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Statistical Analysis of Effects of Micropores on Strength
and Ductility of Aluminum Alloy Die-castings

Hiroyuki Toda*, Masakazu Kobayashi*, Shinya Ito*, Mitsuru Nakazawa**
Yoshimitsu Aoki**, Hiroshi Horikawa*** and Satoru Suzuki***

In this study, the effects of pores on strength and ductility were examined for an Al-Si-Mg alloy produced by a high-
pressure-die-cast method with and without secondary intensified pressure. Tensile tests were performed using 25
specimens and correlations between the characteristics of all the pores in each specimen and mechanical properties
were analyzed utilizing tomographic observations. The results showed a strong correlation between ultimate tensile
strength and maximum pore diameter, and those between uniform and local elongations and porosity. The existence
of coarse pores larger than 240 um in diameter resulted in significant reduction in tensile strength, whereas more
moderate dependency was also observed for smaller pores. There seemed to be no definite correlation between 0.2%
proof stress and the characteristics of pores, probably because pre-existing pores do not grow under such low stress/
strain levels. Although high porosity inevitably exerted effects on uniform and local elongations, almost constant
uniform elongation of 3 to 4% was observed above the porosity of 0.08%. Incidence of local elongation was observed
only when porosity was less than 0.004%, above which local elongation was truncated immediately after the maximum
load was attained. Since these behaviors were more sensitive to local characteristics of pores than to average ones, a
specimen with a porosity level less than average happened to show significant reduction in the properties due to the
existence of local pore clustering.

Overall, it can be concluded that ductile fracture is not strongly dominated by the existence of pores when pores
are eliminated by intensifying pressure during high-pressure die-casting. On the other hand, it can be summarized
that when pores are introduced to some extent, strength and ductility become sensitive to pores, especially to local
porosity, regardless of whether there are coarse pores or not.

Keywords : Aluminum alloys, Die-casting, X-ray microtomography, Pore, 3D imaging
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Fig. 1 Histograms of pore diameter expressed as
equivalent diameter for sphere of equal volume.

Table 1 Results of quantitative analysis for pores in
each specimen.

Meanpore  Largestpore  95%pore
Specimen  diameter,  diameter, diameter, Porosity (%)
d,

Number density, Number

mesn /M digae/ pm doss,/pm of pores

PM-1 19.4 394 19.4 1.84E04 3.80E+08 15
PM-2 22.6 38.9 37.0 9.60E05 1.09E+08 4
PM-3 18.7 46.2 218 3.88E03 1.08E+10 439
PM-4 19.5 30.6 255 2.46E04 5.75E+08 23
NPM-1 234 152.4 36.1 1.79E02 1.26E+10 510
NPM-2 25.8 362.2 44.1 1.21E01 3.18E+10 1280
NPM-3 245 221.2 39.6 6.01E02 2.67E+10 1079
NPM-4 26.6 204.0 44.2 5.31B02 1.37E+10 553
NPM-5 252 248.6 426 7.39E02 3.75E+10 1517
NPM-6 27.8 303.2 53.0 1.78E01 2.81E+10 1136
NPM-7 234 125.2 317 2.37E02 1.94E+10 787
NPM-8 252 307.2 423 6.03E02 1.26E+10 510
NPM-9 23.7 135.5 39.6 2.95E02 2.30E+10 932
NPM-10 227 79.1 33.7 1.47E02 1.83E+10 742
NPM-11 233 94.9 372 1.03E02 7.91E+09 320
NPM-12 21.7 65.9 319 6.43E03 9.79E+09 396
NPM-13 235 97.0 380 1.33B02 1.11E+10 450
NPM-14 27.6 104.4 513 2.90E03 9.78E+08 39
NPM-15 232 65.6 39.8 5.22E03 5.07E+09 205
NPM-16 22.8 52.8 322 8.89E04 1.07E+09 43
NPM-17 233 128.9 353 3.03E02 2.90E+10 1174
NPM-18 22.1 109.1 329 4.97E02 6.84E+10 2768
NPM-19 244 414.1 388 1.53B01 4.90E+10 1981

NPM-20 222 94.6 318 8.22E03
NPM-21 25.1 205.2 42.5 8.69E02
Ave. 23.5 149.0 37.1 4.01E02

9.32E+09 377
5.31E+10 2148
1.92E+10 777
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Fig. 2 3D perspective views of micropores in materi-
als (a) PM and (b) NPM. Note that only micropores are
extracted and shown here.
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Fig. 3 Distributions of ultimate tensile strength as a
function of four different parameters that represent
characteristics on micropores. Largest pore size, poros-
ity and mean pore diameter are chosen as parameters.
Since the total number of micropores differ by speci-
men, the largest pore size is also defined as the upper
limit of 95% confidence interval.
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Fig. 4 Distributions of 0.2% proof strength as a func-
tion of four different parameters that represent charac-
teristics on micropores. Largest pore size, porosity and
mean pore diameter are chosen as parameters. Since
the total number of micropores differ by specimen, the
largest pore size is also defined as the upper limit of
95% confidence interval.
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Fig. 5 Distributions of uniform elongation as a func-
tions of four different parameters that represent charac-
teristics on micropores. Largest pore size, porosity and
mean pore diameter are chosen as parameters. Since
the total number of micropores differ by specimen, the
largest pore size is also defined as the upper limit of
95% confidence interval.
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Fig. 6 Distributions of local elongation as functions of
four different parameters that represent characteristics
on micropores. Largest pore size, porosity and mean
pore diameter are chosen as parameters. Since the total
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BRI -RDBER, BARTHEBLUEo YT £ —,
BRIl AR 7 HE L Oic HIRMB WHEESERY 54, ¥

I295% LV NVORKR7TEREEYERE ORMIICHHRS
BfpEED oz, F1, 02%IHAKKSVWTR, £7
HIR~NOHBIIEV L > TH B, —F, EH—HU, B
Ued, Rovy s —BLURKS -k EE, FHicto
VI 4 —EMWHBEMEY OB, BEHTE, Key
7 4 — 5 0.004% LI T OB 1~25% TH Y, Zhll
LDHEITIR03% LT EERKINESE-TVS, —F,
B—HoR, ®ovF e —28BL%E 0.01~0.08% DT #
o ¥y 4 — i 2REERMED o hDE. RovF 4 —
BrhX{ECIRKDRERF TR, 1X0fNEKRE, 1
—HUOBBLZ6~11% EFELB>TWVWS, 3.1 THN
ek o, RRETEMNREUHABRFCR#EavF -
BWHMICS 20T, WTFNOBE TS, HHHEMEL
LHICHRA B 52—y RN EEDbN B,

PM #1 & NPM #4 i3 BUE SRS RIS 24, RovF 4 —
VEEEDO SO, #lAiE PM-3 & NPM-15 2tk d 3 &,
ETH, BAERTELEOFRLAL—F—LB-TW3E, %
Z T, Fig. 7Cid, PM¥ME NPMMOF— 52—l
L, 947 nvFay b Lk, 9, BBPHECTHEOKNEE
5EMEFIOARELBRThTVA I EIRKAML. Thid,
Fig. 6 TRONEMEABLTWS, YM—MUTTH, #E
OREBHBEIEE»SOTOUMBAONS, —F, BK
5ok ME TR, FUBEPERPSIFRTVE LD
IKRA 3.

Wi, BEEBER»3ThTw3 X3 c@Ebohiy—
yEHOF—5 €y FELTHREL, SPHET2ED

@ .~ “lo .
o A
0.5 }" 3 0.5 ¥
j .
205 ‘.g.w" 205 o
& . g >
=t 1.5 . - »
& P
251 e = 25F e m=18
Ri— géss R?=0.93
35 35
3‘55.40 545 550 555 560 5.65 47 48 49 5.0
In(Gire) In(a,,)
= 15
) # @
0.5 ot 0.5 s
A 2.5 = 3
7 0.5 o5 2 .0.5 $
& . & .2
2 i 3 sl of
H-15) ; 1507,
2.5 . m=25 251 m= 0387
R2=091 R2=0.75
35l : 35
08 1.0 L5 2.0 24 30 20 -0 00 10 20
In(s) In(s)

Fig. 7 Weibull plots of four properties. Note that both
PM and NPM have been plotted together.

15
USI@  myae=375 ®
0.5F d 0.5
¥

-~ o/ = 05
i y 0.
% 0.5 p; . §
¥ 1574 Cmyne=209 ¥ 15

25T 0d, <240um 25 oTop 6 points

* . =240pum ~The others
35 . . . 35 :
540 545 550 555 560 565 0.5 1.0 15 20 25
In(Gyrs) In(g)
L5
(c) . .
m=2.
0.5} 2
s

= i o
& -05 b
g LS| & m=25

=251 oTop S points

. * The others
35 i p . "
35 25 -15 05 05 LS
In(s)

Fig. 8 Revised Weibull plots of (a) ultimate tensile
strength, (b) uniform elongation and (c) local elonga-
tion, representing two different plots in each figure that
have been divided at folding points in Fig. 7. Note that
only (a) has been divided at dmax=240um that has been
obtained from Fig. 3(a) .

U A TNSHREE RV, IhE Fig 8 IcRT. B,
BARG -8R0 BER, BucHBEd 27210 cRBOIERES
Bohishot, 22T, Fig. 30 L4, THE-AOH
WMTEML, ETFZROHEBIRENIZIZFLL LAHME
(dpax=240pm) TF— S 25BELTT oy b L T,
BRI -BOBE T, 74 7NVEEL17.7H05 2098
LU37T5~EHELTHY, HBEFRE S EANIcH L
TV, E—f, BIETcowTd, 74 TR
T ZTh250 537,52 0905623L25~NE, %
hehmbllTwa, chohd, #o vy —0O/h&i
BARORBRR (Fic PM#) O£ 7 RIAOERHE
BEHTHD, 2hlADbOTRR7THERFEHES
h 3. Fig.8(b) OEMDOF -4ty b TR, KKRELT



I7uRTHETNI =Y LEESAH R OBE - B RIZ T EE 0K RN 431

3007 —

280} B

260 fe
240} v .

220 -\
NPM-12

Ultimate strength, o,/ MPa

200657 03 03 04

Local porosity (%)

300
280
&
260 I~ e® =

2401 L4 .

220t
NPM-12

Ultimate strength, o, / MPa

2000 20 40 60 80 100

Local number density, count x10°/ m?®
Fig. 9 Ultimate tensile strength as a function of local
porosity and local number density of micropores ob-
tained in vicinity of fracture surface. 380 slices were
extracted in the direction perpendicular to the loading
axis with the fracture surface as a center for this pur-
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