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ÓÄÊ 539.4

Ìåòîä îöåíêè õàðàêòåðèñòèê ðàñïðåäåëåíèÿ õëîïüåâèäíûõ

âêëþ÷åíèé

Ê. Õàÿøè, Ñ. Õàìàäà, Ò. Ìàöóìîòî, Ì. Ñàêàìîòî, Õ. Íîãó÷è

Îòäåëåíèå ìåõàíèêè, Óíèâåðñèòåò Êþøó, Ôóêóîêà, ßïîíèÿ

Äëÿ îïðåäåëåíèÿ ìàêñèìàëüíîãî ðàçìåðà õëîïüåâèäíûõ âêëþ÷åíèé â ëèòîì ìàãíèåâîì ñïëàâå ñ

äîáàâêàìè êðåìíèÿ ïðåäëîæåí ìåòîä îöåíêè õàðàêòåðèñòèê ðàñïðåäåëåíèÿ óêàçàííûõ âêëþ-

÷åíèé. Ïðèìåíèìîñòü ìåòîäà ïðîâåðåíà ïóòåì êîìïüþòåðíîãî ìîäåëèðîâàíèÿ ñ ïðîèçâîëü-

íûìè ðàñïðåäåëåíèÿìè âêëþ÷åíèé. Ìåòîä ïîçâîëÿåò ïðîãíîçèðîâàòü ìàêñèìàëüíûé ðàçìåð

õëîïüåâèäíûõ âêëþ÷åíèé â ïðîèçâîëüíîì îáúåìå ìàòåðèàëà.

Êëþ÷åâûå ñëîâà: âêëþ÷åíèå, äåôåêò ëèòüÿ, êîíöåíòðàöèÿ íàïðÿæåíèé, ìàñ-

øòàáíûé ôàêòîð, ñòàòèñòè÷åñêèé ìåòîä, äåôåêò ìàòåðèàëà, íåãîðþ÷èé ìàã-

íèåâûé ñïëàâ.

Introduction. A Si-added noncombustible Mg casting alloy [1] has flaky

inclusions. The flaky inclusions are larger than the defects in a normal casting

material and the number of the flaky inclusions in this material per unit volume is

much less than the inclusions in a normal casting material. Figure 1 shows an

example of a flaky inclusion (oxidation).

A mechanical structure has many stress concentration areas. However, the

stress concentration volumes of the mechanical structure made by this alloy are

usually small. In order to put this material into practical use, it is necessary to

control the inclusions so as not to include them in a stress concentration volume. In

order to control the inclusions, it is necessary to evaluate the maximum size of the

flaky inclusions. It seems effective to apply statistics of extreme [2, 3] to this

material, although for such a small volume like a stress concentration volume, it is

important that the control volume should be smaller than the stress concentration

volume. However, the control volume cannot be small due to the properties of the

flaky inclusions. Thus, the statistics of extreme are not effective in this case.
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In this study, we propose an evaluation method of the size distribution

characteristics not only of extreme values, but also all the size regions of the flaky

inclusions. The sizes of the inclusions are measured from the fracture surfaces

obtained from the tensile tests. Alternately, the results of fatigue tests can be used

instead of tensile tests, since in both cases the material fracture start from the

inclusion. The validity of this method is verified through simulations with materials

that have arbitrary inclusion distributions. The proposed method enables prediction

of the maximum size of the flaky inclusions in an arbitrary volume.

1. Proposed Evaluation Method.

1.1. Repetitive Tensile Test. When a tensile test is performed using a material,

which obeys the weakest link theory, the fracture sourcen is the maximum size

inclusion in the control volume. The inclusion appears on the fracture surface.

With this phenomenon, the repetitive tensile test is proposed by the authors as the

method to evaluate the size distribution characteristics of the inclusions. Figure 2

shows the schematic diagram of the repetitive tensile test. For the first test, the

fracture source should be the maximum size inclusion in the specimen, and the

inclusion appears on the fracture surface. After the first test, the inclusions, which

are fracture sources emerging on the fracture surfaces, are smaller than the

inclusion which is a fracture source of the first test. In this way, the sizes of the

inclusions are measured from the fracture surfaces. The size distribution of the

inclusions can then be estimated by the repetitive tensile testing.
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Fig. 1. Oxide inclusion appeared on fracture surface [1].

Fig. 2. Schematic diagram of the repetitive tensile test.



A tensile specimen usually has grip sections. The diameter of the specimen

grip section is greater than that of the control volume. However, since the total

volume of the specimen for the repetitive tensile test must be treated as the control

volume, specimens with no grip section should be used for the tests. The cross

section of the specimen has a uniform shape. In order to apply a tensile load to the

specimen, its edge must be gripped. However, the inclusions in the grip sections

will not be the fracture origin because no load is applied to the grip sections. The

true size distribution of inclusions may not correspond to the distribution obtained

from the repetitive tensile tests. Therefore, in order to estimate the size distribution

of inclusions from the result with the specimen with grip sections, the repetitive

test results need to be refined.

1.2. Correction Method of the Test Results. In this paper, area is used as

the size of the flaky inclusions similar to the Murakami method [4]. Figure 3 shows

the definitions of area.

Figure 4 shows the correction method of the repetitive tensile test considering

the grip sections. The expected value of the inclusion whose size is area1 in the

control volume V1 is estimated as follows. A tensile test is carried out using the

specimen whose volume is V1 in Test 1. The fracture origin size is area1 . When

the total grip section volume is Vg , the tested volume is (V Vg1 � ). The Test 1

result is that the maximum inclusion size in the volume (V Vg1 � ) is area2 .

Considering the ratio of volume V1 to volume (V Vg1 � ), the expected value of the

inclusions whose size is area1 in the volume V1 is 1 1 1� �V V Vg( ).

The expected value of the inclusion whose size is area2 in the control

volume V2 is considered as follows. The tensile test is carried out using the

specimen whose volume is V2 in Test 2. The fracture origin size is area2 . The

Test 2 result is that the maximum inclusion size in the volume (V Vg2 � ) is area2 .

The expected value of the inclusions whose size is area2 in the volume V2 is

1 1 1� �V V Vg( ). The number of inclusions whose sizes are over area is defined

as F areaV ( ). The expected value of the inclusions whose size is area2 in the

K. Hayashi, S. Hamada, T. Matsumoto, et al.
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Fig. 3. Definitions of area.



volume V1 is F area V V V V V VV g g1 2 1 1 2 21 1( ) ( ) ( )� � � � � � when

considering the Test 1 result because area area1 2� .

Test n is carried out using the specimen whose volume is Vn . The expected

value of the inclusions whose size is arean in the volume Vn is

F area
V
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Based on the correction to the test result by considering the grip sections

volume, the size distribution of the inclusions can be predicted. The specimen

becomes shorter after every tensile test. When the specimen cannot be gripped, the

repetitive tensile test ends.

2. Validation by Simulation.

2.1. Validation Method. Real materials have an unknown inclusion distribution.

Therefore, corrected distributions and real distributions cannot be compared by

repetitive tensile tests using real materials, and.the validity of the proposed

repetitive tensile test cannot be verified. In this paper, numerical simulations of

repetitive tensile tests are performed on a computer with an assumed inclusion

distribution. The following expression based on the expression proposed by

Hashimoto et al. [5] is used as the assumed inclusion distribution.

F area M
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(2)

where M V is average number of all inclusions in the specimen, and � and � are

constant number depending on particle characteristic.
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Fig. 4. Correction method.



At the start, � and � are assumed. In order to confirm that the proposed

method does not depend on a distribution characteristic, simulations are performed

for three materials that have different � and � values. Table 1 shows the assumed

� and � values.

The length of the specimen is assumed to be a unit length. Random numbers

are allocated to the inclusions. The random numbers are the position coordinates of

the inclusions in a specimen. The coordinate uses one axis parallel to the loading

direction. With this specimen, operations to break the specimen from the maximum

size inclusions are repeated. However, some constant length from the edge of the

specimen is the grip section. When the maximum size inclusion is in the grip

section, the specimen is broken from the maximum size inclusion in the volume

without grip sections.

Test results may vary according to the proportion of grip section volume to

specimen volume. The grip section volume is prepared of 2 proportions, and the

differences in both are compared. The prepared proportion of the grip sections to

the specimen volume are 10 and 20%.

2.2. Simulation Results and Discussion. Figures 5 and 6 show the repetitive

tensile test simulation results and the refined results in which the grip sections are

assumed to be 10 and 20% of the specimen volume, respectively.

All figures show ten simulation results with the changing positions of the

inclusions. The reason why more than one simulation result is shown is that

F areaV ( ) is the mean distribution of the inclusion sizes and the number in a

certain volume material. The simulation results for the same material differ because

inclusions are randomly placed in a specimen. The simulation results and refined

results are case studies. It is expedient to compare the assumed distributions and

corrected results by more than one simulation result. The test results are lower than

assumed distributions in Figs. 5 and 6 because the inclusions in the grip sections do

not originate from a fracture. However, the refined results are distributed around

the assumed distributions. The refined results agree with the assumed distributions.

The scatter of the refined results in Fig. 5 is wider than that in Fig. 6 because the

grip section volume of the specimen in Fig. 5 is larger than that in Fig. 6. However,

the refined results in Fig. 5 and Fig. 6 agree with the assumed distributions.

Consequently, the proposed correction method for the repetitive tensile test result is

considered to be adequate and invariant to the grip section length.

Conclusions. The repetitive tensile test and the correction method are proposed

as the method to evaluate the inclusion distribution for the all size ranges. The
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T a b l e 1

Assumed Constants for Simulation

Material MV � �

Material I 10 93 0.3

Material II 10 651 1.0

Material III 10 1136 3.0



validity of the proposed correction method is verified by the simulation using the

proposed evaluation method.
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Fig. 5. Simulation results. (The grip volume is 10% of the specimen volume.)
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Fig. 6. Simulation results. (The grip volume is 20% of the specimen volume.)



Ð å ç þ ì å

Äëÿ âèçíà÷åííÿ ìàêñèìàëüíîãî ðîçì³ðó ïëàñò³â÷àñòèõ âêëþ÷åíü ó ëèòîìó

ìàãí³ºâîìó ñïëàâ³ ç äîì³øêàìè êðåìí³þ çàïðîïîíîâàíî ìåòîä îö³íêè õàðàê-

òåðèñòèê ðîçïîä³ëó âêàçàíèõ âêëþ÷åíü. Ðîáîòà ìåòîäó ïåðåâ³ðåíà øëÿõîì

êîìï’þòåðíîãî ìîäåëþâàííÿ ç äîâ³ëüíèì ðîçïîä³ëîì âêëþ÷åíü. Ìåòîä äîçâî-

ëÿº ïðîãíîçóâàòè ìàêñèìàëüíèé ðîçì³ð ïëàñò³â÷àñòèõ âêëþ÷åíü ó äîâ³ëüíîìó

îá’ºì³ ìàòåð³àëó.
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