point which gives the minimum €/t for convenience sake.

Constants "a" and "b" in Egs. (2) and (3) are determined as €=at+b
with the least squares method using all the data which belong to the
secondary creep. Thus the minimum creep rate is determined as the slope

of the line, i.e., the value "a". With fixing the values "a" and "b" to

be the values determined above, constant "c" in Eg. (2) is determined
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Wwith the least squares method using all the t-€ pairs existing on the
teft side of the datum point which gives the minimum (SR-S)/(tR—t}. With
fixing the values "a" and "b" tc be the values determined above in like
manner, the values of t, and "n" in Eq. (3) are determined with the
least squares method using all the t-€ pairs existing on the right sids
of the datum point which gives the minimum €/t, providing that the point

t_ exists between the datum point which gives the minimum €/t and the

3
next datum point. Thus the time to the onset of the tertiary creep t; is

determined.

Figure 14 shows examples of creep curves on Hastelloy XR obtained in
the simulated ETGR helium environment [33] and the result of evaluation
by the above-mentioned method.

In the future, applicability of other techniques such as the 6
projection method [34,35] or its modified method {36] to the creep

curves of Hastelloy XR will be examined.

4. Summary and Outlook for Future

JAERI Material Performance Database (JMPD) has been developed paying
attention to maintain substantial user-friendliness of the system. The
present status of the system and three examples of its utilization were
described briefly. They are evaluation of the design values of aluminum
alloys for research reactors, statistical analyses of variability and/or
reproducibility of cyclic crack.growth rate data on pressure vessel
steéls and proposal of the method of determining the minimum creep rate
and the time to onset of the tertiary creep objectively using creep
curve data of high-temperature alloYs.

As for the future direction of the JMPD, following important points
can be emphasized:

(1) A data networking system has to be incorporated to provide engineers
and scientists with easy online access to other sources of reliable

well-documented, numerical and/or factual material property data. The
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pilot distributed system for such a networking is under construction
named Data-Free-Way [37].

(2) Even if the materials database system is designed as a distributed
system, e.g., a set of high performance workstaticns on networking
environment, it will be also important to set a main system fer up-
loading from contributors and downloading to users. This capability
may lead many advantages such as easier access and application,
easier homogenization of data structures etc., through their own
familiar computers,

(3) One of the most important advantages of computerized material data-
base is the possibility of data evaluation of the retrieved data set.
Therefore some typical application programs of data evaluation will

be incorporated further.
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Table 1 Draft of vield strength values Sy and tensite strength values Su
of aluminum alloys for research reactors.
Material -30~40C | 75T 100°C 125C 15G°C 175°C 200°C
A1100P-0 Sy (MPa) 25 19 19 18 17 15 12
Su (MPa) 74 b4 59 54 48 42 34
Sy (MPa) 64 55 55 55 h4 53 52
A5052P-0
Su (MPa) 177 171 168 159 147 133 118
Sy (MPa) 69 55 55 55 h4 53 52
AB052BE-0
Su {MPa) 177 171 168 159 147 133 118
Sy (MPa) | 245 237 231 225 (217 (207) (194)
AGDB1BE-TB
Su (MPa) | 265 253 245 236 (226) (214) (201)
160616, T651 Sy (MPa) | 245 237 231 225 217 (207) (194)
’ Su (MPa) | 294 267 258 249 (238) (226) (212)
Sy (MPa) 177 160 155 152 (146) (137) (124)
AB0B3BE-TH
Su (MPa) ; 206 170 164 157 (149) (139) (128)

The values in the parentheses can be applied only to the reactor

operating conditions I and N.
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Table 3 Data set identification.

[ 11 aAK-increasin
9 1sa533B-1| Air
1¢| aK-constant
21| AK-increasing | SAS33B-1
_ Medi
2(.: AK FonstanT edium S da/dN
31| aK-increasing 81.3\533 B-1f PWR Versus
3¢ aK-constant | High S water K
471 aK-increasing | SAB08 -2
dc| AK-constant Medium S
5i| aK-increasing | SAS33B-1| BWR
5¢| AK-constant High S water
feil aAK-increasing ,
: SAB33B-1| Air
lec| AK-constant
2ei! AK-increasing | SA533B-1
- Medium S
Ze§ AK F:onston.T edium da/dN
3ei, aK-increcsing | SAS33B-1] PWR Versus
Zec| AK-constant High S water A Ke
dei| AK-increasing | SAB08-2
dec| AK-constant Medium S
Bei| aK-increasing { SA533B-1{ BWR
Secl AK-constant High S water
Table 4 The number of data sets statistically analyzed.
Data set | The number of The number of Data set The number of
No. specimens da/d¥ vs oK pairs No. da/dN vs aK pairs
11 37 19890 lec 9 2
2 i B 8 11385 2 ¢ 38
31 6 8 1991 3 ¢ 9 4
414 36 1275 4c 119
5 i 2 1 705 5 ¢ 5 0
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DATA RETRIEVAL PROCEDURES BY JMPD

Ex. | Retrievea relationship between da/dN vs AK; on A533B steel;
in retrieval condition of; sulfur content <= 0.01%

environment = BWR water,
RETRIEVAL BY SQL COMMANDS temperature = 288°C,
: stress ratio =0.2,
/* Creating work table W1 */ frequency =1cpm
GET INTO W1 VITNO, YTDT03, VIDT04
/* Description of table name to refer */
FROM TTS000, TGF000, TTE0W, TMKO000,
TMC004, TVT000, TPDO0O '
/* Defining retrieval conditions */ MENU SELECTION TYPE PROCEDURE
WHERE PDMIS <= 0.001
AND MKCODE = 'A533 GR.B CL.1'
AND TEATID = 'BWRWATER' DISPLAY ITEM
AND TETMP = 288 S | daidN mm/cycle E
AND GFRRAT = 0.2 ‘ S | AK MPavm |
AND GFCYL =1
/* Description of relation of tables */ RETRIEVAL CONDITION
AND GFTNO = TSTNO min item max / character
pRa LN LI SA| 0.0 | <= | sulfur content wt% |<=| 0.01
AND MKMID = TSMID SA allo'y name = 'IA533I?'
AND MKMID = MCMID SA environment =| 'BWR
AND PDMID = MCMID SA temperature C =| 288
/* Display of result from work table */ SA stress ratio = 02
DISPLAY W1; SA frequency cpm | = 1
S

Fig. 3 [Examples of data retrieval procedures by SQL commands and & menu Screen.

7826 DATA 678Fatigue
3512 Fatigue crack growth rate 358 Creep
1503 Slow strain rate test 936 Tensile

606 Stress corrosion cracking 233 Others

Fatigue crack growth rate test on low alloy steel,
Creep test on Hastelloy XR alloy,
Tensile test on aluminum alloy, etc.

Fig. 4 Data stored in the JMPD based on the material research activities
in JAERI.
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Fig.13 Schematic illustration of the method of determining the time to

Creep strain (%)

the onset of tertiary creep and the minimum creep rate. Points A and B
give the minimum (& x-&)/(te-t) and the minimume /t, respectively.

Cross indicates the rupture point.
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Fig.14 Example of Creep curves on Hastelloy XR [83] and the result of
evaluation by the proposed method. Crosses indicate the rupture points.



