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PREFACE

This book is written primarily as a reference source for die-
casters, alloy designers, as well as for manufacturing
engineers and design engineers, It is organized to allow easy
access to important alioy data while providing a basic un-
derstanding of the relationship between chemistry,
microstructure, and properties of aluminum die casting al-
loys. This book strives to cover the area between theoretical
books and practical handbooks and is intended to be a valu-
able guide to metal casters. Consequently, the main objectives
ofthe book are:

1. To provide descriptions of the microstructure of different
aluminum die casting alloys and to relate the various mi-
crostructures to the alloy chemistry.

2, To relate the microstructures of the alloys to their main
engineering properties such as ultimate tensile strength,
yield strength, elongation, fatigue life, impact resistance,
wear resistance, hardness, thermal conductivity and elec-
trical conductivity.

3. To be a reference source for aluminum die casting alloys.

The book is organized in four chapters. Chapter 1 begins
with a general introduction to aluminum die casting alloys,
concentrating on the specific alloys covered in this book. The
procedures used in preparing test specimens for property
measurements, specifically melt preparation, specimen pro-
duction and testing, are described in detail in Chapter 2
Chapter 3 is an extensive database of microstructures and
properties of aluminum die casting alloys of varying compo-
sitions. Also included in Chapter 3 are cooling curves and
differential thermal analysis curves for the alloys. The docu-

mented properties are room temperature ultimate tensile
strength, yield strength, elongation, fatigue life, impact
strength, and wear resistance, hardness, thermal conductiv-

ity, electrical conductivity, and specific gravity. In addition, :

data on high temperature ultimate tensile strength yieid
strength, and elongation are also given. Chapter 4 discusses
the evolution of the various microstructures based on alloy
chemistry, and relates the alloy performance, through its
mechanical and physical properties, to the observed micro-
structure. Empirical equations for predicting each of the
properties from the alloy chemistry are also provided.

The data and knowledge base presented in this book is the
result of a research project that was cooperatively sponsored
by the North American Die-Casting Association (NADCA) and
the US Department of Energy (DOE). We express our grati-
tude to both organizations. Special thanks go to the corporate
sector that contributed towards this major project not only
in terms of resources, suppliers and materials, but most im-
portantly they provided guidance, counsel and many years
of experience. We would like to acknowledge the following:
CMI International, Inc., Doehler-Jarvis Company, General Mo-

tors Corporation, Gibbs Die Casting, Kennedy Die Castings,

Inc., Reynolds Metals Company, US Reduction, and Wabash
Alloys.

Finally, we thank all the research scientists, graduate stu-
dents, and technicians at the Metal Processing Institute whe
played an important role helping us perform the measure:
ments and collect the data.

M. MAKHLOUF, D. APELIAN, L. WANG
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INTRODUCTION

The casting process has always been a major manufactur-
Ing method for aluminum based products. The production of
aluminum castings by the thirty-seven major industrial coun-
{ries in 1996 totaled 6.37 million tons, and of those the USA
accounted for 1.64 million tons.!? Generally speaking, cast
aluminum alloy components can be produced by any of the
traditional casting processes. However, advances in die cast-
ing technology, especially the development of the cold
chamber die casting process, and improvements in die ma-
terials, have made the die casting process the most commonly
used method for producing aluminum castings. The increase
Inthe appeal of the die casting process may also be attributed
to the excellent die casting characteristics of aluminum al-
loys, as well as, to the increased demand for large quantities
of identical parts. In the 1980s the die casting process pro-
duced about 68% of the total aluminum alloy castings made
in the USA. In 1996 Japan produced 64.4% of its total alumi-
num alloy castings via the die casting process!. Among all
the various different alloys that may be die cast, aluminum
alloys are the most predominant. In 1997, 1.66 billion pounds
of aluminum were die cast in the USA, in contrast to 439.7
million pounds of zinc and 91 millions pounds of magne-
sium.®

In addition to advances in manufacturing technology and
the increased demands of the market, research and devel-
opment efforts dedicated to aluminum alloys have played an
important role in the dramatic growth in the use of these
alloys. This is reflected in the number of publications per
year dedicated to aluminum alloys. For example, reviewing
Metal Abstracts, under the subtitle “"Aluminum Alloys", shows
that the number of papers published annually has increased
from about 1,100 in 1970 to over 6,000 in 1992. However, only
a small fraction of the published literature is pertinent to die
casting alloys. A search for technical papers directly related
to aluminum die casting alloys in World Aluminum Abstracts
from 1968 to 1992 and Metal Abstracts from 1982 to 1992

shows that only 200 such papers were published during that
time period.

Clearly, recent innovations in die casting technology have
significantly expanded the commercial applications of cast
aluminum products. However, the development of comple-
mentary new alloys, the optimization of existing alloys, and
the documentation of reliable mechanical properties data for
these alloys, have all categorically lagged behind. In 1995,
the North American Die Casting Association (NADCA) and
the US Department of Energy cooperatively sponsored a re-
search program at Worcester Polytechnic Institute (WPI)
aimed at systematically investigating alloy-microstructure-
property interactions in aluminum die casting alloys.
Twenty-four aluminum-based alloys containing elements
common to aluminum die-casting ailoys in the range typical
to these alloys were produced. The alloys were die-cast into
standard ASTM specimens, and their mechanical and physi-
cal properties were determined. The properties measured
included: room temperature tensile properties, elevated tem-
perature tensile properties, room temperature fatigue,
hardness, wear resistance, impact strength, thermal conduc-
tivity, electrical conductivity, and specific weight. In addition,
microstructure examination using scanning electron micros-
copy (SEM) and energy dispersive x-rays (EDX), as well as
thermal analysis were performed on each of the alloys in or-
der to correlate the alloy chemistry with its die cast
microstructure and properiies. The resuits of this compre-
hensive study are presented in this book.

References

1. A modern casting Staff Report, “315 Census of World Casting Produc-
tion-1996", Madern Casting, Vol, 87, No 12, Dec, 1997, p40-41.

2. Aluminum Statistical Review for 1988, The Aluminum Association,
7989.

3. “State of the Industry Summary,” NADCA LINKS, Feb 1998, p. 1.
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CH'APTER 2: SPECIMEN PRODUCTION
AND TEST PROCEDURES

2.1 Alloy Chemistry

he elements which are commonly found in aluminum die
gusling alloys and have a substantial effect on the alloy’s
tnlcrostructure and performance are copper, magnesium,
munganese, silicon, zinc, chromium, titanium, iron, nickel,
and strontium. Copper, magnesium, manganese, silicon, and
zinc are usually intentionally added to commercial aluminum
nlloys to increase strength, particularly when coupled with
hybat treatment. These elements are all soluble in aluminum,
and in all cases the solubility increases with increasing tem-
porature. Of all the elements, zinc has the greatest solubility
In aluminum (a maximum of 66.4%). Most of the other alloy-
Ing elements form second phase microstructural constituents
that are usually intermetallic in nature. Iron is always present
In commercial aluminum alloys, it is often introduced into
ihe alloy unintentionally through the use of steel tools during
melting and casting and the use of scrap that contains iron or
Iron oxide. For most aluminum foundry alloys, the presence of

lron Is detrimental, and efforts are made to keep its levels as .

low as possible and economically feasible. However, in alu-
minum die casting alloys iron is added purposely to minimize
die soldering. Various types of iron bearing phases may form
In aluminum alloys, and the effects of iron depend to a large
oxtent on the morphology of the phases that it forms.

The alloys presented in this book are aluminum-based al-
loys having compositions with the above mentioned elements
In quantities that are commonly found in typical die casting

"Table 2.1 Layout of the L,, Taguchi Orthogonal Array.

alloys. They are experimental alloys intended toillustrate the
effects of the various elements on the microstructure and
mechanical and physical properties of die casting alloys. In
order to illustrate the effects of these ten elements on the
microstructure and properties of the alloys selected, the
Taguchi method for design of experiments was used. Two
Taguchi Orthogonal Arrays were employed: an L, and a modi-
fied L,. The L,  orthogonal array called for sixteen alloys where
each of the ten elements was used at two specific different
levels. In addition, those element interactions that are known
to have a significant effect on alloy properties were also in-
cluded. Since the range of silicon, copper, magnesium, iron
and zinc in typical die casting alloys is quite wide, and since
the L, Taguchi orthogonal array incorporates only the high
and low ends of this range, an L array was needed in order to
investigate the effects of these elements at levels that are °
intermediate to the range used in the L, orthogonal array. ‘
In the modified L, orthogonal array, silicon is used at four
different levels while each of the other four elements is
tested at two levels. Table 2.1 shows the layout of the L ¢
TaguchiOrthogonal Array, and Table 2.2 shows the targeted
and achieved average compositions in this array. Table 2.3
shows the layout of the modified L, Taguchi Orthogonal
Array, and Table 2.4 shows the targeted and achieved
average compositions in this array. Tables 2.5 and 2.6 list
the composition of all twenty-four alloys which are covered
in this book.

. |Alloy Column No.
No. 1 2 3 4 5 6 1 8 9 10 1 12 13 14 15
1 1 ) 1 1 7 ) 7 1 1 1 1 1 1 1 )
2 1 7 1 1 1 1 1 2 2 2 2 2 2 2 2
3 1 1 1 2 2 2 2 1 1 1 1 2 2 2 2
4 7 ) 1 2 2 2 2 2 2 2 2 1 1 1 1
5 1 2 2 1 1 2 2 17| 1 2 2 1 1 2 2
6 1 2 2 1 1 2 2 2 2 1 1 2 2 1 1
7 1 2 2 2 2 1 /) 1 1 2 2 2 2 ) 1
8 1 2 2 2 2 1 1 2 2 7 1 1 1 2 2
9 2 7 2 ) 2 1 2 1 2 7 2 1 2 1 2
10 2 1 2 1 2 1 2 2 1 2 1 2 1 2 1
11 2 /) 2 2 1 2 1 1 2 1 2 2 1 2 1
12 2 1 2 2 1 2 7 2 | 1 2 1 1 2 1 2
13 2 2 1 1 2 2 7 1 2 2 1 1 2 2 1
14 2 2 1 1 2 2 1 2 1 1 2 2 1 7 2
15 2 2 1 2 1 /) 2 1 2 2 1 2 1 / 2
16 2 2 1 2 1 7 2 2 1 1 2 1 2 2 1
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Table 2.2 Targeted and achieved average compositions in the L, Taguchi Orthogonal Array.

g Jable 2.5.

Column
No.

Element

Level 1 (%)

Level 2 (%)

Targeted

Achieved

Targeted

Achieved

1 Si

6.96+0.11

el sy 4l - W
- .15',2 Sl s

‘:;’»3’,-;MT”'§2§:.€.':1 i 2
oo L1 ¢ R B

150:0450.017 11

13.0

om0

12.85+0.12

~73= 0.46%0.03

3 Si-Mg

BTEESY DR P ey IO E
IS FAa vF e e B L y [
P ,z"_;',..f(, %= P TR | B A
ezl =L T -3 T e e Teamgy T w

3 155%0.065 - |k

1.21+0.06

5.0

4.90x+0.14

No.

£0:04%0.03 = ==

£0:50 5

F=~0472003 - |§

0.01+0.00

0.15

0.14=0.01

T
8] .
veoey

G S10.01£000 0

s 0800 i

(.7 0.45+0.06:

Wk B (TR G B AT
FU4STaPFER 110 4 RS B i iy
YRS 1 1 nlly!;J_ 12 I T
IR BTN RN I i

-

Ti

0.01+0.00

0.20

0.190.02

ool LA T
Ry [| By

v, 5 N 3 B e » £
the ey T oL, RYTRAP s
BT e S L e
[N T B A

e 046£0.055E

e L
B rnrdi N | Rt
N A | e

2] 222780427 | §

11

(FeMn)Cr |

15

CueZn

Table 2.3. Layout of the modified L, Taguchi Orthogonal Array.
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Table 2.4, Targeted and achieved average compositions in the modified L, Taguchi Orthogonal Array.

Column

No. Element

Level 1 (%)

Level 2 (%)

Level 3 (%)

Level 4 (%)

Targeted

Achieved

Targeted

Achieved

Targeted

Achieved

Targeted

Achieved [§

Si

8.0

8.29+0.14

9.0 9.50+0.01

10.0

9.68+0.02

110

10.91:0.04| §

Unused

Unused

Cu

2.5

2.66-+0.05

3.75 | 437+0.55

Fe

1.0

0.96-+0.09

13 1.21+0.22

Mg

0.10

0.05+0.03

0.30 | 0.04+0.02

Nt | W] -

Zn

1.0

1.15+0.06

2.0 2.18+0.05

10

1

12

13

15

16

14
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Table 2.6, Chemical composition of the alloys in the L, Taguchi Orthogonal Array.

Composition (%)
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set-up is shown in Figure 2.1, In each test 10 Ibs. of alloy were

with a Thermal Analysis Data Station. The sample weight 4

12 E CHAP®
- AND TEST PROCEDURESE AND T
Table 2.6. Chemical composition of the alloy:s in the L, Taguchi Orthogonal Array. E ranio 2.7, 1
Alloy Composition (%) Castir
. R R Cycl
No. Si Mg Fe Cu Ni Cr Mn Ti Zn Syee
»:u}low .
- Targeted 8.00 0.10 1.00 | 250 0.05 0.00 0.00 0.00 1.00 flant s
Achieved | 8.39 | 0.02 0.90 2.1 0.04 0.06 | 0.22 0.03 1.10 Poak
e | Do clh
Targeted 8.00 0.30 1.30 3.75 0.05 0.00 0.00 0.00 2.00 ' 4 .
18 ;| ! wot |
Achieved 8.19 0.02 0.91 3.87 0.03 0.04 0.17 0.03 2.20 ] | tntens
19 Targeted 9.00 0.30 1.00 2.50 0.05 0.00 0.00 0.00 2.00 _ 1
Achieved 9.49 0.02 0.87 2.61 0.03 0.05 0.23 0.03 2.20 1
20 Targeted 9.00 0.10 1.30 3.75 0.05 0.00 0.00 0.00 1.00 (§
Achieved 9.50 0.09 1.43 4.00 0.13 0.06 0.21 0.05 1.10
o1 Targeted 10.00 0.10 1.30 2.50 0.05 0.00 0.00 0.00 2.00 T
Achieved 9.66 0.05 1..22 2.63 0.03 0.06 0.26 0.03 210
0 Targeted 10.00 0.30 1.00 3.75 0.05 0.00 0.00 0.00 1.00 :‘Q
. el
Achieved 9.69 0.05 1.05 4.54 0.04 0.06 - 0.27 0.03 1.20
23 Targeted 11.00 0.30 1.30 2.50 0.05 0.00 0.00 0.00 1.00
Achieved 10.88 0.05 1.27 2.62 0.04 0.06 0.26 0.03 1.20 —l—
o Targeted 11.00 0.10 1.00 3.75 0.05 0.00 0.00 0.00 2.00
Achieved 10.93 0.05 1.02 5.06 0.12 0.06 0.24 0.05 220 (F frg o0 T
2.2 Specimen Production melted in a gas-fired furnace in a 12-1b. capacity silicon carbids moararen
The data that are presented in this book were obtained from ~crucible. The melt was heated to 7952:5°C. At this temperatureg
specimens produced by the following procedure: one thousand ~the melt surface was drossed and the melt was transferred andjg
pounds of each of the alloy compositions were melted and held  Poured into the mold using a 2 Ib. ladle. The time elapsed dur.
in a clean graphite crucible in a typical melting/holding fur- "9 melttransferand pouring was less than 10 seconds. In orderj
nace. The specimens were produced on a 250-ton aluminum to insure repeatability, three measurements were performed foy
die casting machine. Prior to every die casting run, the diewas  €achalloy. ) . |
preheated, and the first twenty shots were discarded toensure ~ Samples (0.5x0.5x0.25 inch) were sectioned from the areal Samp
specimen consistency. The shot profile was continuously moni- ~ round the thermocouple tip at the center of each casting. Thelg |,
tored and recorded. A list of typical process parametersis shown  locations of the samples are shown in Figure 2.2. Optical micros- & ‘ Ana
in Table 2.7. All the test specimens were x-ray inspected and COPY and scanning electron microscopy (SEM) were used tof —_—
defective specimens were identified and discarded. analyze the morphology, size, and distribution of the variousg
. L phases in each sample. The different phases and their composi-
2.3 Material Characterization tions were also identified using EDX.
C. _.ing Curves Differential Thermal Analysis :
Cooling curves for the alloys investigated were obtained usinga The Differential Thermal Analysis (DTA) samples were taken from
K-type thermocouple placed at the center of a graphite mold  a location that is next to the microstructure analysis sample, asj§
cavity. The thermocouple was connected o a data acquisition shown in Figure 2.2, DTA measurements were
systemto record the thermal history. The mold and thermocouple  conducted using a Perkin-Elmer DTA 1700 System equipped




CTION

CHAPTER 2: SPECIMEN PRODUCTION

DJURES AND TEST PROCEDURES B
Iable 2,7, Die casting parameters used to produce the test specimens.
Casting Temperature 650°C (1200°F)
7n Cycle Time 20 seconds
—_— Slow shot velocity 9.4 inches per second
1.00 Fast shot velocity 23.0 inches per second
1.10 Peak velocity 48-58 inches per second
— | Die close pressure 1,100 psi
2.00 Bhot pressure 1,000 psi
2.20 Intensifying pressure 3,100 psi
Py .. was between 60 and 70 mg, and the purge gas used was nitro- |
ﬂ Thermocouple — To Data Acquisition | o at a flow rate of 40 cc/min. The sample was rapidly heated to
290 System 800°C and then the analysis was conducted at a cooling rate of -
| " 10°C/min.
1.75
1.00 Microstructure Analysis ‘
1.10 Specimens cut from the die cast tensile bars were prepared
. for microstructure analysis using standard metallographic
techniques. These techniques included mounting in Bakelite
2.00 followed by grinding with silicon carbide paper and polish-
ing with silica gel. When needed, specimens were etched |
210 with a 5% HF solution for 15 seconds. The specimens were -
- . examined using optical microscopy and scanning electron
1.00 0 microscopy! (SEM). Energy Dispersive X-rays (EDX) was used
I o to identify the various phases present in the structure and
) their chemical compositions. The fractured surfaces of the
— fatigue specimens were also examined using optical micros-
1.00 copy and scanning electron microscopy to identify the origins
'——1 20 of the fatigue cracks.
—_— 2.4 Property Measurement
2.00
—_— Mechanical Property Tests
__zﬂ flg. 2.1. The mold and thermocouple setup for the the thermal history Room Temperature Tensile Test
sncarbide  TCosurement. A minimum of thirty-five specimens from each alloy com-
mperature position was used to determine the room temperature
ferred and Thermocouple tensile properties of the alloys. The specimens were tested
44 three months after they were produced. The tensile testis .
ipsed aur- were conducted according to ASTM standard B557 [1] us-
Is. In order ing the ASTM standard tensile specimen shown
formed for schematically in Figure 2.3. All tests were performed at
I room temperature using a Universal Testing? machine.
1 the area W Strain was measured using an axial extensometer® with a
isting. The Sample for gage length of 2 inches. The extensometer was used until
salmicros. | Microstructural the specimen fractured and the testing machine ramp rate
re used to Analysis Sample for DTA| was 0.05 in/min. The data, in the form of load vs. displace-
~e various ™~ 7 ment, was monitored using a strip chart plotter, and also
. stored in a personal computer. The data stored in the com-
rcomposk puter was analyzed using specially designed software to
obtain tensile strength (TS), vield strength (YS), elonga-
tion (e), and modulus of elasticity (E).
tab--~from 1 _JSM840 scanning electron microscope equipped with stage automated digita.
58 e, as image analysis, a light element Quantum X-Ray detector with a Kevex Deltc
ts W ére system, and a wavelength dispersive x-ray analyzer. )
! 2 Instron Servo-Hydraulic Tension-compression System model 1332 equipped witt.
equi p.pEd an 8500 controller and a 5620 pound load cell.
Jle weight Fig. 2.2. The locations of the samples for microstructure analysis and * MTSextensometer model 634.25.

DTA.
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Dmgﬂxbamsﬁp\s Length of reduced section four ids
9 ] tostad r
' \;:; < i l / ductod
i ] n =T _@_ R As-cast Machined surface ‘iﬂ;\’:;::
0250 . / ; / acribing
Dimw/l—/—/zooo R 3 v/ || emmmmee = theso p
Gagelength S IS Y =S VU Y procoedt
_______ _ — - S to a larg
Fig. 2.3. ASTM Standard tensile test bar for die castings [1]. T T T on the ¢
Elevated Temperature Tensile Test model L
A minimum of five specimens from each alloy composition was 1.60° this boc
used to determine the elevated temperature tensile properties o
of the alloys at each of the elevated temperatures. The speci- Wi
mens were tested five months after they were produced. The er
tensile tests were conducted according to ASTM standard E21 anitera
[2] using the ASTM standard tensile specimen shown schemati-  fig. 2.4. Schematic of fatigue test specimen. ] 3 Lquatio
cally in Figure 2.3, Tests were performed at two temperatures: i ondurar
100°C and 200°C using a Universal Testing® machine. Strain was ditions.
measured using a high temperature axial extensometer® with a particul
gage length of 1 inch. The extensometer was used until the speci- Resolt Ono of
men fractured and the testing machine ramp rate was 0.05 in/ évo‘:mregn analysi:
min, The data, in the form of load vs. displacement, was moni- lorm “n
tored using a strip chart plotter, and also stored in a personal ligue cy
¢ uter. The data stored in the computer was analyzed using Shutoff slross h
sp.-ally designed software to obtain ultimate tensile strength Bl Swith - he 1
(UTS), vield strength (YS)S, elongation (e), and modulus of elas- Bearings “::: ?auir
ticity (E). — :
Specimens were heated to the test temperature, held at tem- ( @ % ] _ E  corded.
perature, and tested to fracture in an environment chamber’. [ } _ troating
Three thermocouples were securely attached to the k Motor J- =] - 5 was
specimen’s surface inside the reduced section. In addition, % % alg is pr
a fourth thermocouple was left in air inside the chamber in - . curve is
close proximity to the specimen. The readings of these four 7§7777>7 Specimen all the
thermocouples were used to monitor the heating schedule. / / from th
For tests at 100°C, the chamber preheating time was 60 min-
utes when the chamber was cold-started and then for each Impact
specimen the heating time was 20 minutes and the holding Tho im
time was 20 min. For the tests at 200°C, the chamber pre- -7 = alloy's
heating time was 90 minutes when the chamber was 6 0 ware ot
cold-started and then for each specimen the heatingtime | L | _____ dard te
was 40 minutes and the holding time was 20 min. The cham- forn
ber temperature did not vary by more than +£3°C, and the Weight bor
temperature at the center of the specimen was within £1°C toughn
of the desired test temperature. The temperature difference — - - I thospe
along the reduced section of the specimen was within =1°C Fig. 2.5. Schematic diagram of a RR. Moore Rotating Bending Test Machine. I (;\ﬁllgd i
; . : sim
dur-lng holding and testing. tions of each specimen were machined to fit the fatigue ma- was ug
Fatigue Test chine and to ensure proper alignment. The reduced section of f distanc
Two to five specimens from each alloy composition were the specimens was kept in the as-cast condition; however, the f  tho spe
tested at each stress level, and a minimum of six different parting line flash was removed with a fine file. After removing I 16 ft/s.
stress levels was used to generate the fatigue curve foreach the parting line flash, the specimens were polished inalongitu- § and fou
of ~alloys. Specimens were prepared according to ASTM  dinal direction with 800 grit silicon carbide paper followed by § scale g
si.. .Jard E466 [3], which is shown in Figure 2.4, The grip sec- 1200 grit silicon carbide paper. Specimen testing was started g £ 0.05°,
4 Instron model 1332 equipped with an 8500 controller and a 5620 pound load three r‘:‘onths after the specimens were produced and lasted man us
cell, approximately twelve months. All tests were performed atroom g after tr
s MTS high temperature extensometer Model 633.11B-15. temperature using R. R. Moore Rotating-Bending Fatigue ma- §  month.
s Since it Is difficult to discern the stress at which yielding occurs in these alloys, chines. A schematic representation of the R. R. Moore g was at
the 0.2% offset method was used to determine the yield point. Rotating-Bending Fatigue machine is shown in Figure 2.5, alloy ct

7 Instron environment chamber Model 3116.

Py e Ao e e & N Ao S i & Y A I e e A S e B e %
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JURES AND TEST PROCEDURES 15
- Four identical machines were used, and specimens were 0246
fasted randomly on all four machines. The tests were con-
ducted according to established standards and the rotatlon IE & “l
speed used was approximately 7500 rpm. ’
arface Although many analysis procedures are available for de- l ; I
seribing stress vs. number of Cycles (S/N) curves, none of / /
- those procedures is universally accepted and applied. The \
.0 |8 procedure best suited for a particular experiment depends Two test specimens are cut from this bar 0.250° 0254
=T__ ° to a large extent on the characteristics of the raw data and

st Machine.

itigue ma-
section of
wever, the
removing
1alongitu-
Nlowed by
as started
e 'asted
26 Jom
atigue ma-
R. Moore
‘igure 2.5,

on the objectives of the analysis. The general mathematical
model used to represent the mean S/N curves presented in
this book is [4].

Log N = Ao + AsX Log (Smax- So)  (2.1)

Where A, A,, and S, are constants that are calculated using
an iterative least square technique. It can be easily seen from
Equation 2.1 that when Smac—> So, N—> . Therefore, Sisthe
ondurance limit, or fatigue life of the alloy for the given test con-
ditions. Nonlinear regression analysis was used to derive the
particutar curve that best fits the S/N data for each alloy.
One of the most important issues in performing regression
analysis on fatigue data is the treatment of “runouts”. The
ferm “runout” refers to data points where the number of fa-
tlgue cycles recorded did not cause failure under the imposed
stress level. In this study, the experiment was stopped when
fhe number of cycles exceeded 5x107 and the specimen did
not fail, For each alloy, three or more such runouts were re-
corded. At least five procedures have been proposed for

-{reating runouts [4, 5]. In this work the two step process [4,

b] was used to treat the runouts. In this process a trial analy-
sls is performed with all runouts excluded and a mean S/N
curve is derived. Subsequently, the analysis is repeated with
all the runouts which fell above the mean curve obtained
from the trial analysis.

Impact Test

The impact test is a dynamic fracture test that measures the
alloy’s fracture toughness. The data reported in this book
were obtained from a Charpy Impact Test, which is the stan-
dard test for aluminum die casting alloys. Testing was
performed according to ASTM standard E23 [6]. The fracture
toughness measured in this test is the energy absorbed by
the specimen in fracture under a dynamic load, which is also
called absorbed energy, fracture energy, and impact energy.
A simple beam, pendulum type, Charpy Impact apparatus
was used. The weight of the pendulum was 24 Ibs. and the
distance from the axis of rotation to the center of strike in
the specimen was 1.0253 ft. The impact velocity was about
16 ft/s. and the potential energy of the system was measured
and found to be 24.0498 Ib.ft. The machine had an analogue
scale graduated in degrees, and the reading accuracy was
+0.05°, The geometry and dimensions of the standard speci-
men used is shown in Figure 2.6. Testing started eight months
after the specimens were die cast and lasted for about one
month. The tests were conducted at room temperature, which
was about 77°F. Forty-five specimens were tested for each
alloy composition.

Fig. 2.6. Standard simple beam impact test bar for die casting alloys.

Wear Resistance Test

The standard Dry Sand Abrasive Test described in ASTM
standard G65 was used. A schematic of the apparatus is
shown in Figure 2.7. The test involves abrading a standard
test specimen with silica grit of controlled size and compo-
sition. The abrasive is introduced between the test specimen
and a rotating wheel with a rubber rim of a specified hard-
ness. The test specimen is pressed against the rotating wheel
with a specified force by means of a lever arm while a con-
trolled flow of grit abrades the test surface. The volume loss
from the sample is the measure of the wear resistance. The -
test parameters used are shown in Table 2.8. For each alloy
five specimens were tested between 4 to 6 months after they
were produced.

I Hopper
\
Sand

o o |

| po—|

l Weight
Specimen
Tx3"x(0.12-0.57)
Rubber Lined Wheel

Fig. 2.7. Schematic of the Dry Sand Abrasive Test apparatus.

Hardness Test

Hardness measurements were performed according to ASTM
standard E18. The test was performed on a Rockwell Hard-
ness Testerd, with a 1/16 inch ball and 100 kg load. The °
Rockwell Hardness Scale B was used. Foreach alloy, three
groups of specimens, each-consisting of 10 identical die cast

¢ Model 3JR.
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able 2.8. Wear resistance test parameters.

AND TEST PROCEDUREE

Test Machine

FALEX Abrasive Tester K

Sample size 1" x 3" x 0.25" 3
Wheel diameter g" B
Wheel width 0.5" iE
Wheel hardness Durometer A-90 i
Wheel speed 200 rpm 7
Test duration 10 minutes ]
Linear abrasive 4713 ft. ~
Test load 30 Ib. 3
Abrasive AFS 50-70 test sand

Sand flow rate

0.74 Ib./min, E

Reference \ Thermocoy,
3 ple
Guard Shell Specimen = ,
N P
Test Z
- Specimen A Zr
Insulation A A
\\
\ /2 z
Thermocouple d
Reference
Specimen . z
RO
: . { Heater| -
L

Force i i I 'Force

%ig. 2.8. Schematic of apparatus for thermal conductivity measurement
ising Guarded-Comparative-Longitudinal Heat Flow Technigue.

T,

>

samples, were tested. Each group of specimens represented a dif-
ferent cross sectional area, Group 1 specimens were obtained from
the grip sections of the tensile test bars, and the hardness was
measured at the location where the diameter is 3/8 inch. Group 2
specimens were obtained from the Charpy impact test bars. These
had a square cross section of edge of 1/4 inch. Group 3 specimens
were obtained from the grip sections of the fatigue test bars, and
the hardness was measured at the location where the diameter is

" Re. _nce Material SRM8426 purchased from US National Institute for Standards
and Technology.

o ASTM standard B109 suggests a specimen length of at least 12 inches. The standard
does not specify what effects the length has on the accuracy of the measurements,
butitsuggests a 12-inch specimen length to ensure aresistance of more than 0.00001
Q in the test length between the potentiometer contacts. The specimens that were
used were 8.25 inches in length but had a resistance in the range of 0.0003 - 0.0005 Q,
which satisfies the standard's requirement on resistivity.

. ratus shown schematically in Figure 2.8.

5/8 inch. Each specimen was tested for hardness 10 times durit
the first month after it was die cast.

Physical Property Measurements

Specific Gravity Measurements
Archimedes' Principle was used to measure the specific gravity@
typical specimens cut from the alloys. The average specific gravil:
reported for each alloy is obtained from five measurements
formed on five different specimens.

Thermal Conductivity Measurements

A minimum of three specimens from each alloy composition
used to determine the room temperature thermal conductivity
the alloys, and each specimen was tested five times. The spe
menswere tested in the as-cast condition approximately six mon :
afterthey were produced. Thermal conductivitymeasurements wel
conducted according to ASTM standard E1225 [7] using the ap 3

The reference material was graphite® and had a thermal condu
tivity of 91.3 W/m.K at 25°C. The thermocouples used were 0 !
inches K-type with a closed end stainless steel shield.

Electrical Conductivity Measurements
ASTM standard B109 was used to measure the electrical resnstl
of the specimens. The specimens were machined from the ten
test bars to a diameter of 0.200 inch and a length of 8.25 inch™, Tilg:
specimens had a uniform cross section throughout their lengl:
and the cross sectional area varied by no more than +0.75%. g

£
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CHAPTER 3: ATLAS OF MICROSTRUCTURES AND
PROPERTIES OF ALUMINUM DIE CASTING ALLOYS

19

Aclual (Achieved) Compositions.

Alloy Composition (%)

No. Si Mg Fe Cu Ni Cr Mn Ti Zn Sr
1 115 0.03 0.68 1.24 0.01 0.01 0.01 0.01 0.44 0.000
2 6.99 0.01 0.56 1.15 0.01 0.01 0.47 0.24 2.87 0.018
3 6.98 0.04 1.49 4.99 0.44 0.13 0.01 0.01 0.47 0.018
4 6.94 0.04 1.48 4,74 0.47 0.15 0.45 0.16 2.69 0.000
5 1.05 0.44 0.67 1.18 0.53 014 0.01 0.01 2.76 0.000
6 6.98 0.44 0.57 113 0.48 0.13 0.45 0.18 0.38 0.018
1 6.92 0.50 1.63 4.94 . 0.03 0.01 0.02 0.01 2.13 0.022
8 6.79 0.46 1.49 4,71 0.01 0.01 0.45 0.20 0.42 0.000
9 12.11 0.05 0.63 4.96 0.06 0.14 0.01 0.20 0.50 0.017
10 12.69 0.03 0.73 5.09 0.07 0.11 0.37 0.01 2.73 0.000
1 12.86 0.04 1.59 1.21 0.45 0.01 0.01 0.18 0.49 0.000
12 12.95 0.05 1.55 1.29 0.46 0.01 0.43 0.01 2.91 0.023
13 13.03 0.46 0.58 4,70 0.44 0.01 0.01 0.17 2.61 0.021
14 12.94 0.48 0.74 4.77 0.50 0.01 0.57 0.01 0.55 0.000
15 12.78 0.47 1.51 1.27 0.06 0.14 0.01 0.18 2.94 0.000
16 12.86 0.41 1.63 1.21 0.06 0.14 0.44 0.01 0.46 0.024
17 8.39 0.02 0.90 2.1 0.04 0.06 0.22 0.03 1.10 -
18 8.19 0.02 0.91 3.87 0.03 0.04 0.17 0.03 2.20 “na
19 9.49 0.02 0.87 2.61 0.03 0.05 0.23 0.03 2.20 .-
20 9.50 0.09 1.43 4,00 0.13 0.06 0.21 0.05 1.10 ---
21 9.66 0.05 1.22 2.68 0,03 0.06 0.26 0.03 2.10 .=
22 9,69 0.05 1.05 4.54 0.04 0.06 0.27 0.03 1.20 --a
23 10.88 0.05 1.27 2.62 0.04 0.06 0.26 0.03 1.20 ---
24 10.93 0.05 1.02 5.06 0.12 0.06 0.24 0.05 2.20 -e-
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2 PROPERTIES OF ALUMINUM DIE CASTING ALLOYSE rqpori
Alloy WE% Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al Alloy
#1 715 1 0.03 | 0.68 | 1.24 | 0.01 | 0.01 | 0.01 | 0.01 | 0.44 | 0.00 | Balance i
Ksi 39.6+0.9 _—
25°C
MPa 273.0+6.2 45 -
MPa 227.0+£6.9
Ksi 20.2+0.2 s -
200°C
Strength MPa 139.0+1.1 ]
2500 Ksi 16.6+£0.4 2
MPa 114.5+2.8 E 2
Yield 100°C Ksi 16.8+0.5 7
MPa 115.843.2
. - " Is -
Iensile 200°C Ksi 14.5+0.3
MPa 100.0+£2.2
25°C %o 5.85+0.97 ‘.
Elongation 100°C % 10.49+2.03 .
200°C % 19.3532.71
3 Ksi +
psoc |_LO°Ksi 10.541.02
10° MPa 72.64+7.06
Modulus of Elasticity 100°c L0 Ksi 7.77+0.88
103 MPa 53.57+6.03
10% Ksi 7.47+0.68
200°C —_—
10° MPa 51.50+4.68 1 - "
Ksi 15.40 ]
25°C ]
] o 100,000,000 cycles MPa 106.18 I ]
Endurance Limit - , s
500,000,000 cycles 250 | 426§ '
TR eYE MPa 103.15 g
.83%0. 730
Impuct Resistance Absorbed Energy 25°C chl):::ta.s g?)iigig '53
Wear Resistance Volume Loss 25°C cm? 0.3883+0.0220 2 55
Y4 x Y inch flat die casting 25°C RHB 29.9+2.1 3
Hardness 3/8 inch diameter die casting 25°C RHB 16.943.7 ’ "
5/8 inch diameter die casting 25°C RHB 19.8+1.6 )
Thermal Conductivity 25°C W/mXK 137.1+1.0
Electrical Conductivity 25°C | %IACS 30.71+0.19 t5
_ Electrical Resistivity 25°C | 10° Qm | 5.614%0.035 M
Specific Gravity 25°C gfem’ 2.720

Arroy 1
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LLOYS PpROPERTIES OF ALUMINUM DIE CASTING ALLOYS 2z
A Aoy [ | Si |[Mg| Fe [ cu [ Ni [ cr [ Mo | Ti | zn | sr Al
lance 1 | V% [735 [0.03 | 0.68 | 124 | 0.01 | 0.01 | 0.01 0.01 | 0.44 | 0.00 | Balance
0.9

£6.2 45

:1.0 25°C

6.9

0.2 351 100°C

+1.1

0.4 g

£2.8 g 25 1

0.5 200°C

£3.2 \ﬁ

-0.3 131

+2.2

0.97 s ' ' ,

k2,03 0 5 10 15 20

t2.71 Strain (%) Fig. 3.1.1. Typical stress vs strain curves for Alloy 1
£1.02 at temperatures of 25°C, 100 °C, and 200 °C.

7' ]

0.88

£6.03

0.68

£4.68 40

40

.18 N

96 35 :\\\tl -

15 g \

:0.58 g 30 _ \\:

:0.43 4 \ 10053

:0.0220 g 25 N L

£2.1 % L@

£3.7 = 20 N

+1.6 s ‘F\

+1.0 =TT Ll

£0.19 15 -

-0.035 LE+03 1.E+04 1E+05 LE+06 1E+07 1E+08 1EH09 Fig. 3.1.2. S/N curve for Alloy 1; the fracture surface
e ——— Cycles to Failure shown is from the specimen which failed at 6.5 x 10°
20 .._.J cycles under a maximum stress of 16.4 ksi.
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2 PROPERTIES OF ALUMINUM DIE CASTING ALLOYSE FROP
Alloy — Si | Mg | Fe | Ca] Ni | Cr | Mn | Ti | Zn | Sr Al Alloy
A 4
#1 7.15 | 0.03 | 0.68 | 1.24 | 0.01 | 0.01 | 0.01 | 0.01 | 0.44 | 0.00 | Balance | 2
800 4
i 4
700 -1 .
G 600 ] ‘.
) i 3
2 ;o
& 500 + 3
o i
n. 3
£
2 400
300 - ,
200 ; ; . .
0 20 40 60 80 100
Fi 3. Thermal history of Alloy 1 cast in a graph- Time (s) ; f
ite ...old. |
0.00 : ! f
pC78804 : ’:
uT: £8.40 mg SCAN RATE: =40.00 deg/min f S T
ATHOSPHERE: NITROGEN 40 cc/min ,
- : 7
o S
[a]
= I
W s004
\"2 L p—
= -
< F
1
0035000 40000 44000  480.00 52000  BA000 63000 64000 6a000 3 ‘ E
" flg. 3,1.4, DTA curva for Alloy 1 cooled at 10 °C/min. Temperature (°C) -

Avroy 1
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.LOYS PpPROPERTIES OF ALUMINUM DIE CASTING ALLOYS 3
Al Alloy W% Si | Mg | Fe | Cu | Ni | Cr | Mn | Ti | Zn Sr Al
ance #2 °1 699 ] 0.01]056)| 115} 0.01]0.01] 047 0.24 | 2.87 |0.018| Balance
Ksi 42.4+0.8
— 25°C 2
MPa 292.345.5
MPa 251.4+2.4
Ksi -22.1+£0.2
200°C
Strength MPa 152.2+1.5
Ksi 20.0+0.4
25°C
ity MPa 137.9+2.8
Yield 100°C Ksi 19.7+0.4
MPa 135.7+2.6
: i +
Tensile | 200°C Ksi 17.3£0.3
: MPa 119.1+1.9
i 25°C % 7.43+1.18
100 Elongation 100°C % 11.53+2.16
200°C % 14.77+0.90
S 103 Ksi 10.92+0.75

25°C
10> MPa 75.26+5.19
Modulus of Elasticity 100°C 10°Ksi 8.93+0.49
, 10° MPa 61.54+3.39
— 103 Ksi 7.37+0.53
200°C
0 10° MPa 50.80+3.66
Ksi 19.12
i 25°C
i o 100,000,000 cycles MPa 131.83
Endurance Limit :
500,000,000 cycles 25°C 2l 19.05
PRI eyete MPa 131.35
+
Impact Resistance Absorbed Energy 25°C Joules 8.78+0.78
‘ 1b.ft. 6.48+0.57
Wear Resistance Volume Loss 25°C cm? 0.4187%0.0288
Y4 x Y4 inch flat die casting 25°C RHB 33.8+2.1
Hardness 3/8 inch diameter die casting 25°C RHB 22.5+2.1
5/8 inch diameter die casting 25°C RHB 21.2+2.1
Thermal Conductivity 25°C W/mK 115.5+1.1
Electrical Conductivity 25°C % IACS 26.21+£1.53
e Electrical Resistivity 25°C 10 Qm 6.578+0.384
o Specific Gravity - 25°C glem’ 2.778
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Alloy Si {Mg| Fe | Cu | Ni | Cr | Mn | Ti | Zn | Sr Al

0,
m | W% [T590 [0.01 | 0.56 | 115 | 0.01 | 0.01 | 0.47 | 0.24 | 2.87 | 0.018 | Balance

50

25°C

100°C

30 1

200°C

Stress (Ksi)

Lo s A A A SEA " oM

o

Fig. —-.1. Typical stress vs strain curves for Alloy 2 at 0 4

8 5
temperatures of 25°C, 100 °C, and 200 °C. Strain (%) B

3 =\ 5

w
o
/,
% W
ol 5 gt ot

N[ : )

Maximum Stress (ksl)
1
Pl
()

/n

‘ 15
F__.2.2. /N curve for Alloy 2; the fracture surface LE+03 LEHM4 LEHS LE+06 LE+07 LE+08 1LE+09

shown is from the specimen which failed a.t 2.8x10° Cytles to Failure by
cycles under a maximum stress of 25.3 ksi. 2

Al1ioy 2
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PROPERTIES OF ALUMINUM DIE CASTING ALLOYS - % ‘
Alloy W% Si Mg Fe Cu Ni Cr | Mn Ti Zn Sr Al
()
#2 699 | 0.01 | 056 | 1.15 | 0.01 | 0.01 | 0.47 | 0.24 | 2.87 | 0.018 | Balance
800
700 4
600 4
3)
e
2 500
g
2
E
B 400
300 1
0 s0 100 150 20 1 Fig. 3.2.3. Thermal history of Alloy 2 cast in a graphite
Time (s) mold.,
JO.00 #=ro =t mmrmmmromt e et mrorvm mim i e Sa2ten o f e oa S LeAm s s o e uy
pC84004 !
WT;  63.30 mg SCAN RATE: =10.00 deg/min
., ATHMOSPHERE: NITROGEN 40 cc/min
PEAX FROK, 819
10; ssa.8
onsET: =857
PEAK HEIGHT: 4.87
MAX, S47.8-
[]
[=] i
z
W 500}
v
o
[
<
000 ™300 40000 44000 45000  §2000 58000 60000 64000 68000
Temperature (°C) Fig. 3.2.4. DTA curve for Alloy 2 cooled at 10 °C/min.
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2 CHAPTER 3: ATLAS OF MICROSTRUCTURES AND
: PROPERTIES OF ALUMINUM DIE CASTING ALLOYS
Alloy Wet.% Si | Mg | Fe | Cu | Ni Cr | Mn | Ti | Zn Sr Al
#3 6.98 | 0.04 | 1.49 | 4.99 | 0.44 | 0.13 | 0.01 | 0.01 | 0.47 | 0.018 | Balance
Ksi 45.4+1.0
25°C =
MPa 313.0+6.9
Ultimate 100°C Ksi 42.6+0.4
MPa 293.5+2.8
Ksi 30.2+0.2
200°C
Strength MPa 208.5%1.1
5500 Ksi 24.8+0.3
MPa 171.0£2.1
Yield 100°C Ksi 24.8+0.4
MPa 171.0%2.9
Tensil ; +
e 200°C Ksi 21.5+0.2
MPa 148.2+1.3
25°C % 2.08+0.23
Elongation 100°C % 2.92+0.40
200°C % 5.00+0.78
3 1 +
250C 10° Ksi 11.26+0.75

103 MPa 77.65%5.20

Modulus of Elasticity 100°C 103 Ksi 8.94+0.32
10® MPa 61.60+2.18

103 Ksi 7.94+0.31

200°
¢ 103 MPa 54.74+2.13
Ksi 16.68
100,000,000 cycles 25°C
Endurance Limit MPa 115.00
Ksi 16.41
5 o
00,000,000 cycles 25°C MPa 113.14
. +
Impact Resistance Absorbed Energy 25°C Joules 2.27£0.33
‘ 1b.ft. 1.68%0.26
Wear Resistance Volume Loss 25°C cm? 0.4527+0.0370
Y % Y inch flat die casting 25°C RHB 60.9+1.3
Hardness 3/8 inch diameter die casting 25°C RHB 53.7+2.9
5/8 inch diameter die casting 25°C RHB 54.1+1.2
Thermal Conductivity 25°C WmXK 117.120.6
Electrical Conductivity 25°C % IACS 26.6:0.21
. Electrical Resistivity 25°C 10 Qm 6.481+0.051
| - 7 Specific Gravity 25°C g/cm’ 2.819

Ailoy 3
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PROPERTIES OF ALUMINUM DIE CASTING ALLOYS 7
Alloy Wt Si | Mg| Fe | Cu | Ni | Cr [ Mn | Ti | Zn Sr Al
o o
#3 698 | 0.04 | 1.49 | 499 | 0.44 | 0.13 | 0.01 | 0.01 | 0.47 | 0.018 | Balance
50
25°C
100°C
40 o
104 200°Cﬁ\
o
U
£
2
© 20+
»
10 4
0 . : . r . ‘
¢ 1 2 3 4 5 8| Fig. 3.3.1. Typical stress vs strain curves for Alloy 3 at
Strain (%) temperatures of 25°C, 100 °C, and 200 °C.
40 2
?;. =
35 3 N\
g 30 _\\; j
\ e §
g \
i= ‘
\ !
S
20 Si-r]
\\
mall -_“Qh {
15
1.E+03 1E+04 LE405 - 1EH06 LEH7 LEHB LE+09 Fig. 3.3.2. S/N curve for Alloy 3; the fracture surface
Cycles to Failure shown is from the specimen which failed at 6.7 x 10°
cycles under a maximum stress of 20.3 ksi. :

Aoy 3
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% PROPERTIES OF ALUMINUM DIE CASTING ALLOYS 3]
Alloy W Si | Mg | Fe | Cu | Ni | Cr [ Mn | Ti | Zn Sr Al
(]
#3 698 | 0.04 | 1.49 | 499 | 0.44 | 0.13 | 0.01 | 0.01 | 0.47 | 0.018 | Balance E :
3
800
700 -
m.
g
2
32 500
s
2
§
R 400
300 -
200 : : : v
3.3. Thermal history of Alloy 3 cast in a graphite 0 30 60 %0 120 150
h Time (s)
0.00
DC72004
WT: 88.20 np SCAN RATE: ~-10.00 dasg/ain
ATMOSPHERE: NITHOGEN 40 cc/min
PEAX FRO: 502.8
1T0: 840.3
ONSET: 939.5
PEAX HEICHT: 3.82
o X 533,86
a
=z
W so0f
v
8
=
<«
——
000 75000 45000 45000 52000 56000 60000 64000  680.00
Fig. 3.3.4. DTA curve for Alloy 3 cooled at 10 °C/min. Temperature (°C)
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CHAPTER 3: ATLAS OF MICROSTRUCTURES AND
PROPERTIES OF ALUMINUM DIE CASTING ALLOYS

Alloy W% Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
#4 °l 694 | 0.04 | 1.48 | 474 | 0.47 | 0.15 | 0.45 | 0.16 | 2.69 | 0.00 Balance
Ksi .040.
250C si 47.0£0.9
MPa 324.1£6.2
MPa 295.9+3.7
Ksi 31.2+0.4
200°C
Strength MPa 215.0+2.8
Ksi 25.5+0.4
25°C
MPa 175.8+2.8
Yield 100°C Ksi 24.9+0.4
MPa 172.0%2.6
o 3 +
Tensile 200°C Ksi 24.020.2
MPa 165.6x1.1
25°C % 2.81+0.29
Elongation 100°C % 4.10£0.78
200°C % 5.12+0.86
3 Ksi +
psoc | 1OKsi | 11.08:0.75
10® MPa 76.39+5.15
Modulus of Elasticity 100°C 10° Ksi 8.72+0.16
10° MPa 60.10+1.08
103 Ksi 8.06+0.32
200°C
-‘ 10° MPa 55.60+2.24
Ksi 20.47
100,000,000 cycles 25°C
Endurance Limit MP.a 141.14
500,000,000 cycles 25°C Ksl 2033
TR EY MPa 140.17
+
Impact Resistance Absorbed Energy 25°C Joules 2.430.32
Ib.ft. 1.78+0.24
Wear Resistance Volume Loss 25°C cm?® 0.4333+0.0322.
Y4 x ¥4 inch flat die casting 25°C RHB 60.4x1.0
Hardness 3/8 inch diameter die casting 25°C RHB 52.7£1.5
5/8 inch diameter die casting 25°C RHB 56.0%0.8
Thermal Conductivity 25°C W/mXK 108.4+0.8
Electrical Conductivity 25°C % IACS 22.56+0.22
Electrical Resistivity 25°C 10 Qm 7.642+0.075
i Specific Gravity 25°C glem® 2.866

Aoy 4




CHAPTER 3: ATLAS OF MICROSTRUCTURES AND

30 PROPERTIES OF ALUMINUM DIE CASTING ALLOYS
Alloy Wt Si | Mg | Fe | Ca | Ni | Cr {Mn | Ti | Zn | Sr Al
(]
" #4 694 | 0.04 | 148 | 4.74 § 0.47 | 0.15 | 0.45 | 0.16 | 2.69 | 0.00 { Balance
50
25°C
100°C
40 -
200°C
R 30 ———
K]
£
[}
[%:]
2 204
(7]
104
0 — r ' r T r
}4.1. Typical stress vs strain curves for Alloy 4 at 0 ! 2 3 N 4 5 6 7
ternperatures of 25°C, 100 °C, and 200 °C. Strain (%)
40
35 ;\ P N
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20
15
'3.4.2. S/N curve for Alloy 4; the fracture surface LE+03 LE+04 LE+05 LE+06 LE+07 LE+08 LE+9
<..own is from the specimen which failed at 1.4 x 107 Cycles to Failure
eycles under a maximum stress of 21.7 ksi.
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Cr

Alloy Wt.% Si | Mg | Fe | Cu | Ni Mn | Ti | Zn | Sr Al
#4 ®l 694 | 0.04 | 1.48 | 474 | 047 | 0.15 | 0.45 | 0.16 | 2.69 | 0.00 | Balance
£00
700 +
600 4
)
£
-
.4
E
0.
300 A
200 r r v .
0 40 120 160 200 | Fig.3.4.3. Thermal history of Alloy 4 cast in a graphite
Time (s) mold.
10.001
3JC78004
LA H 635,80 ng SCAN AATE: ~10,00 deg/min
ATHOSPHERE: NITROGEN 40 ce/min
8
E 5.00)
v |
: L
000755000 40000 44000  480.00 52000 66000 60000  640.00 680.00
Temperature (°C)

T

Fig. 3.4.4. DTA curve for Alloy 4 cooled at 10 °C/min.
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CHAPTER 3: ATLAS OF MICROSTRUCTURES AND 7;
PROPERTIES OF ALUMINUM DIE CASTING ALLOYS

Alloy W% Si Mg | Fe Cu Ni Cr | Mn Ti Zn Sr Al
#5 | 7.05| 044 | 067|118 | 053 | 0.14 | 0.01 | 0.01 | 2.76 0.0 Balance
Ksi 44.410.
250C si 7
MPa 306.1+4.8
Ultimate 100°C Ksi 40.210.5
‘ MPa 277.4%3.3
Ksi 29.6+0.4
200°C
Strength MPa 204.3+2.9
Ksi 24.9+0.3
25°C
MPa 171.7%2.1
Yield 100°C Ksi 24.5+0.6
MPa 169.2+3.8
. i +
Tensile 200°C Ksi 24.3+0.5
MPa 167.3%£3.6
. 25°C % 3.76+0.52
Elongation 100°C % 6.39+1.05
200°C % 7.00+1.83
_ - "
25°C 10° Ksi 10.67+0.43
10° MPa 73.57+2.94
Modulus of Elasticity 100°C 10°Ksi 8.5540.23
10° MPa 58.94+1.58
10% Ksi 7.72+0.20
200°C
10° MPa 53.25+1.26
Ksi 17.55
100,000,000 cycles 25°C 1 =
Endurance Limit .a -
500,000,000 cycles 25°C sl 1137
OIREED CY MPa 119.76
-+
Impact Resistance Absorbed Energy 25°C Joules 4.2430.49
1b.ft. 3.13+0.36
Wear Resistance Volume Loss 25°C cm? 0.5256+0.0312
V4 x Y4 inch flat die casting 25°C RHB 51.0£1.2
Hardness 3/8 inch diameter die casting 25°C RHB 38.9+1.3
5/8 inch diameter die casting 25°C RHB 46.8%1.5
Thermal Conductivity 25°C W/m.K 126.0£1.0
Electrical Conductivity 25°C % IACS 26.99+0.09
. Electrical Resistivity 25°C 10® QOm 6.388%0.021
| Specific Gravity 25°C g/em’ 2.760
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CHAPTER 3: ATLAS OF MICROSTRUCTURES AND
PROPERTIES OF ALUMINUM DIE CASTING ALLOYS

33

Alloy — Si | Mg | Fe | Cua | Ni Cr |Mn| Ti | Zn Sr Al
(]
#5 7.05 ] 044 | 0.67 | 1.18 | 0.53 | 0.14 |} 0.01 | 0.01 | 2.76 | 0.00 } Balance
50
25°C
40 100°C
10 200°C
il Y
S
@
o 20
o
10
q L
0 ! 2 3 . ‘: 3 6 7 8 Fig. 3.5.1. Typical stress vs strain curves for Alloy 5 at
Strain (%) temperatures of 25°C, 100 °C, and 200 °C.
40
35 \ 33
R g 30 n\
E B N 100
- 1] \ g
: \
- E s 1N
= 1 \ fx}
| a[N
- Nl
-4 n ¥ & %\\ -
& drg Ban S P
- 15
LE+03 1EH4 1E405 1E+06 1EH07 1E+08 1E+09 | Fig. 3.5.2. S/N curve for Alloy 5; the fracture surface
- Cyxcles to Failure shown is from the specimen which failed at 1.2 x 10°
A cycles under a maximum stress of 19.7 ksi.
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CHAPTER 3: ATLAS OF MICROSTRUCTURES AND

‘T:-‘?»' reiy

i it HETRRR,

¥ PROPERTIES OF ALUMINUM DIE CASTING ALLOYS
Alloy W% Si Mg | Fe | Cu | Ni Cr | Mn | Ti | Zn Sr Al
#5 °1 705 044067} 1.18]0.53}0.14 | 0.01 | 0.01 | 276 | 0.00 | Balance
00
700 4
600-
g
2 004
o
300 4
200 ' v Y r v
f 1.3. Thermal history of Alloy 5 cast in a graphite 0 10 2 ) 30 @ 50 &
muod. Time (s)
10.00
pC70804
(14 €9.80 »g SCAN RATE: =-10.00 dsp/min
ATHOSPHERE: NITROGEN 40 cc/min
PEIX FROW. 520
. 10 =23
ongET: 2508
PEAX HEIGHT: 4.01
o HAX 541.8
a
z
Y
3]
o
<
000 00 40000 44000 48000 52000 56000  600.00 64000  680.00

Fig. 3.5.4. DTA curve for Alloy 5 cooled at 10 °C/min.

Temperature (°C)
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CHAPTER 3: ATLAS OF MICROSTRUCTURES AND

PROPERTIES OF ALUMINUM DIE CASTING ALLOYS 3
Alloy W% Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
#6 °|1 698 | 0.44 | 057 | 1.13 | 0.48 | 0.13 | 0.45 | 0.18 | 0.38 | 0.018 | Balance
Ksi 46.2+1.5
25°C =
MPa 318.5%+10.3
Ultimate 100°c k Ksi 42.31+0.9
MPa 292.0+6.0
Ksi 33.6+0.8
200°C
Strength MPa 231.7+5.8
Ksi 24.910.5
2 [}
>°C MPa 171.7£3.4
Yield 100°C Ksi 25.0+0.7
MPa 172.5+4.8
. 3 +
Tensile | 200°C Kisi 27.6x0.5
MPa 190.5+3.6
25°C % 3.78+0.75
Elongation 100°C % 5.29+1.23
' 200°C % 4.98+1.70
o 3 3 +
9590 103 Ksi 11.01+0.75
10° MPa 75.90+5.16
Modulus of Elasticity 100°C 10° Ksi 9.01+0.34
' 10° MPa 62.124+2.32
- o 103 Ksi 8.18+0.43
200°C 10° MPa 56.38+2.98
: Ksi 17.52
100,000,000 cycles 25°C
Endurance Limit MP.a 120.80
500,000,000 cycles 25°C o 17.32
DUSR Y MPa 119.42
+
Impact Resistance Absorbed Energy 25°C Joules 3.28+0.39
Ib.ft. 2.42+0.29
Wear Resistance Volume Loss 25°C cm? 0.473040.0171
V4 x ¥4 inch flat die casting 25°C RHB 58.2+1.3
Hardness 3/8 inch diameter die casting - 25°C RHB 47.9+1.9
5/8 inch diameter die casting 25°C RHB 46.61+2.2
Thermal Conductivity 25°C W/mK 119.9+2.4
Electrical Conductivity ' 25°C % IACS 25.41+0.15
Electrical Resistivity 25°C 10® Qm 6.786+0.041
B Specific Gravity 25°C glem® 2.736




CHAPTER 3: ATLAS OF MICROSTRUCTURES AND

36 PROPERTIES OF ALUMINUM DIE CASTING ALLOYS
Alloy W% Si | Mg | Fe | Ca | Ni | Cr | Mn | Ti | Zn Sr Al
°
#6 698 | 0.44 | 057 | 1.13 | 0.48 | 0.13 | 0.45 | 0.18 | 0.38 | 0.018 | Balance
50
25°C
45
100°C
4
35 200°C
—
30
=
£ 25
a
£
»
15
10
5
0 3
F. 1. Typical stress vs strain curves for Alloy 6 at 0 1 2 3 4 5 6 7
temperatures of 25°C, 100 °C, and 200 °C. Strain (%)
-ﬁ
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[ 6.2. S/N curve for Alloy 6; the fracture surface LE+03 LE04 LE+05 LEH06 LE+07 LEHS LEH9
stwwn is from the specimen which failed at 6.7 x 10° )
cycles under a maximum stress of 20.3 ksi. Cycles to Failure
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' CHAPTER 3: ATLAS OF MICROSTRUCTURES AND

;. PROPERTIES OF ALUMINUM DIE CASTING ALLOYS 37 ,
Alloy WE Si |[Mg| Fe | Cu | Ni | Cr | Mn | Ti | Zn Sr Al ?
. /0
#6 698 | 044 | 057 | 1.13 | 048 | 0.13 | 0.45 { 0.18 | 0.38 | 0.018 | Balance
800
700 4
600 4
)
o 500
3
g
[d
E 40
L
300 4
200 r r v
; 0 50 100 150 0| ) . )
Time (s) Z%I.‘Sj‘:&.?. Thermal history of Alloy 6 cast in a graphite
Il 0.00
DC722A1
WT:  76.50 =g SCAN RATE: =10.00 deg/ain
ATHOSPHERE: NITROGEN 40 cc/min
T reax oo 803
10 Ban
ONSET: 843.9
PEAK HEIGHT: 5.04
AKX 538.8
[}
[=]
F4
w 5.001-
v
£
5
000 o0 40b00 44000 4000 3000 Be000 63000 64000 68000 _
_ Temperature (°C) Fig. 3.6.4. DTA curve for Alloy 6 cooled at 10 °C/min.
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CHAPTER 3: ATLAS OF MICROSTRUCTURES AND

38 PROPERTIES OF ALUMINUM DIE CASTING ALLOYS
Alloy WE% Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
#7 °l692] 050 163] 494 | 0.03 | 0.01 | 0.02 | 0.01 | 2.73 | 0.022 | Balance
2500 Ksi 49.1+0.6
MPa 338.5+4.1
Ultimate 100°C Ksi 45.2+1.1
MPa 311.84£7.6
Ksi 36.6+0.7
200°C
Strength MPa 252.2+4.6
Ksi 32.2+0.6
25°C
MPa 222.0+4.1
Yield 100°C Ksi 30.40.6
MPa 209.6+4.5
Tensile 200°C Ksi 30.5+0.5
MPa 210.1+3.2
| 25°C % 1.4220.08 E’
Elongation 100°C % 1.86+0.14
200°C % 2.40+0.09
259C 10° Ksi 11.44+0.69
10° MPa 78.841+4.74
Modulus of Elasticity 100°C 10° Ksi 9.37+1.20
10° MPa 64.60+8.24
10% Ksi 8.44+0.32
200°C
10° MPa 58.16+2.23
Ksi 19.50
100,000,000 cycles 25°C
Endurance Limit I\/IiPa 113942455
si
25°C -
500,000,000 cycles MPa 13272
Impact Resistance Absorbed Energy 25°C Joules 1.75+0.27
Ib.ft. 1.29+0.20
Wear Resistance Volume Loss 25°C cm’® 0.5289+0.0204
V4 x Y4 inch flat die casting 25°C RHB 71.940.8
Hardness 3/8 inch diameter die casting 25°C RHB 64.9+3.19
5/8 inch diameter die casting 25°C RHB 64.3%2.1
Thermal Conductivity 25°C W/m.K 105.6+0.4
Electrical Conductivity 25°C % IACS 22.16+0.72
; Electrical Resistivity 25°C 10 Qm 7.78210.251
Specific Gravity 25°C glem’ 2.854
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CHAPTER 3: ATLAS OF MICROSTRUCTURES AND

}
i PROPERTIES OF ALUMINUM DIE CASTING ALLOYS 3
Alloy W% Si | Mg | Fe | Cu | Ni Cr | Mn | Ti Zn Sr Al

#7 °1 692 050 | 1.63 ] 4.94 | 0.03 | 0.01 | 0.02 | 0.01 | 2.73 | 0.022 | Balance

60
] 504 25°C

100°C
. a0
) 200°C
' % 2
; £
| B 201
- 10 4
" 0 r T
d 0 i . 2 3| Fig. 3.7.1. Typical stress vs strain curves for Alloy 7 at
Strain (%) temperatures of 25°C, 160 °C, and 200 °C.
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LE+03 LE+04 LE#05 1EH06 LEH7 LE+8 1LE+09 | Fig. 3.7.2. S/N curve for Alloy 7; the fracture surface
- Cydles to Fallore shown is from the specimen which failed at 2.2 x 10°
_ cycles under a maximum stress of 20.3 ksi.
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j CHAPTER 3: ATLAS OF MICROSTRUCTURES AND
u PROPERTIES OF ALUMINUM DIE CASTING ALLOYS
o
Aoy Si M Fe Cu Ni Cr | Mn Ti Zn Sr Al
Wi.% £
" 692 1 050} 1.63 | 494 | 0.03 | 0.01 | 0.02 | 0.01 | 2.73 | 0.022 | Balance
800
700 4
600-
3)
o
3 5001
[
2
=3
R 404
300 4
200 r Y v
ig. " Thermal history of Alloy 7 cast in a graphite 0 50 oo 150 200
nou. Time (s)
e 7281 B
WT:  67.80 mg SCAN RATE: ~10.00 deg/ain
ATHOSPHERE: NITROSEN 40 cc/min
PEAX FRO® 491.5
oeer: 5922
PEAX HEIGHT; 3.53
MG 5205
o
a
Z
W 5004
v
3
b=
RS
000 = 5000 40000 44000 48000 52000 56000 60000 64000  630.00

Fig. 3.7.4. DTA curve for Alloy 7 cooled at 10 °C/min.
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CHAPTER 3: ATLAS OF MICROSTRUCTURES AND
PROPERTIES OF ALUMINUM DIE CASTING ALLOYS

41

Alloy W% Si Mg Fe Cu Ni Cr | Mn Ti Zn Sr Al
#8 °l 679 | 0.46 | 1.49 | 477 | 0.01 | 0.01 | 0.45 | 0.20 | 0.42 | 0.00 Balance
Ksi 48.9x0.
2500 si 9
MPa 337.2+6.2
Ultimate 100°C Ksi 46.8+1.3
MPa 322.4+9.3
Ksi 37.0£0.5
200°C
Strength MPa 254.8%£3.5
Ksi 30.0+0.3
25°C
MPa 206.8+2.1
Yield 100°C Ksi 29.5+0.4
MPa 203.243.1
. 3 +
Tensile 200°C Ksi 29.9+0.3
MPa 206.1+2.4
25°C % 1.93+0.19
Elongation 100°C % 2.66+0.49
200°C % 3.22+0.30
3 Ksi +
950 103 Ksi 11.11£0.39
10° MPa 76.61+2.65
Modulus of Elasticity 100°C 10° Ksi 8.780.24
10° MPa 60.51+1.66
103 Ksi 8.27+0.29
200°C
0 10° MPa 57.05+£1.97
Ksi 19.18
100,000,000 cycles 25°C
Endurance Limit MP‘a 132.24
500,000,000 cycles 25°C 23l 15.08
AUREEREY MPa 131.55
2.23+
Impact Resistance Absorbed Energy 25°C Joules 2.23+0.26
1b.fi. 1.65+0.19
Wear Resistance Volume Loss 25°C cm? 0.5067+0.0373
V4 x ¥4 inch flat die casting 25°C RHB 67.0+0.7
Hardness 3/8 inch diameter die casting 25°C RHB 58.9+1.8
5/8 inch diameter die casting 25°C RHB 57.8+1.4
Thermal Conductivity 25°C W/m.K 108.6+1.4
Electrical Conductivity 25°C % IACS 23.51+0.02
Electrical Resistivity 25°C 10° Qm 7.334+0.006
Specific Gravity 25°C g/em’ 2.800




CHAPTER 3: ATLAS OF MICROSTRUCTURES AND

2 PROPERTIES OF ALUMINUM DIE CASTING ALLOYS
Alloy W Si | Mg | Fe | Ca | Ni Cr {Mn | Ti | Zn Sr Al
(]
#8 6.79 | 0.46 | 1.49 | 4.77 | 0.01 | 0.01 | 0.45 | 0.20 | 0.42 | 0.00 | Balance R
.
50 :
25°C 100°C 13
1 200°C 14
13
F! 3
i
304 - f 3
8 2 B
2 Poa
» =
o] : .
) 8.1, Typical stress vs strain curves for Alloy 8 at 0 1 . 2 3 4 3 ';
teruperatures of 25°C, 100 °C, and 200 °C. Strain (%) .
40 5,
: 73
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\ 33
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1.8.2. S/N curve for Alloy 8; the fracture surface LE#03 1LE+H4 1E+05 LE+06 LEH7 LE+08 1E+09 |4 )
s...wn is from the specimen which failed at 6.8 x 10° Cycles to Failore
cycles under a maximum stress of 20.0 ksi.

Atioy 8




CHAPTER 3: ATLAS OF
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PROPERTIES OF ALUMINUM DIE CASTING ALLOYS
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Alloy Wt.% Si Mg | Fe Cu Ni Cr | Mn Ti Zn Sr Al
#8 ¢ 6.79 | 0.46 | 1.49 | 4.77 | 0.01 } 0.01 | 0.45 | 0.20 | 0.42 | 0.00 Balance
800
700 <
600 4
o)
£
8
E
= 400
300 4
200 T T T T
4 0 20 0 €0 &0 100 0. 3.8.3. Thermal history of Alloy 8 cast in a graphite
i Time (s) mold.
| B pc76402
WY: 140.60 mg SCAN RATE: .00 dag/min
ATHOSPHERE: NITROGEN 40 cc/min
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0.00

5.004

;
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§E§
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- 52

Temperature (°C)

TRE000 40000 44000 48000 52000 56000 60000 mo.m—w—]

Fig. 3.8.4. DTA curve for Alloy 8 cooled at 10 °C/min.
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CHAPTER 3: ATLAS OF MICROSTRUCTURES AND
PROPERTIES OF ALUMINUM DIE CASTING ALLOYS

Alloy We.% Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
#9 °l12.71] 0.05 | 0.63 | 4.96 | 0.06 | 0.14 | 0.01 | 0.20 | 0.50 | 0.017 | Balance
Ksi 46.8+1.8
25°C
MPa 322.7+£12.4
Ultimate 100° Ksi 44.0%1.8
¢ MPa 303.4+12.7
Ksi 31.2+0.7
200°C
Strength MPa 215.1+4.8
9500 Ksi 27.5+0.4
MPa 189.6+2.8
Yield 100°C Ksi 27.3+0.6
MPa 188.044.1
: i +
Tensile 200°C Ksi 23.0+0.4
MPa 158.7+2.5
25°C % 1.69+0.29
Elongation 100°C % 2.35+0.68
200°C % 4.25+1.33
3 Ksi +
9590 103 Ksi 11.58+0.69
10 MPa 79.86+4.72
Modulus of Elasticity 100°c | L0 Ksi 8.98+0.23
10 MPa 61.88+1.56
o 103 Ksi 8.4510.64
200°C 10° MPa 58.23+4.44
Ksi 22.97
100,000,000 cycles 25°C
Endurance Limit MP.a 158.37
500,000,000 cycl 25°C Ksi 21.97
LU cycies MPa 151.48
. Joules 2.65+0.18
Impact Resistance Absorbed E 25°C
P sorbed Enetey Toft. 1.9540.13
Wear Resistance Volume Loss 25°C cm? 0.3974+0.0079
Y4 x Y% inch flat die casting 25°C RHB 70.8+2.0
Hardness 3/8 inch diameter die casting 25°C RHB 60.9+2.8
5/8 inch diameter die casting 25°C RHB 60.3+1.8
Thermal Conductivity 25°C W/m.K 111.7£0.4
Electrical Conductivity 25°C % IACS 21.28+0.30
+ Electrical Resistivity 25°C 10 Qm 8.101+0.115
| Specific Gravity 25°C gfem® 2.755
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} CHAPTER 3: ATLAS OF MICROSTRUCTURES AND
;_ PROPERTIES OF ALUMINUM DIE CASTING ALLOYS b
Alloy W% Si Mg | Fe Cu Ni Cr | Mn | Ti | Zn | Sr Al
o .
#9 12.71] 0.05 | 0.63 | 4.96 | 0.06 | 0.14 | 0.01 | 0.20 | 0.50 | 0.017 | Balance
50
25°C
100°C
40.
200°C
304 D
g
g 20
i
10 4
o4
0 1 2 3 4 5 Fig. 3.9.1. Typical stress vs strain curves for Alloy 9 at
Strain (%) temperatures of 25°C, 100 °C, and 200 °C.
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LEH03 LEHM4 LEHS LE+06 1LE+07 LEH08 1LE+09 Fig. 3.9.2. S/N curve for Alloy 9; the fracture surface
Cycles to Failure shown is from the specimen which failed at 1.3 x 10°
. cycles under a maximum stress of 28.2 ksi.
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CHAPTER 3: ATLAS OF MICROSTRUCTURES AND
PROPERTIES OF ALUMINUM DIE CASTING ALLOYS

Alloy W% Si Mg Fe Cu Ni Cr | Mn | Ti | Zn | Sr Al
#9 ° 12.71| 0.05 | 0.63 | 496 | 0.06 | 0.14 | 0.01 | 0.20 | 0.50 | 0.017 | Balance
800
700 -
600 4
)
g 500 -
B
E o
=
300 4
F 1.3, Thermal history of Alloy 9 cast in a graphite 0 50 . o 150 200
musu. Time (s)
10.00. -
DCEBBOY i
WT: B1.50 mg SCAN AATE: ~=10.00 deg/ain
ATHOSPHERE: NITROGEN 40 co/min
o
a
a
\
o
[
<

Fig. 3.9.4. DTA curve for Alloy 9 cooled at 10 °C/min.
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Alloy WE% Si Mg | Fe Cu Ni Cr | Mn Ti Zn Al
#10 °1 12.69 {0.03] 073 | 5.00 | 0.07 | 0.11 | 0.37 | 0.01 | 2.73 | 0.00 Balance
- 250C Ksi 44.3%2.4
MPa 305.4+16.5
Ultimate 100° Ksi 39.2+3.8
00°c MPa 270.5£25.9
Ksi 29.7+0.5
200°C
Strength MPa 204.4+3.2
Ksi 28.2+0.4
25°
¢ MPa 194.4+2.8
Yield 100°C Ksi 27.9+04
J MPa 192.1+2.8
: i +
Tensile 200°C Ksi 23.240.3
MPa 159.8+2.1
25°C %0 1.40+0.37
i Elongation 100°C % 1.38+0.61
200 200°C % 4.46%1.62
— 3 1 +
. 250C 10° Ksi 11.42+0.54
10% MPa 78.74+3.72
Modulus of Elasticity 100°cc | 1O°Ksi | 9.30+0.23
10° MPa 64.10+£1.57
10° Ksi 8.36+0.27
] 200°C
1 103MPa | 57.62+1.87
Ksi 23.46
100,000,000 cycles 25°C
Endurance Limit l\IféPa 12631 1745
si .
25°
500,000,000 cycles C MPa 150,54
+0.3:
Impact Resistance Absorbed Energy 25°C Joules 2.48+0.32
Ib.ft. 1.83+0.24
Wear Resistance Volume Loss 25°C cm?® 0.3979+0.0159
V4 x Y4 inch flat die casting 25°C RHB 69.5+1.7
Hardness 3/8 inch diameter die casting 25°C RHB 63.2+1.4
5/8 inch diameter die casting 25°C RHB 61.3%1.7
. Thermal Conductivity 25°C W/mXK 110.6%1.3
Electrical Conductivity 25°C % 1ACS 20.31+0.06
- Electrical Resistivity 25°C 10° Qm 8.489+0.027
_ Specific Gravity 25°C g/em® 2.797

Arroy 10




CHAPTER 3: ATLAS OF MICROSTRUCTURES AND
PROPERTIES OF ALUMINUM DIE CASTING ALLOYS

Alloy — Si |[Mg| Fe | Cua | Ni | Cr | Mn | Ti | Zn Sr Al
o -
#10 12.69 |0.03] 0.73 | 5.09 | 0.07°] 0.11 | 0.37 | 0.01 | 2.73 | 0.00 | Balance
50
25°C
100°C
40 -
200°C
30
”~
‘@
S
@
D 204
0
104
o4 r v r T r
10.1. Typical stress vs strain curves for Alloy 10 0 ! 2 . 3 4 5
a. .emperatures of 25°C, 100 °C, and 200 °C. Strain (%)
40
35 ST
= \\
£ N3 0m
=] \\ o =
g 4 [THH ~
E 25 [) B [t i 1| >
20
15
3.70.2. S/N curve for Alloy 10; the fracture sur- LE+03 LE+04 LE#05 1E#06 LEH07 LEH8 LEH9
, . shown is from the specimen which failed at 6.7 Cycles to Faflure
x 10° cycles under a maximum stress of 20.3 ksi.
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Allo Si |Mg| Fe | Cu | Ni Cr | Mn | Ti Zn Sr Al
Y wto
#10 12.69 {0.03| 0.73 | 509 | 0.07 | 0.11 | 0.37 | 0.01 | 2.73 | 0.00 | Balance
800
700 -
m-
Y 04
e
]
©
2 w0
£
g Eamaane - SO
300
o 50 . I 150 200} Fig. 3.10.3. Thermal history of Alloy 10 cast in a graph-
Time (s) ite mold.
mmT DC75601 - 3
WT: 62.50 mnQ SCAN RATE: -10.00 deg/min
ATHOSPHERE: NITROGEN 40 ce/min
g
I
8 7 5.00;'
f: i} i
< g N
o :
T
i L,___\
%
000 ST T Woco | adodo T aoos T TEoe T Scoos | ebned” T Ewbpe | Ssede’
LIB0  FILE OSAVE.OT TEMPERATURE (C) DTA
OATE: 95/10/01 TIME: 4B:4S

Fig. 3.10.4. DTA curve for Alloy 10 cooled at 10 °C/min.
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CHAPTER 3: ATLAS OF MICROSTRUCTURES AND
PROPERTIES OF ALUMINUM DIE CASTING ALLOYS

Alloy W% Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
#11 °1 128 | 004 ] 159 ] 121 ]| 0.45| 0.01 | 0.01 | 0.18 | 0.49 | 0.00 | Balance
Ksi 35.1+2.
2590 si 0
MPa 242.0+£13.8
Ultimate 100°C Ksi 34.9+0.7
MPa 240.41+4.8
Ksi 29.5%1.1
200°C
Strength MPa 203.4+7.3
Ksi 23.8+0.5
25°C
MPa 164.1£3.4
Yield 100°C Ksi 24.2+0.2
MPa 166.8+1.3
. 3 +
Tensile 200°C Ksi 21.9+0.2
MPa 151.2+1.4
25°C % 0.75+£0.13
Elongation 100°C % 1.00+0.09
200°C % 1.57+0.46
3 Ksi +
259C 103 Ksi 11.62+0.60
10° MPa 80.12+4.10
Modulus of Elasticity 100°C 10° Ksi 9.320.37
10° MPa 64.28+2.52
10% Ksi 8.64+0.44
200°C
0 10° MPa 59.60+3.00
Ksi 20.97
100,000,000 cycles 25°C
Endurance Limit Lga 124(;;.2588
i .
500,000,000 cycles 25°C MPa 139.83
+
Impact Resistance Absorbed Energy 25°C Joules 2.22+0.21
Ib.ft. 1.64+0.16
Wear Resistance Volume Loss 25°C cm’® 0.4190+0.0252
V4 x Y4 inch flat die casting 25°C RHB 63.7+£1.2
Hardness 3/8 inch diameter die casting 25°C RHB 55.1+2.3
5/8 inch diameter die casting 25°C RHB 53.7+2.1
Thermal Conductivity 25°C W/m.K 103.2+4.3
Electrical Conductivity 25°C % TACS 19.42+0.19
. Electrical Resistivity 25°C 10 Qm 8.880+0.088
| Specific Gravity 25°C glem’ 2.732

Arioy 11




CHAPTER 3: ATLAS OF MICROSTRUCTURES AND

lno

PROPERTIES OF ALUMINUM DIE CASTING ALLOYS 31
- Alloy W% Si Mg Fe Cu Ni Cr | Mn Ti Zn Sr Al
. ()
- #11 12.86 | 0.04 | 1.59 | 1.21 } 0.45 | 0.01 | 0.01 | 0.18 | 0.49 | 0.00 | Balance
- 40
_ 25°C 100°C
— 200°C
30 4
- g
i 20
|
n
- 104
- ‘ 0
- 0 ! . 2 31 Fig. 3.11.1. Typical stress vs strain curves for Alloy 11
Strain (%) at temperatures of 25°C, 100 °C, and 200 °C.
— 40
— N\
35 4
— \\
_ 0 N N
N [
7] | R
— 25 | - o
et ] X \\\ 2
_ A .-\\,ﬁ;--.R
20 e o
— 15
1.E+03 LE+04 LE#05 LE+06 1E+07 1E+08 1E+09
— Cycles to Fallure
— Fig. 3.11.2. S/N curve for Alloy 11.
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CHAPTER 3: ATLAS OF MICROSTRUCTURES AND

52 PROPERTIES OF ALUMINUM DIE CASTING ALLOYS
Alloy W% Si Mg | Fe | Cu { Ni | Cr | Mn | Ti | Zn | Sr Al
o .
#11 12.86 | 0.04 | 1.59 | 1.21 | 045 | 0.01 | 0.01 | 0.18 | 0.49 | 0.00 | Balance
800
700
600
)
o 500
=
s
-]
a
E 400
300
200 1
0 50 100 150 200
,11.3. Thermal history of Alloy 11 cast in a graph- §
ite mold. Time (s)
10.00
3c83404
WT: 55,30 mg SCaN AATE; -10.00 gag/min
ATMOSPHEAE: NITAOGES <0 ceimin ‘ﬂ\
P
PEAK FROM: 390 '.: g
TO: 360.5 ’
ONSET: 557.7 H ]
PEAX MEIGHT: 7.43 H
o MaY: 539.7 i %‘
a I %
Z i i
w g0 ; \';
v P
e o
5 ]
1
O S awm  #ot 400 SO0 | 56000 000 64000 68000
Fig. 3.11.4. DTA curve for Alloy 11 cooled at 10 °C/min. Temperature (°C)

Arroy 11

ot D SRR N - T e Y

G




) . CHAPTER 3: ATLAS OF MICROSTRUCTURES AND

> PROPERTIES OF ALUMINUM DIE CASTING ALLOYS >
Alloy W% Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
#12 °|12.95]0.05] 155 | 129 | 0.46 | 0.01 | 0.43 | 0.01 | 2.91 | 0.023 | Balance
Ksi A2,
5500 si 40.442.2
MPa 278.5+15.2
Ultimate 100°C Ksi 38.3+1.2
0 1 MPa 264.1+8.3
Ksi 27.8£0.6
200°C
Strength MPa 191.8+4.2
Ksi 23.320.4
25°C
MPa 160.64+2.8
Yield 100°C Ksi 23.3+0.3
MPa 160.5+2.2
. 1 +
Tensile . 200°C Ksi 20.4+0.2
MPa 140.6+1.7
25°C % 1.42+0.32
Elongation 100°C % 2.24+0.57
200°C %o 5.32%1.02
- 10° Ksi 11.42+0.83

25°C

10° MPa 78.72+5.70

Modulus of Elasticity 100°C |—LEKsi 8.95+0.46
10° MPa 6.17+3.14

10° Ksi 8.39+0.39

200°C 10° MPa 57.86+2.65
Ksi 20.61
25°C
Endurance Limit 100,000,000 cycles MP.a 142.10
500,000,000 cycles 25°C sl 20.33
U MPa 140.17
Impact Resistance Absorbed Energy 25°C Joules 2.750.26
Ib.ft. 2.03+£0.19
Wear Resistance Volume Loss 25°C cm? 0.3833+0.0119
Y4 x Y4 inch flat die casting 25°C RHB 58.8+1.7
Hardness 3/8 inch diameter die casting 25°C RHB 50.0+1.1
5/8 inch diameter die casting 25°C RHB 47.6£1.6
Thermal Conductivity 25°C W/m.X 115.5+1.4
Electrical Conductivity 25°C % 1IACS 23.55%0.11
Electrical Resistivity 25°C 10 Qm 7.320%0.035
] Specific Gravity 25°C glem’® 2.770

Arioy 12




CHAPTER 3: ATLAS OF MICROSTRUCTURES AND
> PROPERTIES OF ALUMINUM DIE CASTING ALLOYS

Alloy W% Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al !
#12 ? 1295 | 005 | 1.55 | 1.29 | 0.46 | 0.01 | 0.43 | 0.01 | 2.91 | 0.023 | Balance i
50 . “
25°C , §
401 100°C \ §
« V
M 200°C ,,
g ~1}
104 ' *
!
od . x . . r 13
y .12.1, Typical stress vs strain curves for Alloy 12 ° ! 2 3 4 5 6 g 1
at temperatures of 25°C, 100 °C, and 200 °C. Strain (%) 3 %

%0 33
s 4 3
N b
\ & G
\ & 3
S \ 7 3
& \\ - 4
g N By
NG &
%25 — %
= l m\\\‘~. ii- »
s ~| L
4 Eans -\i_ il 3 i V
20 L g g
15
LE+03 LE+04 1E+05 1LEH06 LEH07 LE+08 1209 | & F
Cycles to Failure 1
Fig. 3.12.2. S/N curve for Alloy 12. L 3
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CHAPTER 3: ATLAS OF MICROSTRUCTURES AND

5 PROPERTIES OF ALUMINUM DIE CASTING ALLOYS s
Alloy WL Si Mg | Fe | Ca | Ni | Cr | Mn | Ti | Zn Sr Al
0
#12 1295 | 005 | 155 | 1.29 | 0.46 | 0.01 | 0.43 | 0.01 | 2.91 | 0.023 | Balance
800
700
600 +
(2}
© 5004
3
g
]
£ o
K
300 4
200 T T T
; 0 50 100 150 200
) Fig. 3.12.3. Thermal history of Alloy 12 cast in a
n Time (s) graphite mold.
10,00
DCEG404
WT; €0.40 m3 SCAN RA =10.00 dag/ain
ATMOSPHERE: NITROSEN 40 cc/a
PEAK FRON: 478
T 388
ONSET: 3548.4
PEAX HEIGHT: 8.07
(o) WA S41.8
[=]
z
W st
A\
g
=
[
- i kq"\
000 360.00 400.00 440.00 480.00 §20.00 560.00 600.00 640.00 680.00 m
_ f Temperature (°C) Fig. 3.12.4. DTA curve for Alloy 12 cooled at 10 °C/min. i
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CHAPTER 3: ATLAS OF MICROSTRUCTURES AND
PROPERTIES OF ALUMINUM DIE CASTING ALLOYS

Alloy W% Si Mg Fe Cu Ni Cr | Mn Ti Zn Sr Al
#13 °1 13.03] 046 | 058 | 4.70 | 0.44 | 0.01 | 0.01 | 0.17 | 2.61 | 0.021 | Balance
Ksi 47.2+1.6
25°C =
MPa 325.4+11.0
Ultimate 100° Ksi 44.8+1.4
c MPa 309.0+9.8
Ksi 35.4+0.3
200°C
Strength MPa 244.1+1.8
Ksi 31.0+0.5
25°C
MPa 213.7+3.4
Yield 100°C Ksi 30.3£0.4
MPa 208.7+2.7 | -
i 1 + :
Tensile 200°C Ksi 29.7+0.2 :
MPa 204.7¢1.6 |
25°C % 1.39+0.24 i
Elongation 100°C % 1.87+0.42 i
200°C % 2.31+0.52 i
3 Ksi + 3
rsoc | 1CKsi | 1155039 | %
10° MPa 79.65+£2.70 ]
Modulus of Elasticity 100°C 10° Ksi 9.17+0.28 "
10° MPa | 63.20:1.90 | i
103 Ksi 8.40+0.31 23
200°C .
103 MPa 57.91+£2.12 ,
Ksi 21.56 i
100,000,000 cycles 25°C 3
Endurance Limit MP.a 148.65 B
500,000,000 cycles 25°C =l 20.77 E
TR EYEe MPa 14320 | {
+ g
Impact Resistance Absorbed Energy 250C  |Joules 1.99+0.24 |
1b.ft. 1.47+0.18 E4 ;
Wear Resistance Volume Loss 25°C cm’ 0.4291+0.0313 | §%
V4 x V4 inch flat die casting 25°C RHB 72.3%0.7 §
Hardness 3/8 inch diameter die casting 25°C RHB 63.5+1.3 4
5/8 inch diameter die casting 25°C RHB 64.3+1.7 .
Thermal Conductivity 25°C | W/mXK 102.2¢0.8 |,
Electrical Conductivity 25°C % IACS 20.44+0.04
Electrical Resistivity 25°C 10 Qm 8.434+0.018
Specific Gravity 25°C g/em® 2.787
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CHAPTER 3: ATLAS OF MICROSTRUCTURES AND

Arroy 13

PROPERTIES OF ALUMINUM DIE CASTING ALLOYS 57
Alloy W% Si Mg | Fe | Ca | Ni | Cr | Mn | Ti | Zn Sr Al
(] o
#13 13.03 | 046 | 0.58 | 4.70 | 0.44 | 0.01 | 0.01 | 0.17 | 2.61 | 0.021 | Balance
50
25°C
100°C
404
200°C
30+
g
. g 20 4
"
104
0 r r
o 1 . 2 3} Fig. 3.13.1. Typical stress vs strain curves for Alloy
Strain (%) 13 at temperatures of 25°C, 100 °C, and 200 °C.
40
35 \ -
- \ i
N
\\
g 30 TN,
™~
i N
g R4
£
E ® . -___.
\
:W'P"-{\_‘
20
15
LE+03 LE+04 LEH05 1E+06 LEH7 LE+08 LEH9
Cydes to Fallure
Fig. 3.13.2. S/N curve for Alloy 13.




CHAPTER 3: ATLAS OF MICROSTRUCTURES AND
38 PROPERTIES OF ALUMINUM DIE CASTING ALLOYS
Alloy WEY Si | Mg | Fe | Cu | Ni | Cr | Mn | Ti | Zn Sr Al
(]
#13 13.03 | 0.46 | 0.58 | 4.70 | 0.44 | 0.01 | 0.01 | 0.17 | 2.61 | 0.021 | Balance
800 ]
700 4
600
)
i
3 500-
g
2
E
2 400-
M
300 4
200 r v
1,13.3. Thermal history of Alloy 13 cast in a graph- 0 50 100 150 200
ite mold, Time (s)
A ]
10.00.
.! ac79s604
Li8 §9.40 =g SCAN RATE: -10.00 cag/sin
ATHOSPHERE: NITROGEN 40 ce/min
PEAK FRON: 485
TO: 362.5
ONSET: 247.7
PEAX HEIGHT: 8.88
o Max: 523
[=]
2
w5004
\%
o
e
<
! 00000 40000 44000 48000 52000 56000 60000  640.00  680.00
Fig. 3.13.4. DTA curve for Alloy 13 cooled at 10 °C/min. Temperature (°C)
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CHAPTER 3: ATLAS OF MICROSTRUCTURES AND

PROPERTIES OF ALUMINUM DIE CASTING ALLOYS 39
Alloy W% Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
#14 | 1294 | 0.48 | 0.74 | 477 | 0.50 | 0.01 | 0.57 | 0.01 | 0.55 | 0.00 | Balance
i +
9590 Ksi 41.9+4.0
MPa 288.9+27.6
U]tinlate 100°C KSi 44.0i2.8
MPa 303.2+19.1
Ksi 34.5+2.2
200°C
Strength MPa 238.2+14.9
Ksi 32.9+0.7
25°C
MPa 226.8+4.8
Yield 100°C Ksi 32.7:0.4
MPa 225.1+£3.0
. 3 +
Tensile | 200°C Ksi 31.5+0.8
MPa 217.4+5.3
25°C %o 0.67+0.32
Elongation 100°C % 1.08+0.57
200°C % 0.7410.54
10* Ksi 11.65+0.39

‘5 25°C
: 10° MPa 80.2842.68
Modulus of Elasticity 100°C 10° Ksi 9.14+0.09
10° MPa 63.04+£0.64
o 103 Ksi 8.52+0.33
200°C 10° MPa 58.74+2.27
p5oC Ksi 22.26
Endurance Limit 100,000,000 cycles NLP.a 153.48
500,000,000 cycles 25°C Kt 22.08
U MPa 152.24
Impact Resistance Absorbed Energy 25°C Joules 1.71£0.17
Ib.1t. 1.26+0.13
Wear Resistance Volume Loss 25°C cm’® 0.438310.0263
V4 x Y4 inch flat die casting 25°C RHB 74.6x1.5
Hardness 3/8 inch diameter die casting 25°C RHB 66.9+1.7
5/8 inch diameter die casting 25°C RHB 66.5+2.3
Thermal Conductivity 25°C W/mXK 113.0£0.2
Electrical Conductivity 25°C % IACS 21.65+0.11
Electrical Resistivity 25°C 10% Qm 7.96310.042
Specific Gravity 25°C glem? 2.749

Arioy 14
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CHAPTER 3: ATLAS OF MICROSTRUCTURES AND
60 PROPERTIES OF ALUMINUM DIE CASTING ALLOYS
Alloy — Si | Mg | Fe | Cu | Ni | Cr | Mn| Ti | Zn | Sr Al
(]
#14 1294 | 0.48 | 0.74 | 477 | 0.50 | 0.01 | 0.57 | 0.01 | 0.55 | 0.00 | Balance
50
100°C
25°C
40
200°C
30) ?
» 20
g
) b
10 -
0 t 3
} 14.1. Typical stress vs strain curves for Alloy 0 03 ! 15 2l - ;
14 at temperatures of 25°C, 100 °C, and 200 °C. Strain (%)
40
35 = \ \_ 4
- N\
Za N
: i
N
5 25
= . l' }\\\_ >
20
15
LE+03 LE+04 LE+0S 1E406 LE+07 1E+08 LEH09
Cycles to Failure -
Fig. 3.14.2. S/N curve for Alloy 14.
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CHAPTER 3: ATLAS OF MICROSTRUCTURES AND
PROPERTIES OF ALUMINUM DIE CASTING ALLOYS

61

Alloy We% Si Mg Fe Cu Ni Cr | Mn Ti Zn Sr Al
(]
#14 12.94 | 048 | 0.74 | 4.77 | 0.50 | 0.01 | 0.57 | 0.01 | 0.55 | 0.00 | Balance
i 500)
700
6004
)
o 500
=
®
°
a
£
£
e
300
' i 200 .
2 ! 0 50 100 150 20| .
! . Fig. 3.14.3. Thermal history of Alloy 14 cast in a
_ ; Time (s) graphite mold.
10.00
nCes8o0l
uT: 66.40 =g SCAN AATE: ~-20.00 deg/min
ATHDSPHERE: NITROGEN <40 cc/min
[o]
[=]
z
W s500¢
v
o
5
000 000 40000 44000 48000 52000  660.00 60000 64000  680.00
| Temperature (°C) Fg. 3.14.4. DTA curve for Alloy 14 cooled at 10 °C/min.
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CHAPTER 3: ATLAS OF MICROSTRUCTURES AND
PROPERTIES OF ALUMINUM DIE CASTING ALLOYS

oW

Alloy W% Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
#15 *®112.78 | 0.47 | 151 | 127 | 0.06 | 0.14 | 0.01 | 0.18 | 2.94 | 0.00 | Balance
i 42.612.
2500 Ksi 6+2.1
MPa 293.7+14.5
Ultimate 100°C Ksi 39.4+2.9
MPa 271.8+19.9
Ksi 34.6+0.6
200°C
Strength MPa 238.5t4.4
Ksi 29.2+0.4
25°C
MPa 201.3+2.8
Yield 100°C Ksi 29.1+0.8
MPa 200.5+£5.2
: i +
Tensile 200°C Ksi 28.5+0.2
MPa 196.6+1.3
-25°C % 0.97+0.17
Elongation 100°C % 1.10+0.41
200°C % 1.66+0.29
3 Ksi +
259C 103 Ksi 11.64+0.56
10° MPa 80.25+3.88
Modulus of Elasticity 100°c |OKsi | 9.4420.38
103 MPa 65.05%+2.61
10% Ksi 8.28+0.17
200°C
0 10° MPa 57.05+1.22
Ksi 19.15
2 o
o 100,000,000 cycles 5°C NPa 132.03
Endurance Limit -
500,000,000 cycl 25°C Ksi 1851
SUREIL eyctes MPa 127.62
+
Impact Resistance Absorbed Energy 25°C Joules 2.24£0.35
1b.ft. 1.65+0.26
Wear Resistance Volume Loss 25°C cm? 0.4683+0.0185
V4 x 4 inch flat die casting 25°C RHB 70.4%1.6
Hardness 3/8 inch diameter die casting 25°C RHB 61.4+2.6
5/8 inch diameter die casting 25°C RHB 60.7£1.5
Thermal Conductivity 25°C W/m.K 99.9+2.2
Electrical Conductivity 25°C % IACS 20.19+0.58
Electrical Resistivity 25°C 10¢ Qm 8.541+0.246
Specific Gravity 25°C glem® 2.755
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2 CHAPTER 3: ATLAS OF MICROSTRUCTURES AND
5 PROPERTIES OF ALUMINUM DIE CASTING ALLOYS 6
Alloy W% Si [Mg| Fe | Ca | Ni | Cr | Mn | Ti | Zn | Sr Al

#15 °1 1278 | 0.47 | 1.51 | 1.27 | 0.06 | 0.14 | 0.01 | 0.18 | 2.94 | 0.00 | Balance

g 45
25°C
100°C
] 200°C
’ 30
- 7
3
- n
&
’ n
A 15
- 0{ P
- 6o 05 ) 10 15 20 Fig. 3.15.1. Typical stress vs strain curves for Alloy
Strain (%) 15 at temperatures of 25°C, 100 °C, and 200 °C.
- 40
g I\
. L \
35 4

21 NI
- g \\ )
- E N
y 'g 25 \\

£ N4
o | \\
= o \~‘~. L er 4
- 2 ‘~"~EZ=L~_
. 15

LE+03 LE+04 1E+05 1E+06 LE+7 1.E+08 LE+09

- Cytles to Faflure
i Fig. 3.15.2. S/Ncurve for Alloy 15.
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CHAPTER 3: ATLAS OF MICROSTRUCTURES AND

64 PROPERTIES OF ALUMINUM DIE CASTING ALLOYS
Alloy W% Si Mg | Fe { Cu | Ni | Cr {Mn | Ti | Zn | Sr Al
()}
#15 12.78 | 0.47 } 1.51 | 1.27 1 006 | 0.14 | 0.01 | 0.18 | 2.94 | 0.00 | Balance
200
700
600}
Q \
2 500
=2
e N
2
E 400
300
1.15.3. Thermal history of Alloy 15 cast in a graph- 0 10 » . 30 “ 50 &
ite mold, Time (s)
10,00 ¢
0C774014
uT: 60.90 =g SCAN RATE: ~10.00 dag/min
ATWOSPHERE: NITROGEN 40 cc/min .
PEAX FROK: 464
To: 82
ONSET: S38.2
PEAX HEIGHT: 7.E6
o HAX: 542.9
a
z
w500 L
v
3
5
i
000 B0 40000 44000 48000 52000 55000 60000 64000 63000
Fig. 3.15.4, DTA curve for Alloy 15 cooled at 10°C/min. Temperature (°C)
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CHAPTER 3: ATLAS OF MICROSTRUCTURES AND

5 PROPERTIES OF ALUMINUM DIE CASTING ALLOYS 6
Alloy W% Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
#16 "° 1 12.86 | 0.41 | 1.63 | 1.21 ] 0.06 | 0.14 | 0.44 | 0.01 | 0.46 | 0.024 | Balance
- Ksi 43.0%2.5
25°C =
MPa 296.5£17.2
Ultimate 100°C Ksi 41.5+2.0
MPa 286.4+13.5
Ksi 32.742.2
200°C
Strength MPa 225.4+15.2
Ksi 26.9+0.4
25°C
MPa 185.5£2.8
Yield 100°C Ksi 27.240.3
MPa 187.3£1.9
» s +
Tensile 200°C Ksi 26.4+2.5
' MPa 182.2+17.5
25°C %o 1.41+0.39
Elongation 100°C % 1.92+0.44
200°C P 1.81+0.64
. ' 10% Ksi 11.62:+0.70

25°C
10° MPa 80.12+4.83

Modulus of Elasticity 100°Cc |10 Ksi 8.92+0.26
: 10°MPa | 61.52:+1.80

103 Ksi 7.93%+1.06

200°C 103 MPa 54.70+7.28
100,000,000 cycles 25°C I\I/(HS,L 12309'390 =
Endurance Limit - ~
500,000,000 cycles 25°C Ksi 20.12
R MPa 138.72
Impact Resistance Absorbed Energy 25°C Joules 2.67+0.22
1b.ft. 1.97%0.16
Wear Resistance Volume Loss 25°C cm? 0.4871x0.0210
Y4 x Y4 inch flat die casting 25°C RHB 63.1+1.0
Hardness 3/8 inch diameter die casting 25°C RHB 52.8+1.1
5/8 inch diameter die casting 25°C RHB 50.7%1.1
Thermal Conductivity 25°C W/mXK 116.1+1.1
Electrical Conductivity 25°C % IACS 24.53%0.49
B Electrical Resistivity 25°C 10 Qm 7.029+0.141
] Specific Gravity 25°C g/em’ 2.719

A1ioy 16 \
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CHAPTER 3: ATLAS OF MICROSTRUCTURES AND

6 PROPERTIES OF ALUMINUM DIE CASTING ALLOYS
Alloy Wt.% Si |Mg| Fe | Cua | Ni | Cr [ Mn | Ti | Zn | Sr Al
#16 ®112.86 | 041} 1.63 | 1.21 | 0.06 | 0.14 | 0.44 | 0.01 | 0.46 | 0.024 | Balance
50
25°C
100°C
40 4
200°C
304
g
2
S 204
o
10 -
o4 T
F_  .16.1. Typical stress vs strain curves for Alloy 0 . 2 3
16 al temperatures of 25°C, 100 °C, and 200 °C. Strain (%)
40
\
35
i
|
g 30
£ (T
E \\\ .
2 TH, :
27 e “
. T T~ - ?3‘
20 T
15
LE+03 LE+4 LE+05 LE+06 1E+07 1E+08 LE+09
Cycles to Fallure
Fig. 3.16.2. S/N curve for Alloy 16.
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CHAPTER 3: ATLAS OF MICROSTRUCTURES AND

5 PROPERTIES OF ALUMINUM DIE CASTING ALLOYS 5
Alloy W% Si Mg | Fe | Ca | Ni | Cr | Mn | Ti | Zn | Sr Al
0
#16 1286 | 041 | 1.63 | 1.21 | 0.06 | 0.14 | 0.44 | 0.01 | 0.46 | 0.024 | Balance
N 800
m-
600
)
£ 500+
2
g
g
= —
300
) 200 T T Y
: o % o 150 201 Fig. 3.16.3. Thermal history of Alloy 16 cast in a
i Time (s) graphite mold.
i 15,00
DC?77604
wr: 75.80 mg SCAN BATE: =10.00 deg/asn
ATHOSPHERE: NITROGEN 40 cc/amin
T eEax rROK: 500
TO: Sa8
ONSET: 347
PEAK HEIGHT: 7.0%
HAX: B48.1
o]
[a]
4
W 7s0f
\'
o
b=
<
0.00
410.00 450.00 490,00 530.00 570.00 610.00 650,00 690.00
J Temperature (°C) Fig. 3.16.4. DTA curve for Alloy 16 cooled at 10 °C/min.
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CHAPTER 3: ATLAS OF MICROSTRUCTURES AND
PROPERTIES OF ALUMINUM DIE CASTING ALLOYS

Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
Wt.%
#17 839 | 0.02 | 0.90 | 2.71 | 0.04 | 0.06 | 0.22 } 0.03 | 1.10 — balance
Ksi 45.0+0.7
25°C =
MPa 310.3+4.8
Ultimate 100°C Ksi 38.2+0.9
MPa 263.4+6.2
Ksi 24.3+0.4
200°C
Strength MPa 167.5+2.8
Ksi 19.6+0.3
25°C
MPa 135.1£2.1
Yield 100°C Ksi 20.1+0.3
MPa 138.6+2.1
. 3 +
Tensile 200°C Ksi 17.6+0.3
MPa 121.3+2.1
25°C % 5.34+£0.59
Elongation 100°C % 7.27+2.39
200°C % 12.57+1.73
3 Ksi +
259C 103 Ksi 10.91+0.68
10° MPa 75.24+4.68
Modulus of Elasticity 100°C 10° Ksi 8.04+0.74
103 MPa 55.41+5.09
10% Ksi 7.88+0.26
200°C
10° MPa 54.36%1.81
Ksi 18.48
100,000,000 cycles 25°C
Endurance Limit l\I/]<Pa 112; 2‘;2
si .
25°C
500,000,000 cycles 5 MPa 125.76
4
Impact Resistance Absorbed Energy 25°C Joules >.02+0.39
1b.ft. 3.70+£0.29
Wear Resistance Volume Loss 25°C cm’ 0.4150+0.0330
14 x 14 inch flat die casting 25°C RHB 47.4%1.0
Hardness 3/8 inch diameter die casting 25°C RHB 39.9+1.4
5/8 inch diameter die casting 25°C RHB 37.3%2.1
Thermal Conductivity 25°C W/mK 122.1+1.0
Electrical Conductivity 25°C % IACS 26.12+0.38
./ Electrical Resistivity 25°C 10 Qm 6.601+0.096
Specific Gravity 25°C g/em’ 2.770

Arroy 17
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CHAPTER 3: ATLAS OF MICROSTRUCTURES AND

PROPERTIES OF ALUMINUM DIE CASTING ALLOYS 69

wr

] Alloy W% Si | Mg | Fe | Ca | Ni | Cr | Mn | Ti | Zn | Sr Al
- #7 °1 839|002 090]271] 0.04 | 0.06]022]0.03]110] ~ balance
- 30
] 25°C

b 100°C

30

200°C

20

1
Stress (Xsd)

10

0 2 4 6 o 8 10 12 M Fig. 3.17.1. Typical stress vs strain curves for Alloy
Strain (%) 17 at temperatures of 25°C, 100 °C, and 200 °C.

- 45
- 40
_ N\
\

2 \
= H
- % 30

<

- £ N

E N

= N
- 25

N
- Al
- 20 h m:'\. =31
P W P —
- 15
1,00E+03 1.00E+04 1.00E+05 1.00E+06 1.00E+07 1.00E+08 1.00E+09 Fig_ 3.17.2. S/N curve for A[/oy 17'- the ffacture sur-

- Cycles to Fallure face shown is from the specimen which failed at 9.1
- x 10° cycles under a maximum stress of 20.7 ksi.
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CHAPTER 3: ATLAS OF MICROSTRUCTURES AND

70 PROPERTIES OF ALUMINUM DIE CASTING ALLOYS
Alloy WE% Si | Mg | Fe Cu | Ni Cr | Mn | Ti Zn Sr Al
#17 ° 8391 0.02]| 090|271} 0.04 | 006 | 0.22 | 0.03 | 1.10 - balance
804
704
604
) —
g sod
E
§ .
304
20q. ]
' 17.3. Thermal history of Alloy 17 cast in a graph- 0 B ) 100 150 20
ite mold. Time (s)
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CHAPTER 3: ATLAS OF MICROSTRUCTURES AND

D
_5_ PROPERTIES OF ALUMINUM DIE CASTING ALLOYS 7
{ (}
) Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
Wt.% =
#18 8.19 | 0.02 | 0.91 | 3.87 | 0.03 | 0.04 | 0.17 | 0.03 | 2.20 — balance
i +
T 259C Ksi 46.2+0.8
MPa 318.5%5.5
Ultimate 100°C Ksi 41.4+0.1
MPa 285.4+0.7
Ksi 25.6+0.4
200°C
Strength MPa 176.5%2.8
Ksi 21.8+0.7
25°C
> MPa 150.3+4.8
Yield 100°C Ksi 22.2i0.5
MPa 153.1+3.4
. 3 +
Tensile . 200°C Ksi 18.9+0.3
MPa 130.3%2.1
25°C % 3.68+0.49
. Elongation 100°C % 5.79+1.16
] 200°C % 7.16x3.14
- 3 Ksi +
25°C 10° Ksi 10.92+0.80

10° MPa 75.28+5.54
103 Ksi 8.30+0.47

Modulus of Elasticity 100°C
10 MPa 57.21+3.25
o 10° Ksi 7.98+0.13
200°C 10° MPa 55.01+0.90
Ksi 17.53
25°C
Endurance Limit 100,000,000 cycles MP.a 120.87
500,000,000 cycles 25°C Ksi 17.03
U MPa 117.42
Impact Resistance Absorbed Energy 25°C Joules 3.35%0.50
Ib.ft. 2.47+0.37
Wear Resistance Volume Loss 25°C cm? 0.437520.0274
V4 x Y4 inch flat die casting 25°C RHB 54.9+0.9
Hardness 3/8 inch diameter die casting 25°C RHB 45.4+1.5
5/8 inch diameter die casting 25°C RHB 45.3+1.3
Thermal Conductivity 25°C W/mK 119.1+1.8
Electrical Conductivity 25°C % IACS 24.00+0.14
Electrical Resistivity 25°C 10 Qm 7.184+0.042
Specific Gravity 25°C glem® 2.816

Ar1oy 18
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CHAPTER 3: ATLAS OF MICROSTRUCTURES AND

7 PROPERTIES OF ALUMINUM DIE CASTING ALLOYS
"
Alloy W% Si [ Mg] Fe | Cu | Ni | Cr | Mn | Ti | Zn | Sr Al
(] —
#18 819} 0.02 | 091 | 3.87 | 0.03 | 0.04 | 0.17 | 0.03 | 2.20 - balance
50
100°C
E 200°C
@ N\
8
o
3
1
' 18.1, Typical stress vs strain curves for Alloy o 2 4 6 ) 8 10 2 1
1o al lemperatures of 25°C, 100 °C, and 200 °C. Strain (%)
45
\ :
40 \ ¢
N P
N NS
Nllls ;
- 35 uiiil
z ‘ 2
: N\
@ 30 N palsc)
E N
E i \
E ht
= o M oe
* \ON\\
h..l
L2y \‘
20 N Be ] 4 —>
.\‘uﬁ--:- r
15
I 18.2. S§/N curve for Alloy 18; the fracture sur- 1.00E+03 L.0CE+04 1O0E+05 1.00E+06 1.00E+07 1.00E+08 1.00E+09
fa. shown is from the specimen which failed at 9.4 Cycles to Fallure
x 10° cycles under a maximum stress of 21.5 ksi,

Arroy 18

B - AP R N RS S A A 6 B o RN St Mt ML EI0S dun L P s

C
P

Tamnaratiuira Y




D
S

14

CHAPTER 3: ATLAS OF

MICROSTRUCTURES AND
PROPERTIES OF ALUMINUM DIE CASTING ALLOYS

73

Alloy WL Si | Mg | Fe | Cu | Ni Cr | Mn | Ti Zn Sr Al
#18 °18190.02)]0091]387]003]004]017]003]220] — | balance
800
700 4
600 4
%)
g 500 4
8
2
£
R 4004
300 1
200 T T T
0 50 : 100 150 200} Fig. 3.18.3. Thermal history of Alloy 18 cast in a graph-
Time (s) ite mold.
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CHAPTER 3: ATLAS OF MICROSTRUCTURES AND
PROPERTIES OF ALUMINUM DIE CASTING ALLOYS

Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
Wt.% ~
#19 949 | 0.02 ] 0.87 | 2.61 | 0.03 | 0.05 | 0.23 § 0.03 | 2.20 — balance
Ksi 45.4+1.
9590 si 4+1.6
MPa 313.0£11.0
Ultimate 100°C Ksi 38.8+1.8
MPa 267.5+12.4
Ksi 23.8+0.4
200°C
Strength MPa 164.1+2.8
Ksi 20.3+0.3
25°C
MPa 140.0+£2.1
Yield 100°C Ksi 20.5+0.3
MPa 141.3+2.1
: i +
Tensile 200°C Ksi 17.4+0.3
MPa 120.0+2.1
25°C % 4.62+1.00
Elongation 100°C % 6.50+2.49
200°C % 13.17+2.36
o
25°C 10° Ksi 11.03+0.77
10° MPa 76.06+5.32
Modulus of Elasticity joo°c |—0Ksi | 8.60:0.91
10° MPa 59.26+6.24
10° Ksi 8.43+0.23
200°C
10° MPa 58.11+1.55
' Ksi 18.42
100,000,000 cycles 25°C
Endurance Limit MP‘a 127.00
500,000,000 cycle 25°C sl 18.20
SURLELD cycles MPa 125.48
-
Impact Resistance Absorbed Energy 25°C Joules 4_'3 130.26
1b.ft. 3.18+0.19
Wear Resistance Volume Loss 25°C cm’® 0.4213+0.0253
V4 x Y4 inch flat die casting 25°C RHB 50.9+1.3
Hardness 3/8 inch diameter die casting 25°C RHB 43.0+1.3
5/8 inch diameter die casting 25°C RHB 41.0£1.7
Thermal Conductivity 25°C W/mK 121.0£0.4
Electrical Conductivity 25°C % IACS 24.34+0.25
Electrical Resistivity 25°C 10®° Qm 7.083+0.074
Specific Gravity 25°C glem® 2.780

Arioy 19
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CHAPTER 3: ATLAS OF

MICROSTRUCTURES AND
PROPERTIES OF ALUMINUM DIE CASTING ALLOYS

75

y
}
] . Alloy W% Si [ Mg | Fe | Ca | Ni | Cr | Mn | Ti | Zn | Sr Al
(/]
- #19 949 | 0.02 | 0.87 | 2.61 | 0.03 | 0.05 | 0.23 | 0.03 | 2.20 - balance
— 500
— 25°C
57 100°C
=~ 30
- o
U]
< e
-— " 200°C
-— 2N
0
] 10
S [y )
— 0 2 4 6 8 . 10 12 " 16 18 Fig. 3.19.1. Typical stress vs strain curves for Alloy 19
Strain (%) at temperatures of 25°C, 100 °C, and 200 °C.
—-1
— 45
— 40
_ s \
g \
| 2 \
- E '\
% N
2 h
g 25 N
N <
— .\i\\'~
. 2 U1 T~ b
L M 1>
— 15
1.00E+03 1.00E+04 1.00E+05 1.00E+06 1.00E+07 1.005+03 100e+08 | Fig. 3.19.2. S/N curve for Alloy 19; the fracture sur-
— Cycles to Fallure face shown is from the specimen which failed at 8.5
- x 10° cycles under a maximum stress of 20.4 ksi.

Arioy 19




CHAPTER 3: ATLAS OF MICROSTRUCTURES AND

76 PROPERTIES OF ALUMINUM DIE CASTING ALLOYS
Alloy WE% Si | Mg | Fe | Cu | Ni | Cr | Mn | Ti | Zn | Sr Al
#19 ° 949 1 0.02 | 0.87 | 2.61 }] 0.03 | 0.05] 0.23 | 0.03 | 2.20 - balance
800
700 4
600
3]
2
s
g
300 4
200 T T T
* 19.3. Thermal history of Alloy 19 cast in a graph- 0 50 . 1o 150 200
. old Time (s)

3

v e 3 oo

RN e f

s e e
(0 A b e e ) i
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CHAPTER 3: ATLAS OF MICROSTRUCTURES AND

77

_§ PROPERTIES OF ALUMINUM DIE CASTING ALLOYS
Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
- Wt.% =
#20 9.50 | 0.09 | 1.43 | 4.00 | 0.13 | 0.06 | 0.21 | 0.05 | 1.10 | -— balance
- i 412,
9500 Ksi 45.4+2.6
MPa 313.0+£17.9
Ultimate 100°C Ksi 43.4%0.7
MPa 299.2+4.8
Ksi 31.0+£0.5
200°C
Strength MPa 213.7+3.4
250(: Ksi 25.1£0.2
MPa 173.1£1.4
Yield 100°C Ksi 25.3+0.3
MPa 174.4+2.1
. "2 +
Tensile 200°C Ksi 23.3%0.2
MPa 160.6+1.4
25°C % 1.93+0.44
Elongation 100°C % 3.12+0.49
» 200°C % 3.65+1.24
- 3 Ksi +
959C 10° Ksi 11.32+0.36
10 MPa 78.03+2.46
Modulus of Elasticity 100°C 10°Ksi 8.78+0.43
10 MPa 60.52+2.97
103 Ksi 8.33+0.21
200°C
0 10° MPa 57.41+1.48
Ksi 17.94
100,000,000 cycles 25°C
Endurance Limit MP.a 123.69
500,000,000 cycles 25°C Ksl 17.07
et MPa 117.69
+
Impact Resistance Absorbed Energy 25°C Joules 2.4340.30
Ib.ft. 1.79+0.22
Wear Resistance Volume Loss 25°C cm? 0.4516+0.0298
Y4 x Y4 inch flat die casting 25°C RHB 64.4+1.0
Hardness 3/8 inch diameter die casting 25°C RHB 57.6x1.4
5/8 inch diameter die casting 25°C RHB 57.0+£1.3
Thermal Conductivity 25°C W/mXK 111.0£0.4
Electrical Conductivity 25°C % IACS 22.13+0.09
Electrical Resistivity 25°C 10 Qm 7.7914£0.031
Specific Gravity 25°C g/em’ 2.802

— ‘
|
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CHAPTER 3: ATLAS OF MICROSTRUCTURES AND

7 PROPERTIES OF ALUMINUM DIE CASTING ALLOYS
4
Alloy WL Si Mg | Fe Cu Ni Cr | Mn | Ti Zn Sr Al
()
#20 9.50 | 0.09 | 1.43 | 4.00 | 0.13 | 0.06 | 0.21 | 0.05 | 1.10 - balance
50
25°C
100C
4
200°C
30 S
%
£
2]
@ 20
a
10
0
Fi~ 3.20.1. Typical stress vs strain curves for Alloy 20 0 ! 2 ) 3 4
mperatures of 25°C, 100 °C, and 200 °C. Strain (%)
45
40 iy
N
N
N
_3s !
2 A
g " \\ 3! " 100 p2m
2] - N > K —
E £\~1~ <
3 N
25
& n\\\
g J \\\._ Tlia>
» li \:\ -
Pt
15
Fin, 3.20.2, S/N curve for Alloy 20; the fracture sur- LEH03 LE+04 LEH5 LE+06 LE+07 LE+08 LE+09
shown is from the specimen which failed at 8.1 Cydles to Failure
a ..~ cycles under a maximum stress of 21.8 ksi.
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Alloy
#20

Wt.%

Si

Mg Fe

Cu

Ni

Cr

Ti

Zn

Sr

Al

9.50

0.09 | 1.43

4.00

0.13

0.06

0.21

0.05

1.10

balance

Temperature (C)

700 4

300 4

50

100
Time (s)

150

200

Fig. 3.20.3. Thermal history of Alloy 20 cast in a
graphite mold.

ST O

PRAAY SUMS I SANERR S




80

CHAPTER 3: ATLAS OF MICROSTRUCTURES AND
PROPERTIES OF ALUMINUM DIE CASTING ALLOYS

[Ba-Na!

Alloy Si Mg Fe Cu Ni |.Cr Mn Ti Zn Sr Al
Wt.% =
#21 9.66 | 0.05 | 1.22 | 2.68 | 0.03 | 0.06 | 0.26 | 0.03 | 2.10 | — balance
Ksi 44.014.6
25°C =
MPa 303.4+31.7
! MPa 275.8+11.0
Ksi 26.8+0.2
200°C
Strength MPa 184.8+1.4
Ksi 21.8+0.7
25°C
MPa 150.3+4.8
Yield 100°C Ksi 21.8+0.1
MPa 150.3+£0.7
: i +
Tensile 200°C Ksi 19.4+0.3
MPa 133.8+2.1
25°C % 2.73+0.73
Elongation 100°C % 4.73+1.83
200°C % 7.44+1.90
250C 10° Ksi 10.96%0.68
10 MPa 75.55+4.71
Modulus of Elasticity 100°C 10° Ksi 8.80+0.25
10° MPa 60.67£1.69
10° Ksi 8.35+0.13
200°C
103 MPa 57.58+0.90
Ksi 20.42
100,000,000 cycles 25°C
Endurance Limit I\/ﬂ).a 140.79
500,000,000 cycles 25°C Xsl 20.07
TR Y MPa 138.38
+
Impact Resistance Absorbed Energy 25°C Joules 3.630.27
Ib.ft. 2.68%0.20
Wear Resistance Volume Loss 25°C cm? 0.4457%0.0301
Y4 x %4 inch flat die casting 25°C RHB 56.5+0.9
Hardness 3/8 inch diameter die casting 25°C RHB 49.1£1.1
5/8 inch diameter die casting 25°C RHB 48.0+1.4
Thermal Conductivity 25°C W/m.K 113.8+2.6
Electrical Conductivity 25°C % IACS 21.56%0.24
. Electrical Resistivity 25°C 10 Qm 7.999+0.088
| Specific Gravity 25°C gfcm® 2.789
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'D CHAPTER 3: ATLAS OF MICROSTRUCTURES AND

E PROPERTIES OF ALUMINUM DIE CASTING ALLOYS 81
-] Alloy W% Si | Mg | Fe | Ca | Ni | Cr | Mn | Ti | Zn | Sr Al
- #21 °{9.66 | 005]122]268]0.03]0.06|026]003]210] — balance
— 50

7 25°C

B o 100°C

= 3

200°C

4 5

Strain (%)

0

i 45
— 40
-— 35

2|

=
4
_ £ N
g NIEF
B U
—t -E \..
H N\
— 25 N
e N
_ " h--\\ L1
Tt LI
— 20 in
] 15 -
1.EH3 1EH04 1EH05 1EH06 1E+07 1EH8
- Cydles to Failure

1E+09

Fig. 3.21.1. Typical stress vs strain curves for Alloy 21
at temperatures of 25°C, 100 °C, and 200 °C,

Fig. 3.21.2. S/N curve for Alloy 21; the fracture sur-
face shown is from the specimen which failed at 3.4
x 10° cycles under a maximum stress of 22.8 ksi.

Arroy 21
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CHAPTER 3: ATLAS OF MICROSTRUCTURES AND ;
PROPERTIES OF ALUMINUM DIE CASTING ALLOYS .

Alloy W% Si | Mg | Fe | Cu | Ni Cr | Mn | Ti | Zn Sr Al
#21 °lo.66|005]122)268]003]006]026]003)210] - balance
800
700 -
600
g et
g 500 +
£
g
300 4
200 T T T
/ 21.3. Thermal history of Alloy 21 cast in a graph- 0 0 ) 100 150 200
ite mold, Time (s)
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CHAPTER 3: ATLAS OF MICROSTRUCTURES AND
PROPERTIES OF ALUMINUM DIE CASTING ALLOYS

83

Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
Wt.% =
#22 9.69 | 0.05 |1 1.05 ] 454 | 0.04 | 0.06 | 0.27 | 0.03 | 1.20 — balance
- Ksi 45.6+3.2
9500 si 63
A MPa 314.4+22.1
Ultimate 100°C Ksi 41.9+2.4
0 MPa 288.9+16.5
Ksi 28.9+0.4
200°C
Strength MPa 199.3+2.8
Ksi 24,5104
25°C
MPa 168.94+2.8
Yield 100°C Ksi 25.2+0.3
MPa 173.7+2.1
Tensile 200°C Ksi 21.3%0.3
MPa 146.9+2.1
25°C % 2.3+0.74
Elongation 100°C % 3.05%+1.43
0 200°C % 7.06£2.97
o
- 2500 103 Ksi 10.92+0.62
10° MPa 75.27+4.30
Modulus of Elasticity 100°C 10° Ksi 8.75%0.17
10° MPa 60.34+1.15
103 Ksi 8.28+0.16
200°C
103 MPa 57.06x£1.12
Ksi 22.41
25°C
o 100,000,000 cycles MPa 15451
Endurance Limit -
500,000,000 cycles 25°C = 22.10
LR eyele MPa 152.37
+
Impact Resistance Absorbed Energy 250 | Joules 3.350.37
Ib.ft. 2.47+£0.27
Wear Resistance Volume Loss 25°C cm’® 0.4307+0.0285
V4 x Y4 inch flat die casting 25°C RHB 60.8+1.2
Hardness 3/8 inch diameter die casting 25°C RHB 55.0+1.2
5/8 inch diameter die casting 25°C RHB 52.8+1.4
Thermal Conductivity 25°C W/m.K 119.2+0.7
Electrical Conductivity 25°C % 1IACS 23.21+0.45
Electrical Resistivity 25°C 10 Qm 7.428+0.145
Specific Gravity 25°C g/em? 2.799
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CHAPTER 3: ATLAS OF MICROSTRUCTURES AND

44 ‘ PROPERTIES OF ALUMINUM DIE CASTING ALLOYS
Alloy W% Si | Mg | Fe | Ca | Ni | Cr | Mn ]| Ti Zn | Sr Al
A —
#22 9.69 | 0.05 | 1.05 | 454 | 0.04 | 0.06 | 0.27 | 0.03 | 1.20 - balance
50
25°C
100°C
40
¥ 200°C
= T~
£
§ 20
»
10
9 s
F_ .22.1. Typical stress vs strain curves for Alloy 22 0 ! 2 3 4 N s 6 7 8 ?
al temperatures of 25°C, 100 °C, and 200 °C. Strain (%)
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422.2, S/N curve for Alloy 22; the fracture sur- LE+03 LE+4 LE+0S LE+06 LE+H7 1E+08 1E+09
face shown is from the specimen which failed at 1.8 Cyeles to Failure
x 10° cycles under a maximum stress of 24.2 ksi.
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’D , CHAPTER'B: ATLAS OF MICROSTRUCTURES AND
_-‘: ‘ PROPERTIES OF ALUMINUM DIE CASTING ALLOYS 8
j‘Alloth(ySngFeCuNiCrMnTiZnSr Al
- #22 °1 9.69 | 0.05] 1.05 | 454 | 0.04 | 0.06 | 027 ] 0.03 | 1.20 | — balance
n 800
700 o
600 o
e
sm-
m.
300 4
—_— 200 T T T
0 50 ) 100 150 200 Fig. 3.22.3. Thermal history of Alloy 22 cast in a graph-
] Time (s) ite mold.
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CHAPTER 3: ATLAS OF MICROSTRUCTURES AND 3
PROPERTIES OF ALUMINUM DIE CASTING ALLOYS |

e

Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
Wt.% —
#23 10.88 | 0.05 | 1.27 | 2.62 | 0.04 | 0.06 | 0.26 | 0.03 | 1.20 — balance
9500 Ksi 41.3%3.0
MPa 284.8+20.7
Ultimate 100°C Ksi 37.942.6
MPa 261.3+17.9
Ksi 27.7+1.4
200°C
Strength MPa 191.0+9.7
Ksi 22.1%0.5
°C
25 MPa 152.4+3.4
Yield 100°C Ksi 22.2+0.5
MPa 153.1+3.4
Tensile 200°C Ksi 20.3+0.4
MPa 140.0+2.8
25°C %o 1.79%+0.51
Elongation 100°C % 2.39+1.06
200°C % 5.43%2.50
3 Ksi +
259C 10° Ksi 11.19+0.48
10° MPa 77.17+£3.32
Modulus of Elasticity 100°C 10°Ksi 8.72+0.33
10° MPa 60.13+2.28
10° Ksi 8.65+£1.12
200°C
10° MPa 59.65+7.75
o Ksi 20.05
o 100,000,000 cycles 25°C MPa 133 24
Endurance Limit -
500,000,000 cycles 25°C Xsl 1977
LB IR eyele MPa 136.31
+
Impact Resistance Absorbed Energy 25°C Joules 3.43+0.41
1b.ft. 2.5320.30 _j¥#%
Wear Resistance Volume Loss 25°C cm? 0.408610.0326 {3§
Y4 x Y% inch flat die casting 25°C RHB 58.8%1.2 :
Hardness 3/8 inch diameter die casting 25°C RHB 50.6+1.7
5/8 inch diameter die casting 25°C RHB 49.9+1.9
Thermal Conductivity 25°C W/mXK 113.8225 |
Electrical Conductivity 25°C | %IACS | 22.70:0.62 [
Electrical Resistivity 25°C 10¢ Qm 7.595+0.207 ?ﬁ
Specific Gravity 25°C g/em’ 2.767 i

ALioy 23
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CHAPTER 3: ATLAS OF MICROSTRUC

le T

TURES AND

PROPERTIES OF ALUMINUM DIE CASTING ALLOYS

- f

j Alloy | o o, Si | Mg | Fe | Cu | Ni | Cr | Mn | Ti | Zn | Sr Al
#23 " | 10.88 | 0.05 | 1.27 | 2.62 | 0.04 | 0.06 | 0.26 | 0.03 | 1.20 | — | balance

-
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” 4 : 5C 100°C
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— g o
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LE+03 LE+04 1E+05 1E4+06 LE+07 LE+08 1EH9

- Cycles to Failure

Fig. 3.23.1. Typical stress vs strain curves for Alloy 23

at temperatures of 25°C, 100 °C, and 200 °C.

Fig. 3.23.2. S/N curve for Alloy 23; the fracture sur-
face shown is from the specimen which failed at 4.6

x 10° cycles under a maximum stress of 21.0 ksi.
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CHAPTER 3: ATLAS OF MICROSTRUCTURES AND
8 PROPERTIES OF ALUMINUM DIE CASTING ALLOYS
Alloy W% Si Mg | Fe | Cu | Ni | Cc | Mn | Ti | Zn | Sr Al
(1}
#23 10.88 | 0.05 | 1.27 | 2.62 | 0.04 | 0.06 | 0.26 | 0.03 | 1.20 | - balance
800
700
600 4
g
s
<
2
£
g
300 4
200 - T T r T
F.  13.3. Thermal history of Alloy 23 cast in a graph- 0 50 100 . Is 200 250 300
ite mold, Time (s)
]
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1
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CHAPTER 3: ATLAS OF MICROSTRUCTURES AND

PROPERTIES OF ALUMINUM DIE CASTING ALLOYS 8
Alloy W% Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
#24 "° 11093 | 0.05 ] 1.02 | 5.06 | 0.12 | 0.06 | 0.24 | 0.05 | 2.20 - balance
i 45.0+2.1
25°C =
MPa 310.3+£14.5
Ultimate 100°C Ksi 41.9+2.7
MPa 288.9+18.6
Ksi 29.6x0.5
200°C
Strength MPa 204.1+3.4
Ksi 26.6+0.4
25°C
MPa 183.4+2.8
Yield 100°C Ksi 26.9+0.6
MPa 185.5+4.1
. 3 +i
Tensile . 200°C Ksi 22.4+0.2
MPa 154.4+1.4
25°C % 1.514+0.31
Elongation 100°C % 2.04+0.74
200°C % 4.18+2.07
3 Ksi +
550 10%Ksi 11.6620.73

10° MPa 80.3745.02
103 Ksi 8.71+0.29

Modulus of Elasticity 100°C
10 MPa 60.07+2.03
103 Ksi 7.96+0.32
200°
0°¢ 103 MPa 54.87%£2.23
Ksi 21.51
100,000,000 cycles 25°C M]s)l 14831
Endurance Limit < .a 1 69
si .
500,000,000 cycles 25°C Mba 14541
o+
Impact Resistance Absorbed Energy 25°C Joules 2.75%0.31
Ib.ft. 2.03+0.23
Wear Resistance Volume Loss 25°C cm? 0.3992+0.0323
' Y x % inch flat die casting 25°C RHB 67.7£0.9
Hardness 3/8 inch diameter die casting 25°C RHB 61.1+1.1
5/8 inch diameter die casting 25°C RHB 59.1%+1.8
Thermal Conductivity 25°C W/mXK 111.6+1.5
Electrical Conductivity 25°C % IACS 21.64+0.09
Electrical Resistivity 25°C 10 Qm 7.967+0.032
Specific Gravity 25°C glem? 2.819

Alroy 24




CHAPTER 3: ATLAS OF MICROSTRUCTURES AND

50 PROPERTIES OF ALUMINUM DIE CASTING ALLOYS
Alloy W% Si Mg | Fe | Ca | Ni | Cr [ Mn | Ti | Zn | Sr Al
(]
#24 10.93 | 0.05 | 1.02 | 5.06 | 0.12 | 0.06 | 0.24 ] 0.05 | 220 | — | balance
50
100°C
200°C
2
<
9
2
n
0 1 2 3 s s
k. 24.1. Typical stress vs strain curves for Alloy 24 -
at temperatures of 25°C, 100 °C, and 200 °C. Strain (%)
45
40 N
X\ >
=¥ N
g
t% 30 ' 100 ot
g [
E &
] \
= N
25 = s
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walt —>
3| S T —) MELLIR
20
15
! 24.2, S/N curve for Alloy 24; the fracture sur- LE+03 LE+04 LEH05 LE06 LE#07 LE+08 LE+0?
face shown is from the specimen which failed at 6.3 Cycles to Failure
X 10° cycles under a maximum stress of 21.3 ksi.
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) CHAPTER 3: ATLAS OF MICROSTRUCTURES AND

> PROPERTIES OF ALUMINUM DIE CASTING ALLOYS o
Alloy W% Si Mg | Fe | Cu | Ni Cr | Mn| Ti Zn Sr Al
#24 ° 11093 [ 0.05 | 1.02 | 5.06 | 0.12 | 0.06 | 024 | 0.05 | 220 | — | balance
800
700
600
5]
g 500,
g
€
-
300
200 ]
0 50 100 150 200 250 300
) Fig. 3.24.3. Thermal history of Alloy 24 cast in a graph-
Time (s) ite mold.
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Wt.%

Cu

Ni

Cr

Mn Ti Zn Sr Al

1.24

0.01

0.01

0.01 | 0.01 | 0.44 | 0.00 | Balance

Fig. 3.1.7. SEM micrograph of Alloy 1 in the die cast condi-
tion, showing Fe bearing needles and the AI-Si eutectic
structure (2000X).

Fig. 3.1.8. SEM micrograph of Alloy 1 in the die cast condi-
tion, showing Cu-rich particles (bright phase) within the
Al-Si eutectic (2000X).




s

Alloy Si | Mg | Fe

Cr

Zn

Al

o,
#1 We% 7.15 | 0.03 | 0.68

0.01

0.44

Balance

Fig. 3.1.5. Representative optical micrograph of Alloy 1, as ;

die cust condition (400X).

Fig. 3.1.6. Representative SEM micrograph of Alloy 1, as

die cast condition (1000X).

ALLoy 1

fre
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Alloy Wt.% Si | Mg | Fe Cu Ni Cr | Mn | Ti Zn Sr Al
#2 1699 [ 0.01 ] 056|115 001 0.01] 047024287 [0.018] Balance

]

7

23

Y RZ

__,.‘,m.\
L1

X!
Fe

—
~ 7

. Fig 3.2.5. Representative optical micrograph of Alloy 2, in
the as die cast condition.

Y.
m
—

i
¢

. g 3.2.6. Representative SEM micrograph of Alloy 2, in
" the as die cast condition (1000X).

ALLOY 2




Alloy Si | Mg | Fe Cu Ni Cr | Mn | Ti Zn Sr Al
#2 6.99 | 0.01 | 0.56 | 1.15 | 0.01 | 0.01 | 0.47 | 0.24 | 2.87 | 0.018 | Balarce

tion, showing Fe bearing Chinese script and polyhedral -
crystals, and the Al-Si eutectic structure (2000X). '

Fig. 3.2.8. SEM micrograph of Alloy 2 in the die cast condi- .
tion, showing Cu bearing particles (bright phase) within’
the Al-Si eutectic and in the interdendritic regions (2000X).

ALLOY 2

Fig. 3.2.7. SEM micrograph of Alloy 2 in the die cast condi- -

fig

Q.

i




Alloy We.% Si Mg | Fe Cu Ni Cr | Mn | Ti Zn Sr Al
#3 1698 | 0.04 | 1.49 | 4.99 | 0.44 | 0.13 | 0.01 | 0.01 0.47 | 0.018 | Balance

/] & ;
al Fig. 3.3.5. Representative optical micrograph of Alloy 3, as | T8~ 2 15 . J J SRR "'?

it cast condition (400X). L &S ramas ', i2 \ e By

|

wls
hun Ng. 3.3.6. Representative SEM micrograph of Alloy 3, as
'V e cast condition (1000X).
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Wt.%

Si

Ni

Cr

Mn Ti

Zn

Sr

Al

6.98

0.44

0.13

0.01 | 0.01

0.47

0.018

Balance

- —————— . g | — —

Fig. 3.3.7. SEM micrograph of Alloy 3 in the die cast condi-
tion, showing Fe bearing needles and the Al-Si eutectic

structure (2000X).

Fig. 3.3.8. SEM micrograph of Alloy 3 in the die cast condi-
tion, showing Cu bearing particles (bright phase) in the
interdendritic regions and within the AI-Si eutectic (2000X].

ALLOY 3




Al
Balance

Sr
0.00

In

Ti

Mn

Ni

Cu

Fe Cr
148 | 4.74 | 0.47 | 0.15 | 0.45 | 0.16 | 2.69

Si
6.94 | 0.04

Wt.%

- Alloy
#4

g

]

4, as

3.4.5. Representative optical micrograph of Alloy

fig,

s by

dip cast condition (400X).

e P b S o i e St

" Hip. 3.4.6. Representative SEM micrograph of Alloy 4, as
ite cast condition (1000X).

1 1h

nut.
Joy

ALLoy 4




Alloy Si | Mg | Fe | Cu | Ni | Cr | Mn | Ti | Zn Sr Al

Wt.%
#4 694 | 0.04 | 1.48 | 4.74 | 0.47 | 0.15 | 0.45 | 0.16 | 2.69 | 0.00 | Balance

Fig. 3.4.7. SEM micrograph of Ally 4 in the die cast condi<~ i

tion, showing an Fe bearing large polyhedral crystal, some .

small Fe bearing particles, and Cu bearing phase within ..

the Al-Si eutectic structure and in the interdendritic regions ; Loy
(2000X). - b

IR WE VRSP

W 1y

Fig. 3.4.8. SEM micrograph of Alloy 4 in the die cast condl-; g
tion, showing Cu bearing particles (bright phase) withig:
the AI-Si eutectic and in the interdendritic regions (2000X},-

BT I R e
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o
Kpun
ithu

Joun

wmdi-
ithin
10X,

Alloy

Si

Fe

Ni

Cr

Ti

Zn

Sr

45 Wt.%

7.05

0.44

0.67

0.53

0.14

0.01

2.76

0.00

Fig. 3.5.5. Representative optical micrograph of Alloy 5, as

dlo cast condition (400X).

’Fig. 3.5.6. Representative SEM micrograph of Alloy 5, as

die cast condition (1000X).

ALLOY 5




Alloy Wt.% Si | Mg | Fe | Cu | Ni Cr | Mn | Ti Zn Sr Al
#5 11705 | 044 | 0.67 | 1.18 | 0.53 | 0.14 | 0.01 | 0.01 | 2.76 | 0.00 | Balance

y Fig. 3.5.7. SEM micrograph of Alloy 5 in the die cast condis .
tion, showing Fe bearing small particles around the inter
dendritic regions and the Al-Si eutectic structure (2000X),-

Fig. 3.5.8. SEM micrograph of Alloy 5 in the die cast condis
tion, showing Cu bearing particles (bright phase) within
the Al-Si eutectic and in the interdendritic regions (2000X).

ALLOY 5

§




TR

Alloy W% Si Mg | Fe Cu Ni Cr | Mn | Ti Zn Sr Al
#6 1698|044 ) 057]113]048]0.13] 045 0.18 | 0.38 | 0.018 | Balance

;

i
1l |
w1 Mg 3.6.5. Representative optical micrograph of Alloy 6, as
Y ille cast condition (400X).

i

ndi-
ithin Fig. 3.6.6. Representative SEM micrograph of Alloy 6, as
0X). die cast condition (1000X).

ALLOY 6




Ao Si Mg Fe Cu Ni

Cr

Zn

t.9
"y We% 698 | 0.44 | 0.57 | 1.13 | 0.48

0.13

0.38

Balance

L
(3 X

Fig. 3.6.7. SEM micrograph of Alloy 6 in the die cast cond:-
tion, showing a starlike Fe bearing phase and the Al-St
eutectic structure (2000X).

Fig. 3.6.8. SEM micrograph of Alloy 6 in the die cast condje
tion, showing Cu bearing particles (bright phase) withix .
the Al-Si eutectic and in the interdendritic regions (200X}
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%
; Alloy Weok Si | Mg | Fe | Cu | Ni | Cr | Mo | Ti | Zn | Sr Al
} #7 1692050 1.63] 4.94 [ 0.03 ] 0.01 | 0.02 | 0.01 | 2.73 | 0.022 | Balance
L
J
{
’g
I
M Fig. 3.7.5. Representative optical micrograph of Alloy 7, as
tlle cast condition (400X).
g:
di- !
tin | Fig. 3.7.6. Representative SEM micrograph of Alloy 7, as
Y. + die cast condition (1000X).

ALLoy 7




Alloy Si | Mg | Fe | Cu | Ni Cr | Mn | Ti | Zn Sr Al

Wt.%
#7 6.92 | 0.50 | 1.63 | 4.94 | 0.03 | 0.01 | 0.02 | 0.01 | 2.73 | 0.022 | Balance

Fig. 3.7.7. SEM micrograph of Alloy 7 in the die cast condi-
tion, showing large Fe bearing needles, Cu bearing
particles, and the Al-Si eutectic structure (2000X).

{““i
P L

M Fig. 3.7.8. SEM micrograph of Alloy 7 in the die cast condls
3 5 pm | fion, showing Cu bearing particles (bright phase) in the
“ \————i | interdendritic regions and within the Al-Si eutectic (2000X).
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s

SN

i Alloy We.o% Si Mg Fe Cu Ni Cr | Mn Ti Zn Sr Al
i #8 1679 | 046 | 1.49 | 477 | 0.01 | 0.01 045 | 0.20 | 0.42 | 0.00 | Balance
%
J
{
3
i
;
H
s
‘ing Fig. 3.8.5. Representative optical micrograph of Alloy 8, as

ille cast condition (400X).

ndi-

the Fig. 3.8.6. Representative SEM micrograph of Alloy 8, as
0X). die cast condition (1000X).

ALLOY 8




Si

Ni

Cr

Mn | Ti

Zn Sr Al

Wt.%

6.79

0.01

0.01

0.45 | 0.20 | 0.42 | 0.00 Balance

Fig. 3.8.7. SEM micrograph of Alloy 8 in the die cast condi-"
Ly

tion, showing Fe bearing Chinese script and needles, and

the Al-Si eutectic structure (2000X).

Fig. 3.8.8. SEM micrograph of Alloy 8 in the die cast condls .
tion, showing Cu bearing particles (bright phase) in the”
interdendritic regions and within the Al-Si (2000X).
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]

Alloy W Si Mg Fe Cu Ni Cr | Mn Ti Zn Sr Al
’ #9 “[12.71] 0.05 | 0.63 | 4.96 | 0.06 | 0.14 | 0.01 | 0.20 0.50 | 0.017 | Balance
|
& R N P R

di-
md | Fig. 3.9.5. Representative optical micrograph of Alloy 9, as
die cast condition (400X).
wli-
the Fig. 3.9.6. Representative SEM micrograph of Alloy 9, as £y
. die cast condition (1000X).

ALLOY 9




Wt.%

IAlloy Si [Mg| Fe [Cu | Ni [ cr [ Mo | Ti |Zn | st Al
#9 1271 | 0.05 | 0.63 | 4.96 | 0.06 | 0.14 | 0.01 | 0.20 | 0.50 | 0.017 | Balance

Fig. 3.9.7. SEM micrograph of Alloy 9 in the die cast condi-

tion, showing Fe bearing small particles and the Al-Si - Iy

eutectic structure (2000X). as
ki

Fig. 3.9.8. SEM micrograph of Alloy 9 in the die cast condi~ , &

tion, showing Cu bearing particles (bright phase) within ‘
the Al-Si eutectic and the interdendritic regions (2000X).
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Alloy WY Si Mg | Fe Cu Ni Cr | Mn | Ti Zn Sr Al
#10 "1 12.69 |0.03| 0.73 | 5.09 | 0.07 | 0.11 | 0.37 | 0.01 | 2.73 | 0.00 | Balance
i

A Fig. 3.10.5. Representative optical micrograph of Alloy 10,

as die cast condition (400X).

PRI P
IR

n Fig. 3.10.6. Representative SEM micrograph of Alloy 10, as § 3 Y5 N 4‘*\\

die cast condition (1000X). L:’{:}.,' T Y RER __n."*’é/\,x%\ w




Wt.%

Fe

Ni

Cr

Mn Ti Zn Sr Al

0.73

0.07

0.11

0.37 | 0.01 | 2.73 | 0.00 Balance

@8 Fig. 3.10.7. SEM micrograph of Alloy 10 in the die cast

N in the interdendritic regions (2000X).

condition, showing Fe bearing polyhedral crystals, the pri-
mary and eutectic Si particles, and the Cu bearing particles

Fig. 3.10.8. SEM micrograph of Alloy 10 in the die cast
condition, showing Cu bearing particles (bright phase) with-

in the Al-Si eutectic (2000X). i
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0.18 | 0.49 | 0.00 | Balance
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W% Ni Cr Mn Ti Zn
411 "70

Sr

Al

1.59 | 1.21 | 0.45 | 0.01 | 0.01 | 0.18 | 0.49

0.00

Balance

tic structure (2000X).

(2000X).

Arroy 11

Fig. 3.11.7. SEM micrograph of Alloy 11 in the die cast
condition, showing Fe bearing needles and the Al-Si eutec-

Fig. 3.11.8. SEM micrograph of Alloy 11 in the die cast®
condition, showing Cu bearing particles (bright phase) with- :*-
in the Al-Si eutectic and in the interdendritic region.!§
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0.023 } Balance
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3.12.5. Representative optical micrograph of Alloy 12, ’%

as die cast condition (400X).
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Alloy Si Mg | Fe | Cu | Ni Cr

Mn

Ti

Zn

Sr

Al

t.%
#12 W% 1295 ] 0.05 | 1.55 | 1.29 } 0.46 | 0.01

0.43

0.01

291

0.023

Balance

ArrLoy 12

Fig. 3.12.7. SEM micrograph of Alloy 12 in the die cast
condition, showing Fe bearing polyhedral crystals and nee-
dles, and the primary and eutectic Si particles (2000X).

Fig. 3.12.8 SEM micrograph of Alloy 12 in the die cast cone
dition, showing Cu bearing particles (bright phase) in the
interdendritic regions and within the Al-Si eutectic (2000},
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Alloy W% Si Mg | Fe Cu Ni Cr | Mn | Ti Zn Sr Al
i #13 "7 1 13.03 | 0.46 | 0.58 | 4.70 | 0.44 | 0.01 [ 0.01 | 017 | 2.61 0.021 | Balance

{
!
I
w
¢ . Fig. 3.13.5. Representative optical micrograph of Alloy 13,
as die cast condition (400X).

H
‘he i ‘ Fig. 3.13.6. Representative SEM micrograph of Alloy 13, as | A‘
z die cast condition (1000X).
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Wt.%

Ni

Cr

Mn Ti Zn

Sr

0.44

0.01 | 0.01 | 0.17 | 2.61

0.021

Balance

eutecttc Si particles (2000X).

Fig. 3.13.7. SEM micrograph of Alloy 13 in the die cast .
condition, showing Fe bearing needles, and the primaryand

Fig. 3.13.8. SEM micrograph of Alloy 13 in the die cast “
condition, showing Cu bearing particles (bright phase) in
the interdendritic regions and within the Al-Si eutectic

(2000X).
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Alloy W% Si Mg | Fe | Cu | Ni Cr | Mn | Ti | Zn | Sr Al
#14 11294 | 048 | 0.74 | 4.77 | 0.50 0.01 | 0.57 | 0.01 |} 0.55 | 0.00 | Balance
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1 Fig. 3.14.5. Representative optical micrograph of Alloy 14,
as die cast condition (400X).

st

n

e Fig. 3.14.6. Representative SEM micrograph of Alloy 14, as

die cast condition (1000X).
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Alloy Wt.% Si Mg | Fe | Cu | Ni | Cr | Mn | Ti | Zn | Sr Al

#14 " 112.94 | 0.48 | 0.74 | 477 | 0.50 | 0.01 | 0.57 | 0.01 | 0.55 | 0.00 | Balance ¥
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Fig. 3.14.7. SEM micrograph of Alloy 14 in the die cast .
condition, showing Fe bearing polyhedral and starlike crys- -
tals, and the primary and eutectic Si particles (2000X).

e

Fig. 3.14.8. SEM micrograph of Alloy 12 in the die cast -
condition, showing Cu bearing particles (bright phase) in
the interdendritic regions and within the Al-Si eutectic
(2000X).
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Alloy
#15

Wt.%

Si

Fe

Ni

Al

12.78

1.51

0.06

Balance

Fig. 3.15.5. Representative optical micrograph of Alloy 15,
us die cast condition (400X).

Fig. 3.15.6. Representative SEM micrograph of Alloy 15, as  §
die cast condition (1000X).

ALrLoy 15
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Cu

Mn Ti Zn

Sr

Al

1.27

0.01 | 0.18 | 2.94

0.00

Balance

Fig. 3.15.7. SEM micrograph of Alloy 15 in the die cas!
condition, showing Fe bearing polyhedral crystals, and nee-

dles and the Al-Si eutectic structure (2000X).

Fig. 3.15.8. SEM micrograph of Alloy 15 in the die cast
| condition, showing Cu bearing particles (bright phase) with-
l in the Al-Si eutectic and the primary Si particles (2000X).
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Alloy — Si Mg | Fe | Cu | Ni Cr | Mn | Ti Zn Sr Al
#16 " | 12.86 | 0.41 | 1.63 | 1.21 [ 0.06 | 0.14 | 0.44 [ 0.01 | 0.46 | 0.024 Balance

s .
e- Iiig. 3.16.5. Representative optical micrograph of Alloy 16,
as die cast condition (400X).
§
| f
!
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181
th- '~ Fig. 3.16.6. Representative SEM micrograph of Alloy 16, as
). die cast condition (1000X).
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‘ Alloy
#16

Wt.%

Fe

Mn Ti Zn Sr Al

1.63

0.44 | 0.01 | 0.46 | 0.024 | Balance |JE

| Fig. 3.16.8. SEM micrograph of Alloy 16 in the die cuifl

Fig. 3.16.7. SEM micrograph of Alloy 16 in the die
condition, showing Fe bearing Chinese script and needl:i8
and the Al-Si eutectic structure (2000X).

condition, showing Cu bearing particles (bright phase) witR
in the Al-Si eutectic (2000X).
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Alloy Wt.% Si Mg | Fe Cu Ni Cr | Mn | Ti Zn Sr Al
#17 " 1839]0.02] 090|271 0.04]006]022]003]110] - balance

Fig. 3.17.5. Representative optical micrograph of Alloy 17,
in the as die cast condition.

51 Fig. 3.17.6. Representative SEM micrograph of Alloy 17 in
h- the as die cast condition (1000X).
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Alloy

o
417 Wt.%

Si

Mg Fe

Mn Ti Zn Sr Al

8.39

0.02 | 0.90

0.22 ] 0.03 | 1.10 - balance

Fig. 3.17.7. SEM micrograph of Alloy 17 in the die cast
condition, showing Fe bearing Chinese script and the Al-Si
eutectic structure (2000X).

Fig, 3.17.8. SEM micrograph of Alloy 17 in the die cast -

condition, showing Cu bearing particles (bright phase) in
the interdendritic regions and within the Al-Si eutectic
(2000X). '
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Alloy Si Mg | Fe Cu Ni Cr | Mn | Ti Zn Sr Al
Wt.%
#18 8.19 | 0.02 | 0.91 | 3.87 | 0.03 | 0.04 | 0.17 | 0.03 | 2.20

- balance

Fig. 3.18.5. Representative optical micrograph of Alloy 18,
as die cast condition (400X).

Fig. 3.18.6. Representative SEM micrograph of Alloy 18 in
the die cast condition, showing Fe bearing polyhedral crys-

tals, small particles, and needles, and the Al-Si eutectic
structure (2000X),
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Alloy W% Si_ | Mg | Fe Cu Ni Cr | Mn | Ti Zn Sr Al
#18 1819 [ 0.02 ] 0.91 | 3.87 0.03 | 0.04 | 0.17 | 0.03 | 2.20 | - balance

Fig. 3.18.7. SEM micrograph of Alloy 18 in the die cast '
condition, showing Fe bearing polyhedral crystals, small z
particles, and needles, and the Al-Si eutectic structure #

(2000%).

Fig. 3.18.8. SEM micrograph of Alloy 18 in the die cusl*
condition, showing Cu bearing particles (bright phase) i
the interdendritic regions and within the Al-Si eutectie

(2000X).
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Alloy Wi.% Si Mg | Fe Cu Ni Cr | Mn | Ti Zn Sr Al
#19 "1 9.49 | 0.02 | 0.87 | 2.61 | 0.03 | 0.05 | 0.23 0.03 | 220 | -~ balance

v

1

v Fig. 3.19.5. Representative optical micrograph of Alloy 19,
as die cast condition (400X).

i Fig. 3.19.6, Representative SEM micrograph of Alloy 19 in

n the die cast condition, showing Fe bearing polyhedral crys-

c tals and small particles, and the Al-Si eutectic structure
(2000X).
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Alloy
#19

Wt.%

Cu

Ti

Zn

Sr

Al

2.61

0.03

2.20

balance

Fig. 3.19.7. SEM micrograph of Alloy 19 in the die cast '
condition, showing Fe bearing polyhedral crystals and small

particles, and the AL-Si eutectic structure (2000X).

i
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f
Fig. 3.19.8. SEM micrograph of Alloy 19 in the die cast é
condition, showing Cu bearing particles (bright phase) in

the interdendritic regions and within the Al-Si eutecti¢
(2000X). N
%
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{ Aoy | o o | Si | Mg | Fe | Cu | Ni | Cr |Mn| Ti | Zn | s Al
! 20 "7 9.50 | 0.09 | 1.43 | 4.00 } 0.13 | 0.06 | 0.21 | 0.05 | 1.10 - balance
,:, I'wy 3.20.5. Representative optical micrograph of Alloy 20,
«v e cast condition (400X).

sas

) i ,.

clic Fig. 3.20.6. Representative SEM micrograph of Alloy 20, as |
Jie cast condition (1000X).
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Si Mg Fe Cu Ni Cr | Mn Ti Zn Sr Al
Wt.%
#20 9.50 | 0.09 | 1.43 | 4.00 | 0.13 | 0.06 | 0.21 | 0.05 | 1.10 - balance

i

et o SR b s

Fig. 3.20.7. SEM micrograph of Alloy 20 in the die cast
condition, showing Fe bearing polyhedral crystals and neee e
dles, and the Al-Si eutectic structure (2000X). . “

b namaial v e ol

3
Fig. 3.20.8. SEM micrograph of Alloy 20 in the die casigRE
condition, showing Cu bearing particles (bright phasc) /&S g :
the interdendritic regions and within the Al-Si eutectic. b ;
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i Alloy Wt.% Si | Mg | Fe | Cu | Ni Cr | Mn | Ti Zn Sr Al
i . /0
: #21 9.66 | 0.05 | 1.22 | 2.68 | 0.03 | 0.06 | 0.26 | 0.03 | 2.10 - balance
|
i
(A%}
e Fiig. 3.21.5. Representative optical micrograph of Alloy 21,
. as die cast condition (400X).
; .
i
;
!
|
i
;
i
i
ast
in Fig. 3.21.6. Representative SEM micrograph of Alloy 21, as

die cast condition (1000X).
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Ti.

Zn

0.03

2.10

Fig. 3.21.7. SEM micrograph of Alloy 21 in the die cast
condition, showing Fe bearing Chinese script, polyhedral
crystals and needles, and the Al-Si eutectic structure

Fig. 3.21.8. SEM micrograph of Alloy 21 in the die cust
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| Allo Si Mg | Fe | Cu | Ni | Cr | Mn | Ti | Zn | sr Al
| Wt.%
! #22 9.69 | 0.05 | 1.05 | 4.54 | 0.04 | 0.06 | 0.27 | 0.03 | 1.20 - balance
|
v\} g
|
|
i
{
i
st
Iral .
ure . Fig. 3.22.5. Representative optical microstructure of Alloy
j 22, as die cast condition (400X).
|
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ast '
ith- Fig. 3.22.6. Representative SEM micrograph of Alloy 22, as
!

die cast condition (1000X).
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Wt.%

Si

Fe

Cu Ni

Cr

Mn | Ti

Zn

Sr

Al

9.69

1.05

4.54 | 0.04

0.06

0.27 | 0.03

1.20

balance

Fig. 3.22.8. SEM micrograph of Alloy 22 in the die cay - §
condition, showing Cu bearing particles (bright phase) with- g
in the Al-Si eutectic structure and the Fe bearing needles- %

(2000X).

ALLOY 22

Fig. 3.22.7 SEM micrograph of Alloy 22 in the die cast con-
dition, showing Fe bearing polyhedral crystals and Chinese
script, and the Al-Si eutectic structure (2000X).
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.| Alloy W% Si Mg | Fe Cu Ni Cr | Mn | Ti Zn Sr Al
i #23 11088 [ 0.05 | 127 | 2.62 | 0.04 | 0.06 | 0.26 | 0.03 | 120 | -- balance
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ese Fig. 3.23.5. Representative optical micrograph of Alloy 23,

in the as die cast condition.
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{les Fig. 3.23.6. Representative SEM micrograph of Alloy 23, in

the as die cast condition.
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Wt.%

Si

Fe

Cu

Ni

Cr

Ti

Zn

Sr

Al

10.88

1.27

2.62

0.04

0.06

0.03

1.20

balance

ALLOY 23

iy
Fig. 3.23.7. SEM micrograph of Alloy 23 in the die casl,
condition, showing Fe bearing polyhedral crystals and nee« <
dles, and the Al-Si eutectic structure (2000X).

Fig. 3.23.8. SEM micrograph of Alloy 23 in the die ¢
condition, showing Cu bearing particles (bright phase) w! Ilﬁi’
in the Al-Si eutectic (2000X).
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. Aoy Si Mg | Fe Cu Ni Cr | Mn | Ti Zn Sr \l
‘ Wt.%
_' 124 10.93 | 0.05 | 1.02 | 5.06 | 0.12 | 0.06 |{ 0.24 | 0.05 | 2.20 | - | balnee
;I " !+ 3.24.5. Representative optical micrograph of Alloy 24, hg

avulie cast condition (400X).
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Ywith lig. 3.24.6. Representative SEM micrograph of Alloy 24, as [ik® 3 ; Lo N | 1o m
die cast condition (1000X). ¥
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All Si M F C Ni C M Ti Z S Al
oy W% i g e u i r n i n r

#24 10.93 | 0.05 | 1.02 | 5.06 | 0.12 | 0.06 | 0.24 | 0.05 ] 2.20 | -~ | balance |
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Fig. 3.24.7. SEM micrograph of Alloy 24 in the dic ool
condition, showing Fe bearing polyhedral crystals and Cl

Fig. 3.24.8. SEM micrograph of Alloy 24 in the dl¢ vvm
condition, showing Cu bearing particles (bright phasc) nisk -
y in the Al-Si eutectic and the Fe bearing needles (20003
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95

~ Analysis of Alloy Chemistry, Microstructure, and
Properties

The results given in Chapter 3 are analyzed with respect to

| ~ 1ho cast microstructure as well as to mechanical and physi-

¢l properties. In Section 4.1, the focus is on microstructural
" #ihalysis, whereas in section 4.2 the mechanical and physi-
". ¢l properties are reviewed and discussed. Throughout the
analysis, an alloy composition designated to optimize a given
property is highlighted. Optimizing an alloy for a given set of
properties is one of the ultimate goals of metallurgical and
materials engineers.

4.1 Microstructure

Typical aluminum die casting alloys are not simple binary
alloys but rather they constitute multi-element systems. The
principal alloying element in aluminum die casting alloys is
silicon; however, iron, copper, magnesium, manganese, tita-
nlum, strontium, chromium, nickel, and zinc, which are
secondary alloying elements, play a role in influencing the
evolution of the microstructure and the phases that form
during solidification.

Though 24 alloys are considered in this book, the micro-
structure analysis presented in this chapter focuses on the
first 16 alloys (Alloy1 to Alloy 16). This is because Alloys 110 16
represent the alloys where the levels of the primary and the
secondary alloying elements were designed at two extremes—
a low level, and a high level.

Analysis of the microstructures of these alloys is presented
by reviewing (i) differential thermal analysis (DTA) curves,
cooling curves, and cooling rates; (ii) phase analysis via en-
ergy disperssive x-rays (EDX), and (jii) microstructure analysis
via optical and scanning electron microscopy (SEM).

4.1.1 DTA Curves, Cooling Curves,
and Cooling Rate Analysis

By examining the DTA and cooling curves of an alloy, infor-
mation about its solidification sequence can be obtained. For
example, in all the alloys investigated a main peak is ob-
served. This peak corresponds to the Al-Si eutectic reaction.
See Fig. 3.1.4 for Alloy 1, Fig. 3.2.4 for Alloy 2, etc...to Fig. 3.2.24
for Alloy 24. The starting temperature for the Al-Si eutectic
reaction (the main peak) ranges from 535°C to 562°C.

In Alloys 1 through 8 (alloys that contain silicon in the range
6.79 to 7.15%) a large peak, ahead of the main peak; i.e., to
the right of the main peak is observed. This peak occurs at
temperatures higher than the eutectic reaction temperature.
This relatively large peak signifies the formation of the pri-
mary aluminum dendrites. Moreover, it can be seen that in
Alloys 1 through 8, the peaks corresponding to the formation
of the primary aluminum dendrites occur in the temperature
range between 583°C and 597°C. During the interval from the
crest of the large peak and the eutectic reaction we observe
variations in the shape of the curve. This is due to the forma-
tion of Fe bearing phases.

In Alloys 9 through 16 (Figs. 3.9.4 through 3.16.4) a small
convex shaped peak, ahead of the main peak, is observed.

TS T T T,

This convex starts between 563°C and 590°C, and signifies the

formation of certain phases such as Fe bearing needles, Chi-
nese script Fe phase, and/or primary silicon particles.

The DTA curves of Alloys 3, 4, 7, 8, 9, 10, 13, and 14 (Figs.
3.3.4,3.4.4,3.7.410 3.10.4, 3.13.4, and 3.14.4) all show a small
distinct peak, subsequent to the Al-Si eutectic reaction be-
tween 480°C and 495°C. All of these alloys contain high levels
of Cu (4.70% 1o 5.09%) and contain Cu bearing phases through-
out their microstructures. In contrast, Alloys 1, 2, 5, 6, 11, 12,
15, and 16 have lower Cu contents (between 1.13% and 1.29%).
Consequently, they have small amounts of the Cu bearing
phase, and do not exhibit a distinct peak (to the left of the
main peak) indicating formation of only an insignificant
amount of the Cu bearing phase—see Figs. 3.1.4,3.2.4, 3.5.4,
3.6.4, 3.11.4, 3.12.4, 3.15.4, and 3.16.4. Furthermore, we have

found that Cr does influence the onset of the formation of the

Cu-bearing phase. When the Cr content of the alloy is rela-
tively high, say 0.11%10 0.15% (such as in Alloys 3, 4,9, and 10)
we note that the Cu bearing phase forms between 490°C and
495°C (Figs. 3.3.4, 3.4.4, 3.9.4, and 3.10.4). Whereas when the
Cr content of the alloy is low, say 0.01% (such as in Alloys 7, 8,

13, and 14), the Cu bearing phase begins to form at 480°C |

(Figs. 3.7.4,3.8.4,3.13.4,and 3.14.4).

In certain alloys, such as Alloys 3, 4, 5, 6, 11, 13, and 14,
one can observe another small peak, or convex, to the left
side of the main peak and before the peak due to the copper
bearing phase (Figs. 3.3.4, 3.4.4,3.5.4,3.6.4,3.11.4,3.13.4,and
3.14.4). All these alloys contain a relatively high level of nickel,
and their Al-Si eutectic contains small Fe bearing needles
with nickel present in this phase. Thus the alloys which con-
tain a relatively high level of nickel (~0.5%) manifest another

small peak indicative of the precipitation of the Fe-Ni bear-

ing needles found in the Al-Si eutectic phase.

The cooling curves of the alloys listed in Table 2.5 provide '
fingerprints of the phase transformation sequences that take

place during their solidification, even though the cooling rates
in the two sets of investigations differ'. In general, for the Al-
Si alloys listed in Table 2.5, there exist three distinct regions

within the cooling curve that are of interest. As solidification .

proceeds, the very first fingerprint is that of the first phase(s)
that form; namely:
® Primary Al dendrites

(for hypoeutectic alloys, <12.5%Si)

B Primary silicon particles
(for hypereutectic alloys, >12.5%Si)

® Fe bearing phases

For example, we see a distinct arrest in the cooling curves ol
those alloys with a high Si content (~13%) and a high Fe con-
tent (1.51% to 1.63%)—Figs. 3.11.3 (Alloy 11), 3.12.3 (Alloy 12).

3.15.3 (Alloy 15), and 3.16.3 (Alloy 16). In contrast, alloys thal |

have a high Si content (~13%) and a low Fe content (0.58% tc
0.74%)—Alloys 9, 10, 13, and 14, do not exhibit this distinci
arrest, but rather they show a cooling rate change.

The second fingerprint observed is that of the Al-Si eutectic
reaction which occurs between 545°C and 575°C. For alloys

e
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containing a low level of Si (Alloys 1 - 8), this range of 545 —
475°C pertains. For alloys containing higher levels of Si (Al-
loys 9 - 16) the eutectic reaction range is narrower, 560°C —
575°C. A similar trend is observed in the other Alloys—Alloys
1710 24.

The third fingerprint observed is that due to the precipita-
tion of Cu-bearing phases, though this arrest is not as distinct
because of the relatively high cooling used. In general, how-
ever, the Cu-bearing phase precipitates between 480°C and
495°C, and as discussed previously, this reaction occurs in the
range 480°C — 495°C,

The effect of the cooling rate is significant in the develop-
ment of the microstructure during solidification in that as the
cooling rate increases a corresponding refinement in micro-
structural indices such as grain size, dendrite arm spacing
(DAS), and the size of the second phases that precipitate out
is observed. These refinements, in turn, impact, in a benefi-
cial way, the resultant mechanical properties.

The effect of cooling rate on the resultant microstructure
can clearly be seen by comparing Figs. 4.1.1 (a) and (b). Fig.
4.1.1. (A) is the structure of Alloy 1 (7.15%8Si) cast in a graphite
mold and experiencing a cooling rate of about 750°C/min.
Fig. 4.1.1. (B) is the structure of the same alloy die cast and

‘veriencing a cooling rate that is over 8000°C/min. The ob-

srved microstructure refinement is significant. The
microstructures shown in Fig. 4.1.2 are further evidence of
the refinement attained by cooling rate; the refinement in the
cell spacing, DAS, and the size of the interdendritic phases
can be observed by comparing Fig. 4.1.2 (a) and (b). A similar
comparison may be made for Alloy 15 (12.78%Si) - Fig. 4.1.3
(a) and (b). .

In addition to the overall refinement of the microstructure,
as shown in Figs. 4.1.1 through 4.1.3, cooling rate also affects
the size of the phases that precipitate, as well as their mor-
phology. Fig. 4.1.4, for example, shows the microstructure of
Alloy 14 (12,94%Si) cooled at two different rates; 10°C/min
and 750°C/min. In Fig. 4.1.4 (a) we notice primary silicon par-
ticles at the surface and we notice that the Fe bearing phase is
mainly in the form of Chinese script. In contrast, in Fig. 4.1.4
(b), we notice primary silicon particles and some primary alu-
minum dendrites. As the cooling rate is further increased, we
notice that the primary aluminum dendrites become more
distinct (see Fig. 3.14.5) and the primary silicon particles are
all across the structure.

Examining the Fe phase that precipitates out prior to the Al-
Si eutectic reaction, we note the effect of the cooling rate on
the morphology and size of this phase. At low colling rates,
the Fe phase in Alloy 4 which contains high Fe, Mn and Cr
contents is mostly in the form of needles. As the cooling rate

sreases, we note thta the needles are replaced with mostly
<ninese script and a starlike Fe bearing phase. At even higher
cooling, such as in die casting, the Fe phase morphology is
polyhedral and starlike. This is evidenced by the microstruc-
tures presented in Fig. 4.1.5 (a) cooled at 10°C/min, Fig. 4.1.5
(b) cooled at 750°C/min, and Figs. 3.4.5 to 3.4.7 cooled at over
9000°C/min.

Similarly, a change in the morphology of the Cu-bearing phase
asafunction of cooling rate has been observed. At relatively low
cooling rates, the Cu-phase is in the shape of clusters of lumpy
Cu bearing particles that precipitate mostly adjacent to the Fe-
bearing needles and within the Al-Si eutectic (see Figs. 4.1.2 for
Alloy1, and Fig. 4.1.5 for Alloy 4). Whereas in the die cast samples
(cast at a higher cooling rate), the Cu bearing phase forms elon-
gated particles along the interdendritic regions — Fig. 3.4.8 for
Alloy 4.

4.1.2 Phase Analysis

Though cooling rate has an appreciable effect on the scale of the
structure formed, the morphology of the phasesthat precipitate
out during solidification is predominantly influenced by the
chemistry of the alloy.

As discussed in the previous section, the Fe containing sec-
ond phase has been observed in a variety of different
morphologies-needles, Chinese script, star-like, and polyhedral
particles. Some examples:

= Avery large needle shaped Fe containing phase is observed
in Alloys 7 and 11 (Figs. 3.7.7 and 3.11.7);

= A large needle shaped Fe containing phase is observed in
Alloy 1 and 13 (Figs. 3.1.7 and 3.13.7);

= A small needle shaped Fe containing phase is observed in
Alloys 8 and 12 (Figs. 3.6.7 and 3.12.7);

= Well-developed Chinese script is observed in Alloys 2 and 8
(Figs.3.2.7and 3.8.7);

x Disintegrated Chinese script is observed in Alloy 16 (Fig.
3.16.7);

® A starlike Fe-containing phase is observed in Alloy 6 (Fig.
3.6.7);

= A large polyhedral Fe-containing phase (~10 mm in size) is
observed in Alloy 10 (Fig. 3.10.7);

= A small polyhedral Fe containing phase (~1 mm in size is
observed in Alloys 5 and 9 (Figs. 3.5.7 and 3.9.7).

In each case, EDX spectra analysis reveals the chemical com-
position of the phase. EDX spectraforthe phases described above
are given in Figs. 4.1.6 through 4.1.13. The reason for the forma-
tion of small needles as opposed to large needles is due to the
presence of Ni and Cu. Nickel and Copper favor the formation of
small needles (compare Figs. 4.1.6 and 4.1.7). The Chinese script
phase contains Mn and Cu (see Fig. 4.1.8) and the star-like phase
contains Crin addition to Mn and Cu. Generally speaking, when
the Crcontent of the alloy is low and the Mn content is high, the

Fe-bearing polyhedral particles are relatively large. On the other 4
hand, when the Cr content of the alloy is high and the Mn con- -

tent is low, the Fe-bearing polyhedral particles are smaitl. Thus

the level of Mn and Cr in the alloy significantly influences the .

resultant microstructure. From the above analysis, it can be con-
cluded that increasing the sludge factor favors the formation of
polyhedral and Chinese script phases over the needle shaped
phase. The formation of the Chinese script phase is favored when
Mn is present without Cr. With increasing Cr content, the poly-
hedral phase is favored.
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Fig. 4.1.1 (b). Die casting (cooling rate: >9000°C/min). Both
photograhs show the grain structure of Alloy 1 (7.15%Si,
0.03%Mg, 0.68%Fe, 1.24%Cu, 0.01%Ni, 0.01%Cr, 0.01%Mn,
0.01%Ti, 0.44%Zn and 0.00%Sr).
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1.2 (a) Cooled at 10°C/min (DTA sample).

Fig. 4.1.2 (b) Graphite mold casting (cooling rate: ~750°C/min).
The above photographs are microstructures of Alloy 1 (7.15%Si,
“%Mg, 0.68%Fe, 1.24%Cu, 0.01%Ni, 0.01%Cr, 0.01%Mn,

70Ti, 0.44%Zn and 0.00%Sr) solidified at different cooling

rates. .




Fig. 4.1.3 (a) Graphite mold casting (cooling rate: ~750°C/min).
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4.1.4 (a) Cooled at 10°C/min (DTA sample).

Ly s
. /’/
Fig. 4.1.4 (b) Graphite mold casting (cooling rate: ~750°C/min). .. =

» microstrucutres shown are of Alloy 14 (12.94%Si, 0.48%Mg, ke 1% (i

R

PhFe, 4.77%Cu, 0.50%Ni, 0.01%Cr, 0.57%Mn, 0.01%Ti, 0.55%Zn @1 >
by =2 W ST

)

L3

and 0.00%Sr) solidified at different cooling rates.
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Fig. 4.1.5. (a) Cooled at 10°C/min (DTA sample).

Fig. 4.1.5 (b) Graphite mold casting (cooling rate: ~750°C/min).

Shown are the microstructures of Alloy 4 (6.94%Si, 0.04%Mg,

1.48%Fe, 4.74%Cu, 0.47Ni, 0.15%Cr, 0.45%Mn, 0.16%Ti, 2.69%Zn

1 and 0.00%Sr) solidified at different cooling rates.
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Fig. 4.1.7. EDX spectrum of small Fe bearing
needle in Alloy 11 (12.86%Si, 0.04%Mg,
1.59%Fe, 1.21%Cu, 0.45%Ni, 0.01%Cr,
0.01%Mn, 0.18%Ti 0.49%Zn and 0.00%Sr).
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' 4,1.10. EDX spectrum of Fe-bearing large
, redral particle in Alloy 10 (12.69%Si,
0.03%Mg, 0.73%Fe, 5.09%Cu, 0.07%Ni,
0.11%Cr, 0.37%Mn, 0.01%Ti, 2.73%Zn and
0.00%Sr).

Fig. 4.1.11. EDX spectrum of Fe-bearing small
polyhedral particle in Alloy 9 (12.71%Si,
0.05%Mg, 0.63%Fe, 4.96%Cu, 0.06%Ni,
0.14%Cr, 0.01%Mn, 0.20%Ti, 0.50%Zn and
0.017%Sr).
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0.01%Mn, 0.20%Ti, 0.50%Zn and 0.017%Sr).
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Fig, 4.1.14 (a). In Alloy 1 (7.15%Si, 0.03%Mg, 0.68%Fe, 1.24%Cu,
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Fig. 4.1.14 (b). In Alloy 12 (12.95%Si, 0.05%Mg, 1.55%Fe, 1.29%Cu,
%N, 0.07%Cr, 0.43%Mn, 0,01%Ti, 2.91%Zn and 0.23%Sr). The
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Jstructure photographs show abnormal structure in die cast

tensile bars of Alloys 1 and 12.
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Though both Mn and Cr play an important role in the result-
ant morphology of the Fe bearing phase, it should be noted
{hat the critical element which has a predominant effect on
the morphology of the Fe phase is iron. The iron content of the
alloy establishes the total volume of the Fe bearing phase that
will precipitate out. The presence and distribution of the dif-
ferent morphologies depend on the amount of Fe, Ni and Cr
present in the alloy, and their ratio to one another. For illustra-
tlon purposes, consider two alloys: a low Fe alloy and a high

- Fe alloy. At the low Fe content (~0.7%), and with Mn and Cr

present, the Fe bearing phase will precipitate out as Chinese
script, star-like particles, or as polyhedral particles; however,
no needle shaped Fe phase will form. As to which morphol-
ogy - polyhedral or Chinese script will form? That depends on
the levels of Mn and Cr in the alloy. In contrast, at the high Fe
content (~1.6%), the needle shaped Fe phase will always form.
However, at these high levels of Fe, as the Mn and Cr contents
of the alloy are increased, Chinese script, star-like particles,

and polyhedral particles will form together with the needle

shaped Fe phase.

4.1.3 Microstructure Characteristics

The question: /s there a need to grain refine die casting alloys
has often been posed. It is quite clear from the microstruc-
tural analysis of this exhaustive study, that die casting, because
of its inherent fast solidification rate, results in a structure
that is very fine without the addition of grain refiners — see for
example, Fig. 4.1.1 for Alloy 1. However, it is also clear that
adding Ti as a grain refiner further refines the microstructure
—see for example the additional refinement obtained in Alloy
15 versus Alloy 1 by comparing the microstructures shown in
Fig. 4.1.3 (for Alloy 15) with those of Fig. 4.1.1 (for Alloy 1).

" Thus, to optimize refinement, and to obtain optimum strength,

grain refinement of die casting alloys is recommended.
The reduction in grain size will increase the strength of the
alloy as described by the Hall-Petch equation:

s =S, + kd-1?

where sisthe alloy's ultimate tensile strength; s isthe refer-
ence strength for a single crystal, d is the grain si2e,and kisa
material constant.

In a similar fashion, strontium additions further refine the
eutectic silicon despite the fact that the die cast eutectic
structure is quite fine to start with because of the high cool-
ing rate of the process. This is seen by comparing the
microstructure of Alloy 1, which does not contain strontium
(Fig. 3.1.6), to that of Alloy 2, which contains 0.018% stron-
tium (Fig. 3.2.6). As expected, strontium does not have a
significant effect on the eutectic structure of alloys that con-
tain a high level of silicon (higher than 12.5%). .

Porosity is typically present in die cast components and
the pores are mostly found at the center of cross sections.
Generally speaking, more pores are found in alloys with
lower silicon content (Alloys 1 to 8) than in alloys with
higher silicon content (Alloys 9 to 16). The alloys near the
eutectic composition —the higher silicon content alloys—
have a narrow freezing range (relative to the low silicon
containing alloys) which explains the difference in poros-
ity levels.

Abnormal microstructural features are often encoun-
tered within die cast components. These are typically
particles that solidified at the surfaces of the shot sleeve,
or at the gates, and are brought into the die-casting by the
pressurized melt flow. These particles do not re-melt and may
form “islands” that are well embedded in the matrix, or is-
lands that are separated from the matrix—see Figs. 4.1.14 (a)
and (b) showing these abnormal features in Alloys 1 and 12,
respectively. Abnormal microstructures are a concern in that
they detract from the mechanical properties of the cast part.

! The DTA measurements were carried out at a cooling rate of 10°C/
min whereas the cooling curve had a range of 600-900°C/min.
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Effect of Alloy Chemistry on Properties

4.2.1 Statistical Data Analysis

The Taguchi method of design of experiments replaces
a full factorial experiment with a leaner, less expensive
and faster to perform partial factorial experiment. Since
this partial experiment is only a sample of the full ex-
periment, the analysis of the partial experiments must
include an analysis of the confidence that can be placed
in the results. Analysis of Variance (ANOVA) is a stan-
dard statistical technique that is routinely used to
provide a measure of confidence. ANOVA does not di-
rectly analyze the data, but rather determines the
variability (variance) of the data. Confidence is then de-
termined from the variance. ANOVA can also be used
to establish the relative significance of the individual
factors, i.e. the relative contribution of the elements and
element interactions to the property being measured.
Moreover, ANOVA can be used to predict an optimum
condition and project the result at the optimum condition,
i.e., predict an optimum alloy composition, and project the
magnitude of the property at the optimum alloy composi-
tion. Instead of a detailed presentation of the procedure for
performing ANOVA, the reader is referred to many texts that
¢ vailable on the subject [1, 2, and 3].

ANOVA is performed on the mechanical and physical
property data for the sixteen alloys listed in Table 2.5.

Table 4.2.1. Summary of average room temperature tensile properties for Alloys 1 to 16.

o

The aim of the analysis is: : %

®» To establish confidence levels in the data;
= To determine the percent contribution by each of tho

elements and element interaction that are listed in Table 3 —

2.2 towards the variation in each of the properties;

= To predict an optimum alloy composition for each prop

erty; and,

® To project the magnitude of each of the properties at thegg

optimum alloy composition.

Stepwise multiple regression analysis is also performedi
on the mechanical and physical property data for the sl

teen alloys listed in Table 2.5 with the aim of developingi : ‘,
empirical equations that relate alloy chemistry to mechani<§:

cal and physical properties. Results of the analysis of]
variance and the multiple regression analysis are pre
sented in this chapter.

4.2.2 Effect of Alloy Chemistry
on Room Temperature Tensile Properties

Tables 4.2.1 and 4.2.2 present the average tensile properties
for the twenty-four alloys presented in Tables 2.5 and 2.6, re
spectively. For ease of visualization, the same information li
presented in chart form in Figs. 4.2.1 t0 4.2.8. Tables 4.2.1 and:¥
4.2.2 also show the standard deviation and the coefficient of
variance for each of the measured properties.

*St. dev. - Standard deviation

**CV Coefficient of Variation (= St. dev./Mean 100%)

'

b

1
i

5

5

Tensile Strength S ¥ield: Strength Elongation ~-_Modulus of Elasticity

Alloy Average| St. dev.* | CV** Average St dev ‘~I~C\'I’:'»: Average|St. dev.| CV -Av"eré:gl‘e St. dev. |- cv. |
No. 1" sy | sy | om) [ e & AL %Y 6 @ (%) ] (ksid> |- ks, | (%)

1 39.6 09 |23l 585 | 0.97 ]|16.6 |- 10536-] 1,004 | 97

2 42.4 08 | 1.9 7.43 1.8 | 15.9 | 10,015 .| ©753~ | ‘6.9’
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5 | 444 07 | 1.6 376 | 052 |13.8 | -10k717 ) 4977 | 4

8 46.2 15 | 32 378 | 075 |19.8 | 11,008 | - 748 -] .
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9 46.8 1.8 3.8 1.69 0.29 |17.2 | 11,583 ‘|- 685:°| 5.
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lahle 4.2.2. Summary of average room temperature tensile properties for alloys 17 to 24.

[ o Al Tensile Strength . Yield Strength - Elongation Modulus of Elasticity
fubl Nc(:.y Average | St. dev.* CV**vAverage St dev - CV. Average |St. dev.| CV |*Average [St. dev.| CV
o (ksi) (ksi) | (%) —~*(kS|)’ | (ksi) (%)- (%) %) (%) (ksi) ksi) | (%)

17 | 450 | 07 |16 |.qg% | 03] 15| 534 | 059 |11.0] 10813 | 618 | 62
18 | 462 | 08 | 1T} 218 | 07| 32| 368 | 049 |133| 10918 | 804 | 74

i the

o 19 | 454 | 16 |35 203 | 03 |15 a2 | 100 |216] mez2 | M | 10
it 20 | 454 | 26 |57 |°'954 | 02|08 | 193 | 044 |28 11317 | 35 | 3
fs ol 21 | a0 | 46 105|948 | g7 [ 32| 273 | 073 | 267 10958 | 683 | 62

22 | 456 | 32 | 10| a5 20:4 o167 230 | 074 | 322 10017 | 64 | 57
23 | #3 | 30 | 73| 2517 05 |23 170 | 051 {285 11408 | 481 | 43
tic o4 | 450 | 2V | 4T | 266 | 04| 15| 151 | 031 [205] 11656 | 728 | 62
6, re *8t. dev. - Standard deviation #**CV - Coefficient of Variation (= St. dev./Mean 100%)

o) | :
1|
9
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Fig. 4.2.1. Room temperature tensile strengths of Alloys 1 to 16. Fig. 4.2.2. Room temperature yield strenglhs of Alli-,
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Fig. 4.2.5. Room temperature tensile strengths of Alloys 17 to 24.
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Fig. 4.2.7. Room temperature elongation of Alloys 17 to 24.
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Tensile Strength

Rosults of the pooled analysis of variance for tensile strength of
the alloys in Table 2.5 are shown in Table 4.2.3. The procedure for
performing pooled ANOVA is detailed elsewhere [3]. The Per-
cont Contribution (P) in Table 4.2.3 is an indication of the relative
power of an element, or an interaction, to affect variation in ten-
slle strength. Table 4.2.3 indicates that, at the levels studied, the
olement that affects the variation in tensile strength most signifi-

- cantly is Cu. lts relative contribution tovariation in tensile strength

|s about 33%. Mg and Si also have significant effects. At higher
levels, Cu and Mg tend to increase the tensile strength; on the
other hand, Si tends to decrease the tensile strength!. Other ele-
ments that have an effect on tensile strength are, in the order of
decreasing effect, Sr, Cr, Zn, Ni, and Ti. Iron, at the levels studied,
does not seem to affect tensile strength.

The percent contribution due to the error term provides an
estimate of the adequacy of the experiment [2]. If the errorterm is

- low, say 15% or less, it is assumed that no important factors were

omitted from the experiment and no measurement errors were
significant. On the other hand, if the percent contribution due to
the error term is high, say 50% or more, then some important
factors were omitted, production conditions were not precisely
controlled, or measurement errors were excessive. The percent
contribution due to the error term in this ANOVA is about 21%.
Given the nature of the die casting process, and the inevitability
of incurring defects that can escape detection, and the sensitiv-
ity of tensile strength to defects, this error value is acceptable.
The statistical procedure for calculating the alloy composition

- for maximum tensile strength is outlined elsewhere [3].

Considering only the elements and interactions included in Table
2.2, the maximum tensile strength can be obtained from an alloy
of the following composition:

Elementl CuIMgl Si | Sr | Zn| Ni | Ti | Fe|Mn|Cr| Al
Wt % |4.90]0.46]6.96 [0.020] 2.78| 0.04] 0.19] 0.65 | 0.01 [0.14| Bal.

At this composition the projected tensile strength is 53.41 = 0.75
ksi with a confidence interval of 99.5%.

Among the sixteen alloys in Table 2.5, Alloy 7 has the highest
tensilestrength (49.1 ksi),and alloy 11 had the lowest tensile strength
(35.1 ksi). Figs. 3.7.5t0 3.7.8 show the microstructure of alloy 7. This
microstructure is characterized by a significantly large quantity ofa
Cu-rich phase that is present either in the interdendritic/
intergrannular regions in the form of chains of particles, or within
the Al-Si eutectic in the form of small individual particles. Alloy 7 is
also characterized by the presence of Fe bearing needles and by a
fine fibrous silicon phase. Fig. 4.2.9 (a) shows that the fracture sur-
face of this alloy exhibits a mixture of cellularand fibrous structures,
with the cellular structure showing a complicated array of small
facets. This fracture surface suggestsabrittle fracture. Figs.3.11.5to
3.11.8 show the microstructure of Alloy 11. This microstructure is
characterized by the presence of very large Fe bearing needles. A
smallamount of a Cu bearing phase is also present, but as chains
of small particles dispersed inthe interdendritic areas and within
the Al-Si eutectic areas. The Si particles are coarser than those in
alloy 7. Fig. 4.2.9 (b) shows that the fracture surfaces of alloy 11
have a cellular structure with some needle-like cleavages. The
cellular structure consists of large and small facets, and the over-
all fracture is brittle in nature,

Table 4.2.3. Pooled ANQOVA table for room temperature tensile strength of Alloys 1 to 16.

Source Degree of Sum of Variance Variance Pure Sum Percent
of Freedom Squares {(Mean Squates) Ratio of Squares Contribution
Variance f S \'4 F S P
S e ) D 80878 i 89878 4] 26740 L |- 89637 o) 1o 1164 . -
Mg 1 932.48 932.48 277.13 929.12 12.08
CUSEEMg b s e e 7091 s et 70.91 ] e 20,08 1 L | 5 T676E et - n.0.88 "
Fe Pooled
C o SCun A 5] 953664, | -26536:547 1 | T753.85 - | ~-2633.18) - - 032:93 .
Ni 1 156.05 156.05 46.38 162.69 1.99
rCr e 1R L 484205 L 4184277 - v 124,85, v o 41506~ -+ | 5.40 -
Mn 1 30.30 30.30 9.01 26.94 0.35
C T o e | 131268857 - 126,88 1 ¢ - 5, 837.26-7 ). 122:01 - -1:59 -
Zn 1 202.711 202.71 60.24 199.34 2.59
FeMnCr.| o 1. | 4427 | . 4497 ¢ -] . 1346 - | _ 4090 .- 053 . .
Fe-Mn - 1 191.69 191.69 56.97 188.33 2.45
o Sp o S aes ] ie18.28 s - 51898 % - L 718268~ 7| »509.87 ] - - 6,63 .
Cu-Zn Pooled
““Etror (&) =} 46757 o) 71671855 % - 8.36487 L) <1000 - A 161172 20,95 -
Total 479 7692.07 100.00

It should be noted that S was tested at only two levels: 7% and 13%. The difference between these two levels is quite large, and so the predicted decrease In tensil
strength with increasing Si content is not necessarily a steady one, and there may be an initial increase in tensile strength, followed by a decrease.
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Yield strength

Results of the pooled analysis of variance for yield strength of
the alloys in Table 2.5 are shown in Table 4.2.4. Table 4.2.4
indicates that, at the levels studied, Mg and Cu have the most
significant effect on the variation in yield strength; each con-
tributing about 39%. Silicon contributes 12.4% and is followed
by Fe, Zn, and Ti in decreasing order. At higher levels, all
these elements tend to increase the yield strength. The per-
cent contribution due to the error term to this analysis is less
than 1.4%, which is very acceptable.

Considering only the elements and interactions included
in Table 2.2 the maximum yield strength can be obtained from
an alloy of the following composition:

Element | Cu |Mg| Si |Zn | Ti | Fe |Mn| Cr | Ni | Sr
Wt % | 4.90 [0.46/12.85/2.78 0.19|1.55 0.01]0.01 [0.05-0.5] 0-0.02

At this composition the projected yield strength is 35.33 =
0.17 ksi with a confidence interval of 99.5%.

Among the alloys listed in Table 2.5, Alloy 14 has the high-
est yield strength (32.9 ksi), and Alloy 1 had the lowest yield
strength (16.6 ksi). Figs. 3.14.5 o0 3.14.8 show the microstruc-

T "2 4,2.4. Pooled ANOVA table for room temperature yield strength Alloys 1 to 16.

ture of Alloy 14. This microstructure is characterized by a large /
amount of the Cu-rich phase that is present in the form of
chains of particles in the interdendritic and intergranular re- -
gions and as small individual particles and net-shape eutectic
within the Al-Si eutectic regions. Only a few Fe-rich particles
are observed, and these are “polyhedron” in shape. Primary Si
particles are present, and the eutectic Si is fine, but some-
what coarser than that observed in Alloy 7. Fig. 4.2.10 (a) shows

that the fracture surface of this alloy exhibits a complicated - §
array of small facets with a few fibrous and cleaved primary Si - §

particles. The overall fracture is brittle in nature. Figs. 3.1.5to
3.1.8 show the microstructure of Alloy 1. This microstructure

is characterized by the presence of lesser amounts of inter-
metallic compounds in the interdendritic regions than in all ¥

the other alloys in Table 2.5. The Fe-rich phase in Alioy 1 ap-
pears as small amounts of needles. The Cu-rich phase is
present in small amounts and takes the form of chains, or
clusters, of lumpy particles in the interdendritic areas as well ;

as within the Al-Si eutectic. Fig. 4.2.10 (b) shows that the frac-f; A

ture surface of Alloy 1 has a fibrous structure and cleaved SI
facets. The overall fracture is ductile in nature.

‘Source Degree of Sum of Variance Variance Pure Sum Percent
of Freedom Squares (Mean Squares) Ratio of Squares Contribution
Variance f S \'4 F s P
oS e A S, 20 1068.92% - < 2-1068.927 4 2433659 . 1063.67° X0 71239 7
Mg 1 3373.16 3373.16 13746.05 3372.92 39.28
’ Sng Lol i s ) 00 109.800 50 | 100.80% L A . 4474600 ) 109,56 ) L2087
Fe 1 185.42 185.42 755.60 185.17 2.16
20CUAT ) e e 7 2 8366.36 4 |, 8366864 - 18714:24 ] 1 73365.41. . 4] 5. 439,19 .
Ni Pooled
oGl " ePooled’s i i A s Tl st el U et e U e 2
Mn Pooled
L i | A e eI L SRR 30595 S A 89:07% T 984 o e s 0010
Zn 1 86.78 86.78 353.66 86.54 1.01
Fe-Mn-Cri |0 1z o8 =] «55.65 | %% 6566, % [ 192648 = . VB4t (o] T 065
Fe-Mn 1 199.26 199.26 811.99 199.01 2.32
L USe Y Tl Pedled | e T U D e e T s e e
Cu-Zn 1 22.28 22.28 90.78 22.03 0.26
SError () |7t 4697 115,09 L T0.9454 5 - 100 <) 1754 w0 e L 18T
Total 479 8586.30 100.00
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Elongation

Results of the pooled analysis of variance for elongation of the
alloys in Table 2.5 are shown in Table 4.2.5. Table 4.2.5 indicates
that, at the levels studied, Si has the most significant effect on
elongation variation; contributing about 40%. Fe and Cu also
have significant effects contributing 18.5% and 15.4%; they are
follwed by Mg, Ni, Cr, and Mn, in decreasing order. At higher
levels, Si, Fe, Cu, Mg, Ni and Crtend to decrease the elongation;
on the other hand, Mn tends to increase the elongation. The
Interaction of Si and Mg also has a small effect. The percent
contribution due to the error term to this analysis is 7.7%, which
is acceptable.

Considering only the elements and interactions included in
Table 2.2, the maximum elongation can be obtained from an
alloy of the following composition:

Elementl SilFelCu|Mg| NilCranl Ti|Zn|Sr‘Al

WL % |6.86)0.65]1.210.04]0.04]0.01]0.45]0.19]2.78]0.02|Bal.

Al this composition the projoctod elongation is 7.32 3
0.22% with a confidence interval of 99.5%,

Among the alloys listed in Table 2.5, Alloy 2 has the high-
est elongation (7.43%), and Alloy 14 had the lowest -
elongation (0.67%). Figs. 3.2.5 to 3.2.8 show tho microstruc-
ture of Alloy 2. A very fine fibrous Si In the Al-Si eutectic
structure and very few intermetallic compounds In the
interdendritic areas characterize this microstructure. The
Fe-rich phase in Alloy 2 is not too prominant and appears
as a few Chinese script and as even fowar tumpy particles.
The Cu-rich phase is present in small amounts and takes
the form of chains and clusters of parlicles in the
interdendritic areas and within the Al-Si eutactic, The frac-
ture surface of Alloy 2 is shown in Fig. 4.2.11 and conslsts of
a fibrous strucutre and a large amount of broken nurfaces
that seem 1o be deformed during fracture axplaining the
ductile nature of this alloy. The microstructure and frac-
ture surface of Alloy 14 was discussod earliar (Fige. 3,14.5
t0 3.14.8 and 4.2.10 (a)).

Table 4.2.5. Pooled ANOVA table for room temperature elongation of Alloys 1 to 16.

Source | Degree of Sum of Variance Variance Pure Sum Percent
of Freedom Squares | (Mean Squares) Ratio of Squares | Contribution
Variance f S \' F S’ P {
Si 1 701.503 . |- 701,503~ " | -2503.9002 701.22 40.01 ;
Mg 1 122.88 122.88 438.60038 122.60 7.00 J
Si'MQL ek 78551910 7851910 |0 28026117 . | - 78.24 4.46
Fe 1 324.005 324.005 1156.4813 323.72 1847 -
" Cu 1, 5 0| 269,336. 7. - .. ©269.336,". - |- 961.35058 |- . 269.06 16.3b :3
Ni 1 55.2862 55.2862 197.33515 55.01 3.14 :.4
Cr - | =4 1166422 | 5. 166422 -« .| ..59.401559 - | : . '16.36- - 093 |}
Mn 1 16.3677 16.3677 58.421996 16.09 092 .
T~ 4. 2] 7188957, ] T 1399577 ] 1<49.955348. " |- 4872 < 0.78 <
Zn 1 11.2048 11.2048 39.993791 10.92 062
‘Fe-Mn:Cr. | Pooled |- .« %0 i fet 2 =07 e E T L) T R
Fe-Mn Pooled
T sr - Lo 2t v s| 117697 = )3 E 11,9697 o | 242.000177 )T )0A1.49 0 . 0.66
Cu-Zn Pooled
T Errore)- | - 468 18117 ] - i02802: % oot As |- 134207 1) - 7.66
Total 479 1752.63 100.00
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Modulus of Elasticity

Results of the pooled analysis of variance for modulus of
elasticity of the alloys in Table 2.5 are shown in Table 4.2.6.
Table 4.2.6 shows that the percent contribution due to the
error term in this analysis is quite high, about 80%. This
may suggest that during the design of the experiment, some
factors that significantly affect the modulus of elasticity
were inadvertently omitted, the experimental conditions
were not perfectly controlled, and/or errors for

measuring the modulus of elasticity were excessive. How-

ever, examination of Table 4.2.7 shows that the relative

difference between the highest and the lowest average :
modulus of elasticity is less than 10%. Also Table 4.2.7 shows -

that the coefficient of variance (CV) for the average modu-

lus of elasticity over the range of the alloys in Table 2.5 is
only 3.17%. The above two factors indicate that the modu-
lus of elasticity did not have much variation over the range
of alloy chemistry presented in Table 2.5.

Y

Table 4.2.6. Pooled ANOVA table for room temperature modulus of elasticity of Alloys 1 to 16.
Source | Degree of Sum of Variance Variance Pure Sum Percent
of Freedom Squares (Mean Squares) Ratio of Squares | Contribution
Variance f S \'4 F s P
CSi A e M, 3670698 0 okt "3670698 s | - ..290.6 - . .3600786-:-] . 14.83. :'.
Mg Pooled
‘l Si~Mg T;" _’:’ ”P00|Ed “"‘/sw' i-: ~: i SN ; B B h T ,- ”L ; m -
Fe 1 6034191 60341 N 14.9 5628997 2.3
Gt i s 76597329 e ¥ TiBB9T329 oo o oL 138, 7] 51921367 |t 2142 1% ,
Ni Pooled
CCr 5 Pooled i v e L A T — - 181
Mn Pooled
Ty o] GPooledy T Ee s A s T SR ) S L T T BEl
Zn Pooled by
“FeiMn.Cre-| ~Pooled "} -7« vy oy g T SR R EE %
Fe-Mn 1 3893301 3893301 9.6 3488107 1.43 :i
""" Srec | Pooled | (4 i g e oh Friit Aol L aeraei iy s 4 e = g
Cu-Zn Pooled E
" Error (e).f .. 4757 .| .192467664 " | 57740519657 7] L A0 ] ;19408"8440;5? 219827 §
Total 479 144698464 100.00 ¥
Table 4.2.7. Variation in the magnitude of room temperature modulus of jncreasing the tensile strength of the alloy. Magnesium tog ;i
elasticity of Alloys 1 to 16. has a substantial solid solubility in aluminum, but at the Mg %
Propery S F A b e e
max - min 1127 ksi precipitation hardening. Magnesium does, however, substars . :
(max- min)/average oggy  Saly stenathen e huminum el by ol snlulon |
St. Deviation 358 ksi acteristics to the alloy. An unexpected result is that Fe has & ;|
negligible effect on tensile strength; however, the interaction -
cv 3.17% Fe.Mn seems to affect the tensile strength. Fe and Mn bothat -
the high level give the highest tensile strength, but Fe atthg .
Summary higher level and Mn at the lower level give the lowest tens|lé

!/ ngthe elements common in aluminum die casting alloys,
buui magnesium and copper seem to have the most significant
effect on room temperature tensile strength and yield strength
of aluminum die casting alloys. Copper dissolves in aluminum
and produces significant solid solution strengthening. Copper
may also precipitate out as small CuAl, particles and/or CuAl,+Al
eutectic in the interdendritic and intergranual regions, thus

strength. Among the elements common in die casting alloys, - "

silicon seems to have the most significant effect on the elon:

gation. An increase in the silicon content seems to promolé# .
decrease in elongation, and also a decrease in tensij¥ -

strength? At the higher Si content, the fraction of the A% -

eutectic phase increases and primary silicon particles foris ..
and grow; this tends to make the alloy more brittle and wagk, ;% .
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He . 4.2.3 Effect of Alloy Chemistry on Elevated temperature tensile properties are also prosentad In these
e Tomperature Tensile Properties tables. For ease of visualization, the same Information is pre-
rage Tables 4.2.8 (a) to (d) and 4.2.9 (a) to (d) present the average sented in chart form in Figs. 4.2.12 t0 4.2.10. Tablaes 4.2.8 (a) to

how,

{ensile properties at 100°C and 200°C for the twenty-four al- (d) and 4.2.9 (a) to (d) also show the standard doviation and the

1 Joys presented in Tables 2.5 and 2.6. For comparison the room coefficient of variance for each of the imoasured proporties.

0

£. 8
100 Table 4.2.8. (a) Average tensile strength at different temperatures for Alloys 1 to 16.
A At25°C T At100°C , A1200“C
Alloy | Average Stdev.* | CV** |- A‘\‘l,a‘@gp St.dev.* | -CV** | Average | St.dev.’ cve*
—_— (Ksi) (Ksi) o |- (Ksiy | (Ksi) (%) (Ksi) (Ksl) TY)
.t 1 39.6 0.9 2.3 329 - 10 <] 31 ] 202 0.2 0§
lon 2 42.4 0.8 1.9 [~ 365 04 .| 10 22.1 0.2 10 .
3 45.4 1.0 22 |- 426 | 04 -|-10.] 302 0.2 0h
4 47.0 0.9 19 . .499 ] 05 -] 1.3 | 312 0.4 K
— 5 444 0.7 1.6 | 402 |- 05 | 12.] 296 0.4 14
N 6 46,2 1.5 32 |--423 | 09 -|- 21. 33.6 0.8 I
7 49.1 0.6 12 | 452 ] 14 | 24. 366 | 07 'h
8 48.9 0.9 18 |- 468 13- ] 29 37.0 05 14
—_ 9 46.8 1.8 38 |- 440 | 18 | 42 | 312 0.7 v
‘ 10 44.3 2.4 54 1 392 | -38 | 96 297 0.5 16 .
1 36.1 2.0 57 | ~-349. 0.7 |..20° 29.5 1.1 ih
— 12 40.4 2.2 54 | - 38.3..] 12 31 .| 218 0.6 2E
13 47.2 1.6 34 | .48 | 14 32 | 354 0.3 0
14 41.9 4.0 95 |:.440 | .2.8 6.3 34.5 2.2 6y
— 15 42.6 2.1 49 394 | 29 |.173 34.6 0.6 10
- 16 43.0 2.5 58 {-.~415 | 20 4.7 32.7 2.2 6!
* St dev. - Standard deviation** CV - Coefficient of Variation (= St. dev. /Mean 100%)
Table 4.2.8. (b) Average yield strength at different temperatures for Alloys 1 to 16.
At25°C s At1009€ G At200°C 3
—_— Alloy | Average | St.dev.* | CV** |'Average St.dev.r-| -CV** | Average | St.dev.* | CV** ;
j (Ksi) si) | (0 | (Ksid | (KD "1 (9. | (KD | (Ksi) | (W)
! 1 16.6 04 24 |68 7|° 05 | 274 145 0.3 22
i 2 20.0 04 20 {1977 04 - 190 113 0.3 16 ‘
— 3 24.8 03 12 |.Zioag | F 04wl q3ic] 218 02 08
230 ‘ 4 25.5 04 1.6 2248 ) 04 o150 240 0.2 01 ;
!iab,ﬂ 5 24.9 0.3 1.2 | 2451 06 1703 243 0.5 22
ed to 6 24.9 05 2.0 |© »25.:0"13 07 |28 T4 216 0.5 1.9
istan- 7 32,2 0.6 1.9 | 7s04 v oeaoftieaT 305 0.5 1.6
ution 8 30.0 0.3 10 |-. 295 -}: 04 7| ‘15 ] 299 0.3 11
ﬁ;‘:; 9 21.5 0.4 15 |73 ) 06 |22 1 230 0.4 1.5
ction 10 28.2 04 14 | 278 "|'~o4 | 157 | 232 0.3 1.3 :
sth at 1 23.8 0.5 214 | -242°:):502 ] 08 ] 219 0.2 0.9
at the 12 23.3 04 17 | @033~ 03] 141 204 0.2 1.2
’lf;s”e 13 31.0 0.5 16 {.~303 . 04 |” 18~] 297 0.2 0.8
s 14 | 320 07| 21 |7se7-fioa-| 18] s 08 2.4
10t 15 29.2 04 14 12947108 | *26:5:] 285 0.2 0.1
ny . 16 26.9 0.4 1.5 {9790+ 08 . —]--10-] 264 2.5 9.6 3
Al-Si *St_dev. - Standard deviation **CV - Coefficient of Variation (= St. dev./Mean 100%) E
form
wveak. 2 See footnote 1.
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Table 4.2.8 (c). Average % elongation at different temperatures for Alloys 1 to 16.

At25°C 5o ATI00PC-:T o T At200°C
Alloy | Average | St.dev.* | CV** Avefage »St, rjgv.‘») 4 | Average | St.dev.* | CV*¥
(%) (%) (%) (%)~ 2 (%) (%) (%6)
1 5.85 0.97 16.6 | 10497 ':i <, 19.35 2.1 14.0
2 7.43 1.18 159 }-:1153* 14.77 0.90 6.1
3 2.08 0.23 1.4 |=-2.925 o0, 5.00 0.78 155
4 2.81 0.29 103 |- 410 © ).+ 5.12 0.86 16.9
5 3.76 0.52 13.8 39 7.00 1.83 26.2
6 3.78 0.75 19.8 4.98 1.70 34.2
7 1.42 0.08 5.6 240 0.09 3.9
8 1.93 0.19 9.8 3.22 0.30 9.5
9 1.69 0.29 17.2 4.25 1.33 31.3
10 1.40 0.37 26.4 4.46 1.62 36.3
11 0.75 0.13 17.3 1.57 0.46 29.2
12 1.42 0.32 22.5 5.32 1.02 19.1
13 1.39 0.24 17.3 2.31 0.52 22.3
14 0.67 0.32 41.8 0.74 0.54 13.0
15 0.97 0.17 11.5 1.66 0.29 17.6
16 1.41 0.39 217 L+ A 1.81 0.64 35.6
*St. dev. - Standard deviation **CV Coefficient of Variation (- St. dev/Mean 100%%)
Table 4.2.8 (d). Average modulus of elasticity at different temperatures for Alloys 1 to 16.
At25°C : : At 100 °C At200°C
Alloy | Average | St.dav.* | CV** rage i} Average | St.dev.* | CV**
Ms) | (Ksi) | ® ‘ ®sd) | (Ksi) | o9
1 10,536 1,024 9,7 7469 678 9.1
2 10,915 753 6.9 7367 530 1.2
3 11,262 753 6.7 7939 309 3.9
4 11,079 746 6.7 8063 324 4.0
5 10,671 421 4.0 7123 198 2.6
8 11,008 148 6.8 8171 432 5.3
7 11,435 687 6.0 8436 323 3.8
8 11,111 385 3.5 8274 285 34
9 11,583 685 5.9 8445 644 1.6
10 11,420 539 4.7 8357 212 3.2
11 11,621 595 5.1 8643 436 5.0
12 11,418 826 7.2 8392 385 4.6
13 11,552 391 3.4 8399 308 3.7
14 11,644 389 3.3 8519 328 3.9
15 11,639 562 4.8 - 8275 177 2.1
i 16 11,620 700 6.0 8993 - =) 7933 1056 133
*St. dev. - Standard deviation **CV- Coefficuent of Variation (= St. dev/Mean 100%)
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Table 4.2.9 (a) Average tensile strength at different temperatures for Alloy 17 lo 1.

At 25°C At 100°C  At200C
Alloy Average St. dev.* Cv** Average St. dev.* Cv** Avorago St. dov.* Cv*’
(Ksi) (Ksi) %) (Ksi) (Ksi) (%) (Ksi) (Kal) (W)
| 0 07 16 38.2 09 24 243 0.4 1o
18 46.2 0.8 1.7 414 0.1 0.2 256 0.4 1.6
19 45.4 1.6 35 38.8 1.8 48 23.8 0.4 1.7
20 454 26 5.7 43.4 0.7 1.6 31.0 0.5 1.6
21 44.0 4.6 10.5 40.0 1.6 4.0 26.8 0.2 0.7
22 45.6 3.2 7.0 41.9 24 517 289 0.4 14
23 41.3 3.0 7.3 318 26 6.9 211 14 5.1
24 45.0 24 4.7 41.9 2.7 64 29.6 0.5 17
* St. dev. - Standard deviation ** CV - Coeffiecient of Variation (= St. dev/Mean 100%)
Table 4.2.9 (b). Average yield strength at different tempratures for A/qus 17 to 24.
At 25°C At 100°C At 200°C
Alloy Average St. dev.* CV** Average St. dev.* CV** Average St. dev.* Cy**
(Ksi) (Ksi) (%) (Ksi) (Ksi) (%) (Ksi) (Ksi) (%)
17 19.6 03 15 20.1 0.3 15 116 03 17
18 21.8 0.7 3.2 222 05 2.3 18.9 03 16
19 20.3 0.3 15 20.5 0.3 15 174 03 17
20 251 0.2 0.8 25.3 0.3 1.2 233 0.2 0.9
21 21.8 0.7 3.2 21.8 0.1 05 194 0.3 15
22 245 0.4 16 25.2 0.3 1.2 213 0.3 14
23 221 0.5 2.3 222 05 23 20.3 04 20
24 26.6 0.4 15 26.9 0.6 2.2 224 0.2 0.9
* 8t. dev. - Standard deviation ** CV - Coeffiecient of Variation (= St. dev/Mean 100%)
Table 4.2.9 (c). Average % elongation at different temperatures for Alloys 17 to 24.
At 25°C At 100°C At 200°C
Alloy Average St. dev.* CV** Average St. dev.* CV** Average St. dev.* CV**
(%) (%) (%) (%6) (%) (%) (%) %) (%)
17 534 0.59 11.0 127 239 329 12.57 113 13.8
18 3.68 0.49 133 579 1.16 20.0 7.16 3.14 439
19 4.62 1.00 21.6 6.50 2.49 383 1317 2.36 179
20 1.93 0.44 22.8 3.12 0.49 15.7 3.65 124 340
21 2.13 0.73 26.7 4.73 1.83 38.7 744 1.90 25,5
22 2.30 0.74 32.2 3.05 1.43 46.9 7.06 2.97 421
28 1.79 0.51 28.5 2.39 1.06 444 543 2.50 46.0
24 1.51 0.31 205 2.04 0.74 36.3 418 2.07 49,5
* St dev. - Standard deviation ** CV - Coeffiecient of Variation (= St. dev./Mean 100%)
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Table 4.2.9 (d). Average modulus of elasticity at different temperatures for Alloys 17 to 24.

TENSILE STRENG”

At 25°C At 100°C At 200°C

Alloy Average St. dev.* Cy** St. dev.* Average St. dev.* Cyi*
(Ksi) (Ksi) (%) (Ksi) (Ksi) %) (Ksi) (Ksi) (%)
17 10,913 678 6.2 8,037 738 9.2 7,884 263 33
18 10,918 804 74 8,297 472 5.7 7,978 130 1.6
19 11,032 m 7.0 8,595 905 10.5 8,428 225 2.7
20 11,317 355 3.1 8,777 430 4.9 8,327 214 26
21 10,958 683 6.2 8,799 245 28 8,351 130 1.6
22 10,917 624 5.7 8,751 167 1.9 8,276 163 2.0
23 11,193 481 43 8,721 331 3.8 8,652 1,124 13.0
24 11,656 728 6.2 8,712 294 34 7,958 323 41

* St. dev. - Standard deviation ** CV - Coeffiecient of Variation (= St. dev/Mean 100%)
lasc | 1oce B 0°c ® 25°C g 10°C gy AW0°C
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Fig. 4.2.14. Elongation of Alloys 1 to 16 at 25°C, 100°C and 200°C.
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Fig. 4.2.13. Yield strengths of Alloys 1 to 16 at 25°C, 100°C and 200°C.
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Fig. 4.2.17. Yield strengths of Alloys 17 to 24 at 25°C, 100°C and 200°C.

Fig. 4.2.16. Tensile strengths of Alloys 17 to 24 at 25°C, 100°C and 200°C.
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Fig. 4.2.18. Elongation of Alloys 17 to 24 at 25°C, 100°C and 200°C.

Fig. 4.2.19. Modulus of elasticity of Alloys 17 to 24 at 25°C, 100°C ana

200°C.
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Tensile Strength at 100°C

Results of the pooled analysis of variance for tensile strength
at 100°C for the alloys in Table 2.5 are shown in Table 4.2.10.
Table 4.2.10 shows that, at the levels studied, the element that
affects the variation of the 100°C tensile strength most signifi-
cantly is Cu. Its contribution to the variation is about 44%. Mg
also has a significant effect contributing about 25% to the vari-
ance. At higher levels, Cu and Mg tend to increase the 100°C
tensile strength of the alloys. All other elements seem to have
comparatively insignificant effect on the 100°C tensile strength
of the alloys tested. The percent contribution due to the error
term in this analysis is 18.5%, which is acceptable.

Considering only the elements and interactions included in
Table 2.2, the maximum tensile strength for service at 100°C can
be obtained from an alloy with the following composition:

Element | Si
Wt. %

|Fe[Cu[Mg| Ni |Cr|Mn|Ti|Zn|St|Al
|6.96-12.85{1.55[4.90[0.46[0.04-0.47[0.140.45]0.15]0.46{0.02]Bat.

At this composition the projected tensile strength at 100°C
is 50.9%0.75 ksi with a confidence interval of 95%.

Tensile Strength at 200°C

| alts of the pooled analysis of variance for tensile strength
at 200°C for the alloys in Table 2.5 are shown in Table 4.2.11.
Table 4.2.11 shows that, at the levels studied, the element that
affects the variation of the 200°C tensile strength most signifi-
cantly is Mg. Its relative contribution is about 49%. Cu also has
a significant effect contributing about 23% to the variance. At
higher levels, Mg and Cu tend to increase the 200°C tensile
strength of the alloys. All other elements seem to have com-
paratively insignificant effect on the 200°C tensile strength of
the alloys tested. The percent contribution due to the error
term in this analysis is only 4.9%, which is very acceptable.
Considering only the elements and interactions
included in Table 2.2, the maximum tensile strength for ser-

Table 4.2.10, Pooled ANOVA table for tensile strength of Alloys 1 to 16 at 100°C.

- tensile strength at all the tested temperatures. At the lower

vice at 200°C can be obtained from an alloy with the following
composition:

Elementl Si |Fe |Cu|Mg| Ni | Cr| Mn | Ti | Zn |Sr| Al
Wt % [12.85(1.55]4.90[0.46]0.47[0.14]0.01-0.45[0.19]0.46-2.78[0.02] Bal.

At this composition the projected tensile strength at 200°C
is 39.9+0.6 ksi with a confidence interval of 95%.

The tensile strengths of all the alloys in Table 2.5, except -
Alloy 14, decrease with increasing temperature. The de« °

(e ey

crease in strength with increasing temperature seems to £

be more or less exponential. The average tensile strength
of the 16 alloys decreased 7% as the temperature increased

from 25°C to 100°C and 30% as the temperature increased £

from 25°C to 200°C. Alloy 1 shows the most significant de- # }
crease in strength with increasing temperature. The 3 §
strength of Alloy 1 decreased 17% as the temperature in- & §

creased from 25°C to 100°C and 49% ;
temperature increased from 25°C to 200°C. On the other 3

hand, Alloys 11 and 14 exhibit the least decrease in strength ‘
with increasing temperature. The strength of Alloy 11 de- & %

as the % §

creased only 1% as the temperature increased from 25°C to § ;
100°C, and 16% as the temperature increased from 25°C to % §
200°C. Alloy 14 shows a 5% increase in tensile strength as ’§
the temperature increases from 25°C to 100°C. However, the *
tensile strength decreases by 18% as the temperature is ins - §

creased from 25°C to 200°C. Results of the analysis of variance
for different temperatures show that the capacities of the ele: -~ 3

ments to affect variation in tensile strength vary with >
temperature. At higher levels Cu, Mg, Cr and Ti increase the &

temperatures, Cu has the most significant effect and at the

higher temperatures Mg becomes most significant. At higher
levels, Si, Fe, and Ni decrease the tensile strength at lower -
temperatures, but they increase the tensile strength at higher ~

temperature. =i

Source | Degresof | Sumof Variance Variance Pure Sum Parcent
of Froedom | Squares | (Mean Squares) Ratio of Squares | Contribution
Variance f S Vv F s P (%)
T R D N e O T L T e N
Mg 1 339.3 339.3 107.6 336.1 25.3
<3Si-Mg i} £ - N I AT DRSS M B RN N DL
Fe 1 17.7 11.7 5.6 14.5 1.1
S Cu o e 1 -589,7. . > <589.7s - x5l 187.0 ¢ b =:B86:5 - of L 441 .=
Ni
Gy Ay e 3 vl I3 4 S IR0 L 22 T T T
Mn 1 17.7 17.7 5.6 14.6 1.1
NS R Ry N RS XS P oy A Sk NN 7 SRR I &
Zn
Fe-Mn 16.8 16.8 53 13.7 1.0
COSr e e TEU 692 0 e 6920 )T 219 0 680 - 4 T B S
Cu-Zn 1 19.0 19.0 6.0 15.9 1.2
Error:(e). i} -89 i) 217604 i B2 ] w0 ] 2460700 186 L %
Total 100.0

- e e A

e o e y
T nptndires ki il e AT e e - Bt B i 8
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lable 4.2.11. Pooled ANOVA table for tensile strength of Alloys 1 to 16 at 200°C.

TR

Source | Degreeof | Sum of Variance Vatiance Pure Sum Purcent
of Freedom Squares | (Mean Squares) Ratio of Squares | Contribution
Variance f S \' F s' P (%)
Si 1 69.9. 69.9 . - 64.72 68.8 4.0
Mg 1 851.3 851.3 788.10 850.2 49,1
Si-Mg 1 - 61.9 . 619 - -.b130 .- 60.8 35
Fe 1 169.2 169.2 156.63 168.1 8.7
Cu 1 3979 . . .397.9 368.33 396.8 . 22.9
Ni 1 20.1 201 18.61 19.0 1.1
Cr 1 299 - |- 209~ - 2112 - 289. - 1.7
Mn
CTi 1 - 544-. -54.4 - 5035. -1 . B33 3.1
Zn
Fe-Mn-Cr -
Fe-Mn
" Sr
Cu-Zn
Error (@) | 1 769 . |- . 14 —1.00. | 853 4.9
Total 100.0

Alloys 7 and 8 have the highest room temperature tensile
strength among the alloys shown in Table 2.5. They also
have higher tensile strengths at higher temperatures. Al-
loy 1 has the lowest tensile strength at 100°C (32.9 ksi) and
at 200°C (20.2 ksi). Both Alloys 7 and 8 contain high levels of
Cu, Mg, and Fe. The major difference between these alloys
is that Alloy 8 has more Mn (0.45%) than Alloy 7 (0.02%).
The microstructure of Alloys 7 and 8 are show in Figs. 3.7.5
10 3.7.8 and 3.8.5 t0 3.8.8, respectively. The major difference

between the microstructures of the two alloys is in the mo:
phologies of their Fe bearing phase. The Fe bearing phas:
in Alloy 7 is present predominantly as needles, while a larg
fraction of the Fe bearing phase in Alloy 8 is in the form ¢
Chinese script and polyhedral particles. While the diffel
ence in morphology seem to have little effect on the tensil
strength at all three temperatures, it affects the alloy elor
gation considerably as shown in Table 4.2.8 (c) and i
Fig. 4.2.14.
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Yield strength at 100°C

Results of the pooled analysis of variance for yield strength
at 100°C for the alloys in Table 2.5 are shown in Table
4.2.12. Table 4.2.12 shows that, at the levels studied, both
Mg and Cu significantly affect the 100°C yield strength.
Magnesium’s relative contribution to the variance in the
100°C yield strength is about 39%, while copper’s contri-
bution is about 35%. Silicon, too has a significant positive
effect on the 100°C yield strength of the die cast alloys
considered in this book, contributing about 17% to the
variance in 100°C yield strength of the alloys. At higher
levels, Cu, Mg, and Si all tend to increase the 100°C yield
strength of the alloys. The percent contribution due to the
error term in this analysis is only 3.4%, which is very
acceptable.

Considering only the elements and interactions included in
Table 2.2, the maximum yield strength for service at 100°C can
be obtained from an alloy with the following composition:

Element|Si|Cu|Fe|Mn|Mg| Ni ' Cr IZn I Ti | Sr
Wt % [12.85]4.90[1.550.01(0.46[0.04-0.47]0.010.15]0.47-278|0.01-09|0-0.02

*+this composition the projected yield strength at 100°C
is  3+0.3 ksi with a confidence interval of 95%.
Yield strength at 200°C

Results of the pooled analysis of variance for yield strength at
200°C for the alloys in Table 2.5 are shown in Table 4.2.13.

I} ‘Wa &

. L
e N L N AT a il “"*'"*’-*me*.mmw n%&ﬂﬂ%’&%‘&’ﬁ%ﬁ@ﬁﬁ?‘w’ AR N

cant effect on the 200°C yield strength of die casting alloys. A} -
higher levels, both Mg and Cu tend to enhance the 200°C yleki .
strength of the alloys. The percent contribution due to the errof
term in this analysis is only 6.1%, which is quite acceptable.

Considering only the elements and interactions included In -
Table 2.2, the maximum yield strength for service at 200°C can .
be obtained from an alloy with the following composition:

Element|$i|Cu|Fe|Mn|Mg| Ni | Cr | Zn |Ti| Sr
we.%  [12854.9 J1.55]0.01)0.46/004047]00t015]045278]0.19] 0-0.00

?
At this composition the projected yield strength at#
200°C is 33.1x0.7 ksi with a confidence interval of 95%.;:g
The vield strength of all the alloys shown in Table 2.&;
does not change significantly when the test temperature
increased from 25°C to 100°C, but they decrease S|gnlﬁ¢?
cantly when the test temperature is raised to 200°C. Thi,i,
average yield strength of the sixteen alloys decreased on‘f
1% when the test temperature was raised from 25°C to 100‘&.%
and 7% when the test temperature was raised from 25°C (ﬂgg
200°C. The most significant decrease in yield strength haps ;
pens in Alloy 10 (18% drop in yield strength when the te#{- -
temperature was raised from 25°C to 200°C). The least sigs
nificant decrease in yield strength happens in Alloy 1§ .
(2% drop in yield strength when the test temperature wias
raised from 25°C o 200°C). =
At higher levels Si, Cu, Fe and Mg all increase the yigld -
strength at all three test temperatures. Among the sixtoan -

Table 4.2.13 shows that, at the levels studied, magnesium has alloys of Table 2.5, Alloy 14 has the highest yield strenglhf‘
an overwhelming effect on the 200°C yield strength of die and Alloy 1 has the lowest yield strength at all three hii?“
casting alloys contributing about 67% of the variance. ‘temperatures. The microstructures of Alloys 1 and 14 at
Copper is a distant second contributing about 18% of the 100°C and 200°C are not much different from their micro
variance. The rest of the elements seem to have an insignifi- structures at 25°C. (Figs. 3.1.5t03.1.8 and 3.14.5 to 3.14.8,}
Table 4.2.12. Pooled ANOVA table for tensile strength of Alloys 1 to 16 at 100°C.
Source | Degres of Sum of Variance Variance Pure Sum Parcent
of Froedom | Squares | (Mean Squares) Ratio of Squares | Contribution
Variance b S \'4 F s P (%)
Chosp e e o ) 2208 | 208k -~ 0390 ) o 2182 o] s 21680
Mg 1 493.6 493.6 901.1 493.1 38.9
TisiMg. | - | A48 | d&DL |- 256 i - 86 | Sl
Fe 1 26.5 26.5 484 26.0 2.0
T Cunl = A .. ~4485. | ., -4405.~ |- 8205 .| - 4489 - | . 354
Ni
Yo BRI E R IO S S F e B * - %
Mn ! _
ST S e e e e S Ry
Zn ‘
Fe-Mn:Cr FETRE PR I R DR S T
Fo-Mn 1 31.4 314 514 30.9 24
R A I N e e s R e P R
Cu-Zn
Error(e) .. T30 | 400 4 o 080T 105 433 . L 3
Total 100.0
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Table 4.2.13. Pooled ANOVA table for tensile strength of Alloys 1 to 16 at 200°C.

Source
of
Variance

Degree of
Freedom

Sum of
Squares
S

Variance
(Mean Squares)
\'

Variance
Ratio
F

Pure Sum Percent
of Squares | Contribution
s P (%)

S

S

7.5

.50.98 -

70.1 3.8

Mg

1224.2

1224.2

872.82

1222.8 66.8

~ Si-Mg -

¥UIRCL,

Fe

453

45.3

~32.00

43.9 24

IR

3215 .0 -

: 23346 .

"~ 3264

17.8

Ni

""‘;:/z Crv . I

Mn

r,‘("t":rl ‘L ;' ;

20292 7 e

282 7

" -7 20.85.-.

21.8- 1.5

n

FeMn 1 301 301 21.43 28.7 16

Cu-Zn

" Error ()

TR

T 14026

— 1108, . | 6.1

Total

100.0
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Elongation at 100°C

Results of the pooled analysis of variance for elongation
at 100°C for the alloys in Table 2.5 are shown in Table
4.2.14. Table 4.2.14 shows that, at the levels studied, sili-
con, followed by iron and copper has the most significant
effects on the ductility of die casting alloys at 100°C, con-
tributing to the variance 38.2%, 18.9% and 17.2%
respectively, Magnesium, on the other hand, contributes
only 5% to the observed variance. At higher levels all
these elements decrease the elongation at 100°C. The
percent contribution due to the error term in this analy-
sis is only 8.7%, which is quite acceptable.

Considering only the elements and interactions included
in Table 2.2, the maximum elongation at 100°C can be ob-
tained from an alloy with the following composition:

Element| Si |Cu|Fe|Mn|Mg| Ni I Cr| Zn | Ti | Sr
Wt. % |6.96[1.21[0.65(0.01]0.04]0.04[0.01]0.46-2.78[0.01-0.19| 0-0.02

At this composition the projected elongation at 100°C is
11.3::0.5% with a confidence interval of 95%.

Elnngation at 200°C

R .lts of the pooled analysis of variance for elongation at
200°C for the alloys in Table 2.5 are shown in Tabie 4.2.15.
Table 4.2.15 shows that, at the levels studied, silicon,
magnesium, iron, and copper have significant effects on the

ductility of die casting alloys at 200°C, contributing to the varix
ance 25.1%, 20.3%, 16.0%, and 13.3% respectively. At highot
levels all these elements decrease the elongation at 200°C
The percent contribution due to the error term in this analysi§
is only 5.9%, which is quite acceptable.

Considering only the elements and interactions included

in Table 2.2, the maximum elongation at 200°C can be ol -

tained from an alloy with the following composition:

Element |Si |Cu|Fe IMn|Mgl Ni | Cr I Zn I Ti l St
Wt. %  [6.96]1.21]0.650.01]0.04[0.04[0.01|0.46-2.78]0.01-0.19] 0-0.02 -

At this composition the projected elongation at 200°C I
18.9:+0.7% with a confidence interval of 95%.

The elongation of most of thealloys shown in Table 2.5 increases A'

with an increase in temperature. However, the extent of increase i

elongation with temperature varies significantly from alloy to alioy

The average increase in elongation of the 16 alloys is about 50%
when the test temperature increases from 25°C 1o 100°C, and 117%
when the testtemperature increases from 25°C to 200°C. The elopy
gation of Alloy1 increases 79% when the temperature increas$

from 25°C 10 100°C, and 231% when the test temperature increases

from 25°C t0 200°C. The elongation of Alloy 12 increases 57% wiiofi
the temperature increases from 25°C to 100°C, and 274% when th#
temperature increases from 25°C to 200°C. On the other hand,
Alloy 14 shows negligible change in ductility when the test term:
perature increases from 25°C (0.67%) to 200°C (0.74%).

Table 4.2.14 Pooled ANOVA table for elongation of Alloys 1 to 16 at 100 °C.

Source |{Degree of| Sum of Variance Variance | Pure Sum Percent
of Freedom | Squares |(Mean Squares) Ratio of Squares |Contribution
Variance f S \'4 F S' P (%)
st | |- 8264 |- 8264~ | 18416 | 8254 .| 382
Mg 1 58.0 58.0 61.8 57.1 6.7
SiMg | 1 |- 488" | 7. 488, - |; 461 | 429 | 50
Fe 1 162.2 162.2 172.8 161.3 18.9
LGt A T 472 | AT e 15687 ] 1488 e - 1T.2
Ni 1 21.0 21.0 22.3 20.0 24
e | 2ol 667 | 166 5767 [ 156 | L 1.8 7
Mn
CTi E e RENE Tt VOB I ERRTenl N ]
Zn
Fe-Mn:Cr SEE
Fe-Mn 1.1
L SES T - e
Error (e) . 8.7
Total .-|- 77 US| S A e = - 7100.0. -
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e. Table 4.2.15. Pooled ANOVA table for % elongation of Alloys 1 to 16 at 200°C.
gg:)"( ' Source | Degree of Sum of Variance. Variance Pure Sum Percent
alyer of Freedom Squares | (Mean Squares) Ratio of Squares | Contribution
¥ Variance f S v F s P (%)
fuded Si 1 493.2 .. 493.2 338.16 491.7 - 25.1
e ob Mg 1 398.5 398.5 273.24 397.0 20.3
Si-Mg ’ 1 . 96.6 : 966 . 66.21 95.1- 49
S Fe 1 315.1 315.1 216.06 313.6 16.0
1002  Cu 1 262.0 -262.0 - 179.67 - - 260.6 13.3
Ni 1 123.5 123.5 84.67 122.0 6.2
0°C r. Cr 1 74.0 740 - 50,74 | - 125 . 3.7
) Mn
reasc:. Ti 1 21.0 21,0 |- 1443 _ | 196 1.0
ase in
dalloy Zn
1t 50%. Femncrl 1 © 233 )+ oon.233- 0 | - 15.98 1 .218 1.1
1117% 1 51.1 51.1 35.04 496 2.5
eelon Fe-Mn A — -
rease: Sr
rease:. Cu-Zn
;‘ﬂﬁ“ Eror@ | 69 1006 |. . 15 100 | - 1152 5.9
¢
han, Total 100.0
it
14 ).
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Modulus of Elasticity at 100°C and 200°C

Results of the pooled analysis of variance for modulus of
elasticity of the alloys in Table 2.5 at 100°C and 200°C are
shown in Tables 4.2.16 (a) and (b), respectively. The analy-
sis shows that the percent contribution due to the error
term at the two temperatures is quite high, about 74% and
72%, respectively. This may suggest that in the experiment,
some factors that significantly affect the modulus of elas-

ticity were inadvertently omitted. The examination of the

relative difference between the highest and the lowest av-
erage modulus of elasticity for the alloys also shows that its
variation is not significant (18.6% at 100°C, and 15.7% at

200°C). So, as discussed earlier for the modulus of elastic. .

ity at 25°C, the alloy's chemical composition does not

significantly affect the elevated temperature modulus of-

elasticity.

Table 4.2.16 (a). Pooled ANOVA table for modulus of elasticily of Alloys 1 to 16 at 100°C.

Source | Degreeof | Sum of Variance

of Freedom | Squares | (Mean Squares) Ratio of Squares | Contribution

Variance Pure Sum Percent

F $' P (%)

Variance f S \'

G tes e s L0 314731 s )L 3147811

o128, | 2902281 - | A1

Mg

siMg o] . | e =

Fe

- . DI v e o P N N ~ .
'Cu . |- R s TlEReRl . L LUy T Ly

Ni

Fe-Mn-Crz ~:¢ <. s -0 efin Uit

RN I EE R I It :
Mn
T
Zn
g I TG 3 e, C o i RE =

Fobin 7 4105824

“A105804

168 3860795 | 148

< -

‘“S 7 e et ot e
TR S 2 S BRI AR

Cu-Zn

 Error (&) |- 1777 > | 718867303 .- i+ ... 245029

R 17_0 : .: . ,x‘1g357363 ’¢ - 74.1 N j

Total

100.0

Table 4.2.16 (b). Pooled ANOVA table for modulus of elasticity Alloys 1 to 16 at 200°C.

Source Degree of Sum of Variance

Variance f S \'4

of Freedom Squares (Mean Squares) Ratio of Squares | Contribution

Variance Pure Sum Percent

F S' P (%0)

. Sit |- - |.--3854989 |  -©.3854989.

e i 47285701 -0 3631921 o] 4148

Mg

T SiMa. | o 1. | 1924665 |7 1924665

7. B.63:.r, 1701597 : |. .. 6:9-

P
s

Fe

“cu_ |- 1 . .| 1880820 ;] - 1880820 .| -

.5, 848- .. .1 1657752~ S8,

Ni

O - '+ % IR RO TR ml el R el T Lo
NERON o SOUON KPR TSN HRranee S P Pl SN

Mn
e TN N NN RN EE
Zn
FerMn-Ce | 5 g T o) T S 2 b -
Fe-Mn
co S]’;g;'? ) ,‘?Q:é\,‘ AN 2,*“f' POt \,: -2 E '«m ‘_‘ % Z i " b4

Cu-Zn

Ervor.(e) o] ©27. 76 # 1169531740} 1 ::223068 =

o ET- 1000 - o). 17622378 - | 57160

Total

100.0
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4.2.4 Effect of Alloy Chemistry on Fatigue Life
An equation of the form:
LogN=A, + A, * Log(S,.x- S.)
was used to represent the mean S/N curve. The equation
was first re-written in the form:
Smax = 0. * NB + S, where a = 1072 and B =1/A,

And then used to calculate the maximum stress at 1x108
and at 5x108 cycles.

The results are shown in Table 4.2.17 (a) for Alloys 1 to 16
and in Table 4.2.17 (b) for Alloys 17 to 24. Two standard mea-
sures are commonly used to show the effectiveness of the
equation in representing the measured data, one is the stan-
dard error of estimate (se), and the other is the correlation
coefficient (r). Both parameters are shown in Tables 4.2.17 (a)
and 4.2.17 (b). The definition and calculation of these two
measures are detailed elsewhere [4]. For ease of visualization,
the information is presented in chart form in Figure 4.2.20 (a)
for Alloys 1 to 16 and in Figure 4.2.20 (b) for Alloys 17 to 24,

The maximum stresses at 5x108 cycles shown in Tables
4,2,17 (a) and (b) range between 15 ksi, (for Alloy 1) and 23
ksi (for Alloy 10). These values compare very weli with docu-
mented values for standard aluminum die casting Alloys 360
(20 ksi), A360 (18 Ksi), 380 and A380 (20 ksi), 390 and A390
(20 ksi) and 413 and A413 (19 ksi) [51.

Results of the pooled analysis of variance for fatigue life at
1x10? cycles for the alloys in Table 2.5 are shown in Table
4,2.18. Table 4.2.18 indicates that, at the levels studied, the
element that affects fatigue life most significantly is silicon.
Its relative contribution to fatigue life variance is about 55%.
Copper also has significant effects on fatigue life with a per-
cent contribution of 19.4%. At higher levels, silicon and copper
tend to increase the fatigue life of the alloy. Iron, magnesium,
chromium, nickel, and strontium all have minor effects on
fatigue life of aluminum die casting alloys. On the other hand,
the interaction of iron with manganese and chromium is sig-
nificant to fatigue life as it contributes about 7% to the variance.

The percent contribution due to the errorterm in this analy-
sis is less than 3.5%. Given the nature of the die casting process,
and the inevitability of incurring metallurgical defects that
can escape detection, and the sensitivity of fatigue life to de-
fects, this error is quite satisfactory.

Considering only the elements and interactions included
in Table 2.2, the maximum fatigue life at 1x10° cycles can be
obtained from an alloy of the following composition:

Element'Si 0u|Mn|anTi| Fe | Mg | Ni |Cr |Sr
Wi %  [12.85[4.90[0.45[2.78]0.19]0.65-155]0.04-0.46]0.04-047 [0.010:14]0-0.02

At this composition the projected maximum stress at
1x108 cycles is 23.66 = 0.59 ksi with a confidence inter-
val of 99.5%.

The effect of silicon on the fatigue characteristics of
aluminum die casting alloys can be understood by ex-
amining Figs. 3.1.2, 3.2.2, ... 3.16.2. In general, for those
alloys with relatively low silicon contents (Figs. 3.1.2,

1
3.2.2,...3.8.2), it is observed thal at fower vy tes 1o Uil
ure; i.e., lower than 10" cyclew, an increasc g
cycles-to-failure is attended by a raptd drap i s vy
stress. On the other hand, for those alloys wilh retati, oly
high silicon contents (Figs. 3.9.2, 3.0, a0 2 v
3.13.2, 3.14.2, 3.15.2 and 3.16.2) {the drop 1t ma«unaig
strength with an increase in cycles lo taifure onat g
sharp. The alloys with lower Si contenls seeim to have
transition region in the range of 10* to 10" ¢y« teo 1 thed
log-normal curves, after this range the mecan ¢ nives tiad
come flatter. The alloys with higher Si content: do nof
show such a clear transition range and the stopens of thewr
mean curves change gradually, as shown in Figs. 3.9 2,

3.10.2, ... 3.16.2. This suggests that aluminum die casul-
ing alloys with relatively low Si contents may exhilnl a
transformation from plastic to elastic deformation with
a decrease in maximum applied stress.

The pronounced effect of Si on fatigue life of alumi-
num die casting alloys may be attributed to two reasons
First, generally speaking, porosity and defects are crack
initiating sites for fatigue fracture. It has been observec
from microscopic examination of the fractured surfaces
of the specimens that most of the failures especially higf
cycle failures, started at pores. At high silicon contents
(about 13%) the tendency of the alloy to form scatterec
shrinkage porosity is low. Accordingly, the probability
for a crack to initiate at a pore is low and consequenth
fatigue life is high. On the other hand, when the Si con
tent of the alloy is relatively low (about 7%) the tendenc:
of the alloy to form scattered shrinkage porosity is rela
tively high. Hence, the probability for a crack to initiat«
at a pore is also relatively high and fatigue life is com
paratively low. The photograph in Figure 3.1.2 shows tht
fracture surface of Alloy 1 (7.15% Si content). This sampl
failed at a maximum stress of 16.4 ksi after 6.5x10%cycle:
and fracture initiated at a pore. The photograph in Fig
ure 3.10.2 shows the fracture surface of Alloy 10 (12.699
Si content). This sample failed at a maximum stress o
20.3 ksi after 6.7x10%cycles and here also fracture initi
ated at a pore. A comparison of the microstructures o -
Alloys 1 to 16 shows that the pore size in the low Si con
tent alloy is considerably larger than the pore size in th
high Si content alloy. Second, the study of the effect ¢
alloying elements on tensile properties of die castim
aluminum alloys shown in Section 4.2.2 has shown tha
the Si content of the alloy significantly affects the alloy’
vield strength and its modulus of elasticity. Alloys wit
relatively high Si contents (about 13% Si) have highe
yield strengths and moduli of eiasticity than alloys wit
lower Si contents (about 7% Si). This difference i
strength and stiffness may contribute to the observe
difference in fatigue behavior between high Si conter
and low Si content aluminum alloys. Those alloys wit
the higher Si content may deform elastically under stres:
while alloys with low Si content may deform plasticall
under a comparable stress.
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Table 4.2.17 (a). Stress-life equations, standard errors of estimate (se), correlation coefficients (r) and maximum stresses for Alloys 1 to 16.
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Table 4.2.17 (b). Stress-life equations, standard errors of estimate (se), correlation coefficients (r), and maximum stresses for Alloys 17 to 24.

Fig. 4.2.20 (a). Fatigue life-the maximum stress at 5 x 10° cycles of Allays 1-16.

Calculated Sy, at Fatigus Lifo of
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Fig. 4.2.20 (b). Fatigue Ne-the isiien Aéeis o1 3 3 19 Dyched of Alloys 17-24
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Table 4.2.18. Pooled ANOVA for fatigue life of Alloys 1 to 16-maximum stress for cycles-to-failure is § x 10° Cycles.
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4.2.5 Effect of Alloy Chemistry
on Impact Resistance

Tables 4.2.19 (a) and (b) present the average absorbed
energies for the twenty-four alloys presented in Tables
2.5 and 2.6, respectively. For ease of visualization, the same
information is presented in chart form in Figures 4.2.21(a)
and (b). Tables 4.2.19 (a) and (b) also showthe standard devia-
tion and the coefficient of variance for each of the measured
properties.

Results of the pooled analysis of variance for Charpy im-
pact resistance for the alloys in Table 2.5 are shown in Table
4.2.20, Table 4.2.20 shows that, at the levels studied, the ele-
ment that affects the variation in impact resistance most
significantly is Cu. Its relative contribution to the variation of
the absorbed energy is about 25%. Fe, Si, and Mg also have
significant effects contributing about 19%, 18%, and 11% to
the variance, respectively. Other elements that have an ef-
fect on impact resistance are, in the order of decreasing effect,
Ni, Cr, and Zn. The interaction of Si with Mg also has some
effect contributing 5.9% to the variance in impact strength. At
higher levels, all these elements, except Zn, reduce the impact
resistance, Zn at its higher level has a slight positive effect on
impact resistance. The percent contribution due to the error
term in this analysis is 5.7%, which is quite acceptable.

Considering only the elemenls and et
in Table 2.2, the maximum impact resistane e wer.
from an alloy with the following componilion

Elementl Si lCu| Mn IZn| Ti

IFeIMu NI ny |
Wi % [6.96[1.21]0.01-045[2.78] 0.01-0.19 0.65/0.04[0.0410 01" 0 0 0¥

At this composition the projected maximum absothed e
is 6.23 =+ 0.12 Ibf-ft with a confidence interval of 99.5%.

The variation in impact resistance with alloy chemistry tollowt
almost the sametrend as the variation in elongation. Generaliy
the less the total amount of added elements, the greater the im
pact resistance. Among the sixteen alloys in Table 2.5, Alloy 2 hax:
the highest impact resistance with an absorbed energy of 6.4:
Ibf-ft. Alloy 14 hasthe lowestimpact resistance with an absorbe
energy of 1.26 Ibf-ft. Figures 3.2.5 to 3.2.8 show the microstruc
ture of Alloy 2, and Figures 3.14.5 to 3.14.8 show th
microstructure of Alloy 14. Figure 4.2.22 shows the fracture:
surfaces of Alloys 2 and 14 at low magnification. Figures 4.2.2
(a) and (b) show the fracture surfaces of Alloys 2 and 14. 1t i
clear that Alloy 2 underwent a ductile fracture as evidence
by its fibrous structure. On the other hand, Alloy 14 unde
went a brittle fracture. There is no detectable deformatio
around the fracture area and the fracture surface is mainly
cellular structure consisting of facets of various sizes.

Table 4.2.19 (a). Summary of average absorbed energies in the Charpy Impact Test for Alloys 1 o 16.

Alloy 1 2 3 4 5 6 1 8

Absorbed Energy | Ibf-ft 5.04 6.48 1.68 1.79 3.13 242 1.29 1.65
St. dev** Ibt-ft 0.43 0.57 0.26 0.24 0.36 0.29 0.20 0.19
CV** % 8.5 8.8 15.2 13.1 115 118 15.6 11.6
Alloy 9 10 1 12 13 14 15 16
Absorbed Energy | Ibfft 1.95 1.83 1.64 2.03 1.47 1.26 1.65 1.97
St. dev.* Ibf-ft 0.13 0.24 0.16 0.19 0.18 0.13 0.26 0.16
Cv*= % 6.6 12.9 9.6 9.5 122 10.2 155 8.3

*St. dev. - Standard deviation

Table 4.2.19 (b). Summary of average absorbed energies in the Charpy Impact Test for Alloys 17 to 24.

**C.V. - Coefficient of Variation (= St. dev/Mean 100%)

Alloy 17 18 19 20 21 22 23 24
Absorbed Energy | Ibf-ft 3.70 247 3.18 1.79 2.68 2.417 2.53 AT
St. dev.** {bt-ft 0.29 0.37 0.19 0.22 0.20 0.27 ().:l}) [T
CV.** % 1.8 15.0 6.0 123 15 109 1u 1y ;
q
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Table 4.2.20. Pooled ANOVA table for impact resistance of Alloys 1 to 16.

ABSORBED ENERGY (1b1-1)

Fig. 4.2.21 (a). Absorbed energy of Alloys 1 to 16 in Charpy Impact test.
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4.2.6 Effect of Alloy Chemistry
on Wear Resistance

Tables 4.2.21 (a) and (b) present the average volume loss mea-
sured in the dry sand abrasive test for the twenty-four alloys
presented in Tables 2.5 and 2.6. For ease of visualization, the

"~ same information is presented in chart form in Figures 4.2.24

(a) and (b). Tables 4.2.21 (a) and (b) also show the standard
deviation and the coefficient of variance for each of the mea-
sured properties.

Resuits of the pooled analysis of variance for wear resis-
tance measured in Dry Sand Abrasive Test for the alloys in
Table 2.5 are shown in Table 4.2.22, Table 4.2.22 shows that, at
the levels studied, the element that affects the variation in
wear resistance most significantly is Mg. Its relative
contribution to the variation in volume loss is about 47%. Si
has a significant effect contributing about 14% to

the variance. Fe also has some effect contributing about 6% to
the variance. At higher levels, Mg, Fe, and Cr decrease the dry
abrasive wear resistance, while Si increases the dry abrasive
wear resistance. The effects of all the other elements are neg-
ligible. The percent contribution due to the error term in this
analysis is 26%, which is acceptable given the nature of abra-
sive wear testing.

Considering only the elements and interactions included
in Table 2.2, the maximum dry sand abrasive wear resistance
can be obtained from an alloy of the following composition:

EIementlSi' Cu | Mn I Zn I Ti lFe LMg' Ni |Cr| Sr
Wit. %  [1285[121-490]0.01-045[046-278{0.01-0.180.65(0.04]004047 001]0-0.02

At this composition the projected minimum volume loss is
0.3712 = 0.0132 cm?® with a confidence interval of 95%.

Table 4.2.21 (a). Summary of average volume loss in the dry sand abrasive test for Alloys 1 to 16.

Alloy 1 2 3 4 5 6 7 8
Volume loss cm® 0.3883 0.4187 0.4527 0.4333 0.5256 0.47130 0.5289 0.5076
St. dev.* cm? 0.0220 0.0288 0.0370 0.0322 0.0312 0.0171 0.0204 0.0373
C.Vx* % 5.7 6.9 8.2 14 5.9 3.6 3.9 1.3
Alloy 9 10 1 12 13 14 15 16
Volume loss cm® 0.3974 0.3979 0.4190 0.3833 0.4201 0.4383 0.4683 0.4871
St. dev* cm? 0.0079 0.0159 0.0252 0.0119 0.0313 0.0263 0.0185 0.0210
CV** % 2.0 4.0 6.0 31 13 6.0 4.0 43

*St. dev. - Standard deviation

**C.V, - Coefficient of Variation (=St. dev/Mean 100%)

Table 4.2.21 (b). Summary of average volume loss in the dry sand abrasive test for Alloys 17 to 24.

Alloy 17 18 19 20 21 22 23 24
Volume loss cm? 0.4150 0.4375 0.4213 0.4516 0.4457 0.4307 0.4086 0.3992
St. dev.* cm? 0.0330 0.0274 0.0253 0.0298 0.0301 0.0285 0.0326 0.0323
CV** % 8.0 6.3 6.0 6.6 6.8 6.6 8.0 8.1
Table 4.2.22, Pooled ANOVA table for wear resistance of Alloys 1 to 16.
Source | Degres of Sum of Variance Variance Pure Sum Percent
of Freedom | Squares | (Mean Squares) Ratio of Squares | Contribution
Variance f S Vv F s' P
oS-k s e 0002965 0 a0 00206 v | - 4258 o b -0.0289 .1 - 13.7
Mg 1 0.1006 0.1006 144.75 0.0999 47.4
- -Si-Mg: - 4 el -0.0048 ) L 2500043 - T 5635 - 3] :0.0036 . o1
Fe 1 0.0140 0.0140 20,17 0.0133 6.3
-Cy- B R R ISR e e E S o e S ST -
Ni
Lo Cres b T 00047 7 00047~ 47 670 -7} 00.0040 . <4 . 1.9 \
Mn '
KT R s EEEREE *
Zn
CFeMn-Cr B0 %10 00 0.0068- 20.0068 = <2081 5 b 20,0061 29 . ‘
Fe-Mn f
N N D e L e e TN e I S NN !
Cu-Zn !
- <Error (&)~ Ji-- < 787 Je 0.0607% . 2 20.0007. -1 o) o7 L1 s, <0.0549 . 261 :
Total 79 0.2107 100.0 f
!
|
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vom temperature, Alloy 2 (6.99%Si, 0.01%Mg, 0.56%Fe, 1.15%Cu,
.01%Ni, 0.01%Cr, 0.47%Mn, 0.24%Ti, 2.87%Zn and 0.018%Sr).

Fig. 4.2.22, Fractured impact test specimens tested at room tem-
erature, Left: Alloy 14 (12.94%Si, 0.48%Mg, 0.74%Fe, 4.77%Cu,
0,50%Ni, 0.01%Cr, 0.57%Mn, 0.01%Ti, 0.55%Zn and 0.00%Sr).
Right: Alloy 2 (6.99%Si, 0.01%Mg, 0.56%Fe, 1.15%Cu, 0.01%Ni,
9,01%Cr, 0.47%Mn, 0.24%Ti, 2.87%Zn and 0.018%Sr).
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4.2.7 Effect of Alloy Chemistry on Hardness

Tests show that the hardness of die cast specimens increase
with time. Generally speaking, the hardness increases rap-
idly during the first three days after casting, and then it slows
down. Fig. 4.2.23 shows the change in the hardness of
Alloys 1 and 14 during the first month after they were die cast.
The data is obtained from specimens with a 0.25"x0.25" square
cross section. The average hardness of the sixteen alloys shown
in Table 2.5 as measured on the square specimens increased
by about 6.5% during the first three days after casting. It is
interesting to note that hardness measurements taken after
six months from die-casting showed a slight increase over
measurements taken one month after die casting.

Tables 4.2.23 (a) and (b) present the average hardness (RHB)
for the twenty-five alloys shown in Tables 2.5 and 2.6 one month
after they were die-cast. Tables 4.2.23 (a) and (b) show three
groups of data representing hardness values for specimens
with different shapes and dimensions. The data confirm the
fact that castings that solidify at a relatively high cooling rate
(specimens with 0.25"x0.25" square cross section) are, in
general, harder than specimens that solidify at a lower
cooling rate (specimens with 3/8” and 5/8” diameters).
For ease of visualization the hardness variation with alloy
composition for specimens with 0.25"x0.25" square cross sec-

tion is presented in chart form in Figs. 4.2.25 (a) and (b).

Results of the pooled analysis of variance for hardness of the
alloys in Table 2.5 are shown in Table 4.2.24, The data analyzed
was measured from the 0.25" x 0.25" square cross section die

cast specimens. The analysis indicates that, at the levels stud-

ied, the element that affects hardness most significantly is
copper. its relative contribution to hardness variance is about
34%. Also silicon has a significant effect on hardness with a
percent contribution to the variance of about 29%. Mg, Fe, Cr,
Ni, and Ti follow silicon, in decreasing order. At higher levels,
all these elements tend to increase the hardness of the alloy.
Interactions of*Si with Mg and Fe with Mn also have some
influence on hardness. The percent contribution due to the

error term to this analysis is less than 1.8%, which is very ac- -

ceptable.

Considering only the elements and interactions included in |

Table 2.2, the maximum hardness can be obtained from an
alloy of the following composition:

Elemenll Si |Cu|Mn| Zn |Ti|Fe|Mg|Ni|Cr| Sr
Wt % [12.854.90[0.01] 0.46-2.87 [0.19]1.55[0.46/0.47]0.14] 0-0.02

At this composition the projected highest hardness is 87 7
+ 0.7 RHB witha confldence interval of 95%.
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Fig. 4.2.23. Variations in hardness (RHB) with time for Alloys 1 and 14.

Table 4.2.23 (a). Summary of average hardness (RHB) for Alloys 1 fo 16.

All
Specimen size o
1 2 3 4 5 6 7 8
1/4* x 1/4" flat die casting | 29.9 4 2.1| 33.8 £ 2.1 60.9 - 1.3} 604 +1.3| 51.0-1.2| 582+ 13| 71.9 £ 0.8 67.0 £.0.7
3/8" diameter die casting {169+ 3.7} 225 +2.1|53.7 29527 £ 15| 389+ 1.3| 479+ 1.9| 64.9 + 3.2| 58.9 + 1.8
5/8" diameter die casting | 19.8 +1.6| 21.2 +2.11 54.1 £ 1.2| 56.0 £ 0.8| 46.8 - 1.5{ 466 £ 2.2| 64.3 £ 2.1} 57.8 = 14
. . Alloy
Specimen size
9 10 11 12 13 14 15 16
1/4" x 1/4" flat die casting | 70.8 £2.0] 69.5 + 1.7} 63.7 £ 1.2| 58.8 £1.7| 72.3 :£.0.7| 746 + 1.5} 704 £ 1.6 | 63.1 + 1.0
3/8" diameter casting 60.9 +-2.8]63.2 + 1.4| 55.1 + 2.3} 50.0 + 1.1| 635 £ 1.3| 66.9 £ 1.7| 61.4 £ 2.6 | 52.8 £ 1.1
5/8" diameter die casting | 60.3 4+ 1.8| 61.3 £ 1.7| 53.7 £ 2.1| 47.6 + 1.6 | 64.3 - 1.7| 66.5 2.3 | 60.7 1.5} 50.7 £ 1.1
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Table 4.2.23 (b). Summary of average hardness (RHB) for Alloys 17 to 24, ¢

Alloy
17 18 19 20 21 22 23 28 -
474 +£1.0]| 549+ 0.9 509 + 1.3]| 64.4 +£.1.0] 56.5 + 0.9| 60.8 = 1.2 | 58.8 & 1.2]| 67.7 £ 0.9
399+ 1.4)454 +1.5]43.0 £ 1.3} 57.6 +1.4| 49.1 £ 1.1] 55.0 + 1.2| 50.6 + 1.7| 61.1 &= 1.1
313 4+211453 +£1.3]|41.0+£1.7}57.0£1.3]48.0 £1.4| 528 1 1.4]|49.9+ 1.9]59.1 + 1.8

Table 4.2.24, Pooled ANOVA table for hardness (RHB) measurement of Alloys 1 to 16.

Specimen size

1/4" x 1/4" flat die casting
3/8" diameter die casting
5/8" diameter die casting
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Fig. 4.2,25 (a). hardness (RHB) of Alloys 1 to 16 measured on /¢ X /¢ flat
die cast specimen.

Fig. 4.2.25 (b). Hardness (RHB) of Alloys 17 to 24 measured on //x '/}
flat die cast specimen.
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4.2.8 Effect of Alloy Chemistry
on Thermal Conductivity

The measured thermal conductivity of the alloys in Table 2.5
is shown in Tables 4.2.25 (a) and (b). For ease of visualization,
the same information is presented in chart form in Figures
4,2,26 (a) and (b).

Results of the pooled analysis of variance for thermal con-
ductivity of the alloys in Table 2.5 are shown in Table 4.2.26.
Table 4.2.26 shows that, at the levels studied, the element that
affects thermal conductivity most significantly is titanium. Its
relative contribution to the variance in thermal conductivity
is about 23%. Silicon, iron, copper, and zinc also have signifi-
cant effects, contributing to the variance in thermal
conductivity about 20%, 18%, 14%, and 9%, respectively. Mg
and Cr have minor effects and the interaction of FeXMn has
some effect. As expected, all element additions decrease the
thermal conductivity, but to varying degrees, except Cr. The
results showed that Cr, at higher level, slightly increased the
thermal conductivity, contributing about 0.3% to the variance.
The percent contribution due to the errorterm in this analysis
is small, about 4.6%, which shows that the design of the ex-
periment and the performance of the thermal conductivity
measurements were adequate.

Considering only the elements in Table 2.2 and their
interactions, the maximum room temperature thermal
conductivity can be obtained from an alloy with the following
composition:

Element
Wt. %

| Si [Cu[Mann | Ti [Fe IMgl Ni |Cr| Sr
|6-96]1.21]0.01]0.46[0.01]0.65]0.04}0.04-0.47]0.14] 0-0.002

At this composition the projected room temperature ther-
mal conductivity is 136.3 £ 1.6 W/m.K at a confidence level of
95%. It is also useful to note that, considering only the ele-
ments in Table 2.2 and their interactions, the minimum room
temperature thermal conductivity (i.e., maximum room tem-
perature thermal resistivity) can be obtained from an afloy
with the following composition:

Element l Si lCuanlZn l Ti lFe 'Mgl Ni ICrl Sr
Wt. %  [12.85]4.90/0.01]2.87[0.19]1.55]0.46|0.04-0.47[0.01| 0-0.02

At this composition the projected room temperature
thermal conductivity is 89.3 = 1.6 W/m.K at a confidence
level of 95%.

Among the sixteen alloys in Table 2.5, Alloy 1 has the

highest room temperature thermal conductivity (137.1
+ 1,0 W/m.K), and Alloy 15 has the lowest room tempera- |
ture thermal conductivity (99.9 + 2.2 W/m.K). Figures
4.1.1 (a) and (b) and 4.1.3 (a) and (b) show the grain struc-’
tures and Figures 3.1.5 t0 3.1.8 and 3.15.5 t0 3.15.8 show
the microstructures of Alloy 1 and Alloy 15, respectively.
Comparison of these figures shows that Alloy 1 has con-
siderably larger grain size (and therefore less grain
boundary area) than Alloy 15, while Alloy 15 has much
more Al-Si eutectic structure and intermetallic com-
pounds in the interdendritic areas than Alloy 1. Since
grain boundaries, intermetallics, and the complex eu-
tectic structure all contribute to wave scattering, it is
understandable that Alloy 15 has considerably lower
thermal conductivity than Alloy 1.

Among the elements, titanium has the most signifi-
cant effect on thermal conductivity, followed by silicon,
iron, copper, and zinc. Addition of titanium refines the
structure and reduces the grain size of the alloy and thus
increases the grain boundary area. The amount of sili-
con is directly related to the fraction of the eutectic
structure and the numbers of the primary silicon par-
ticles and thus the interfacial areas. Fe bearing phase
can be in different morphologies in the alloys. The
needle phase has the largest surface:volume ratio and
therefor it has the largest interfacial area with the alioy
matrix, and consequently it affects thermal conductivity
more than the other morphologies. Mn and Cr additions
can transform the Fe-rich needies to Chinese script or
polyhedral crystals, and so, the FexMn interaction plays
a role in affecting the thermal conductivity. The lowest
thermal conductivity should be obtained at higher level
of Fe and lower levei of Mn, but not both at higher ievels.
However, a high thermal conductivity was not obtained
at the lower level of Fe and higher level of Mn. This is
probably because the excess Mn goes into solid solution
with aluminum and counteracts any beneficial effect that
Mn may have on thermal conductivity.

Table 4.2.25 (a). Summary of average thermal conductivity for Alloys 1 to 16.

Alloy 1 "2 i3 4 5 4 6 S 77 8
Thermal W/mK ”13?1 -4 1155 ;~g11,'7.1?! 108.4 53f125.q,:.' 1199 |- 1056 108.6
Conductivity Lo SN e A Lo e
St.dev.* W/m-K 10 1.1 . _06“ 0.8 1.‘0 . 24 : 04. 14
CV.** % . 0 1.0 .05 - 0.8 0.8 - 2.0 0.4 - 1.3
Alloy NN IR
Themal WimK | 1177 1106 | 1165 | 1022 | 1130 | 999 | 1161
Conductivity £ S RO
St.dev.* WK |04, | 13 43571 14 1 .08 4 02 22 14
C\V.** % Y 1.2 < 42.. 1.2 T 03 0.2 - 29 - 0.9

*St. dev. - Standard deviation **CV - Coefficient of Variation (= St. dev/Mean 100%)
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Table 4.2.25 (b), Summary of average thermal conductivity for Alloys 17 to 24.

Alloy

17 18

19

20 21

24

Thermal
Conductivity

W/m-K

122.1

118.

1 121.0

111.0

113.8

119.2

113.8

111.6

St. dev.**

W/m-K

1.0 1.8

0.4

0.4

2.6

0.7

25

1.5

C.v.**

%

" 08 1.5

03

0.4

2.2

0.6

2.2

1.3
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Fi 42,26 (a). Thermal conductivity for Alloys 1 to 16.
I 2 4.2.26. Pooled ANOVA table for thermal conductivity measurement of Alloys 1 to 16.
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Fig. 4.2.26 (b). Thermal conductivily of Alloys 17 to 24.
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4.2,9 Effect of Alloy Chemistry
on Electrical Conductivity

The measured electrical conductivity of the alloys in Table 2.5
is shown in Tables 4.2.27 (a) and (b). For ease of visualization,
the same information is presented in chart form in Figures
4.2,27 (a) and (b).

Results of the pooled analysis of variance for electrical con-
ductivity of the alloys in Table 2.5 are shown in Table 4.2.28.
Table 4.2.28 shows that, at the levels studied, the element that
affects electrical conductivity most significantly is silicon. Its
relative contribution to the variance in electrical conductivity
is about 46%. Copper and titanium have significant effects,
contributing to the variance in electrical conductivity about
15% and 13%, respectively, and are followed by Zn, Fe, Mg,
and Sr, in decreasing order. The interactions of Fe X Mn and
Si x Mg also have some effects. As expected, all element ad-
ditions decrease the electrical conductivity, but to varying
degrees, except Sr. The results showed that Sr, at higher level,
slightly increased the electrical conductivity, contributing
about 1% to the variance. The percent contribution due tothe
error term in this analysis is small, about 3.6%, which shows
that the design of the experiment and the performance of the
electrical conductivity measurements were adequate.

Considering only the elements in Table 2.5 and their
interactions, the maximum room temperature electrical
conductivity can be obtained from an alloy with the follow-
ing composition:

Element
Wt. %

|Si|Cu|Mn|Zn|Ti|Fe|Mg Ni | Cr |$r
l6.96[1.21]0.01]0.46]0.01[0.65(0.04[0.04-0.47] 0.01-0.14 0.02

At this composition the projected room temperature elec-
trical conductivity is 31.1 = 0.4 %IACS at a confidence level
of 95%. It is also useful to note that, considering only the

elements in Table 2.2 and their interactions, the minhmuny
room temperature electrical conductivity (i.e., maximum roony
temperature electrical resistivity) can be obtained from aty
alloy with the following composition: ’

Element | Si [Cu|Mn|Zn|Ti|Fe|Mg| Ni | Cr Is"
Wt. % |12.85[4.90[0.012.87]0.19]1.550.46] 0.04-0.47 [ 0.01-0.14 [0.00,

At this composition the projected room temperature elec.
trical conductivity is 16.5 = 0.4 %IACS at a confidence level
of 95%.

As in heat transfer, the larger grain boundary areas and
larger interfacial areas between intermetallic compounds and
the alloy matrix contribute more barrier to the electron move-
ment, and consequently reduce the electrical conductivity.
So, generally, the greater amounts of elements in the alloy
and the smaller the grain size, the lower the electrical con-
ductivity. Among the sixteen alloys in Table 2.5, Alloy 1 has the
least element contents and is not grain refined and so it has
the highest room temperature electrical conductivity (30.71x
0.19 %IACS). Alloy 11 has the lowest room temperature elec-
trical conductivity (19.42+ 0.19 %IACS) among these alloys.
This is because it has a high Si content, is grain refined, and il
also has a high Fe and low Mn and Cr contents, which give the
alloy large amounts of Fe bearing needles. The needle phase
has the largest surface:volume ratio and therefor it has the
largest interfacial area with the alloy matrix, and consequentiy
it affects thermal conductivity more than the other morpholo:
gies. Alloy 15 has the same characteristics as Alloy 11, high S
content, grain refined, and high Fe and low Mn and Cr con:
tents, so it has the room temperature electrical conductivity
(20.19 = 0.58 %IACS) as low as Alloy11. The grain structures
and microstructures of Alloys 1 and 15 are shown in Figs

4.1.1 (@) and (b), 4.1.3 (@) and (b), 3.1.5 to 3.1.8 and 3.15.5 1¢
3.15.8, respectively, and were discussed earlier.

Table 4.2.27 (a). Summary of average electrical conductivity for Alloys 1 fo 16.

Alloy 1 2 3 4 5 6 1 8
Electrical
Conductivity %IACS 30.71 26.21 26.60 22.56 26.99 25.41 22.16 23.51
St. dev.** %IACS 0.19 1.53 0.21 0.22 0.09 0.15 0.72 0.02
C.V** % 0.6 5.8 0.8 1.0 0.3 0.6 3.2 0.1
Alloy 9 10 1 12 13 14 15 16
Electrical
Conductivity %IACS 21.28 20.31 19.42 23.55 20.44 21.65 20.19 24.53
St. dev.* %IACS 0.30 0.06 0.19 0.1 0.04 0.1 0.58 0.49
C.V.** % 1.4 03 1.0 0.5 0.2 0.5 29 2.0

*St, dev. - Standard deviation

**C.V. - Coefficient of Variation (= St. dev/Mean 100%)
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Table 4.2.27 (b). Summary of average electrical conductivity for Alloys 17 to 24. 4

Alloy 11 18 19 20 21 22 23 24 L3

Electrical dit
Conductivity | /ACS| 2612 24,00 24.34 22.13 21.56 23.21 22,70 21.64 ov

St. dev.* %IACS| 0.38 0.14 0.25 0.09 0.24 0.45 0.62 0.09 cl;
[0}
C.V** % 1.5 0.6 1.0 0.4 1.1 2.0 27 0.4 the
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/ 2.27 (a). Electrical conductivity of Alloys 1 to 16. Fig. 4.2.27 (b). Electrical conductivity of Alloys 17 to 24. de
Table 4.2.28. Pooled ANOVA table for electrical conductivity measurement for Alloys 1 to 16. . Ta.
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4.3 Chemistry—Property Correlation

Data on mechanical and physical properties of twenty-four
die casting alloys has been presented in Chapter 3. How-
ever, one may require estimates of a particular property at
chemistry points between those cited in this book. One way
of providing this information is through fitting curves to
the discrete data in order to obtain intermediate estimates.
Multiple regression analysis is used to generate such
curves. Because measured data inevitably exhibits some
degree of error or “noise”, multiple regression analysis
techniques seek to derive a single curve that represents
the general trend of the data. Because any individual data
point may be inaccurate, no effort is made to intersect
every point. Rather, the curve is designed to follow the
pattern of the points taken as a group. The process of us-
ing the pattern of the data to make predictions is often
referred to as trend analysis. Trend analysis may be used
to make extrapolations beyond the limits of the observed
data or interpolations within the range of the data. In both
cases one must keep in mind that these are predictions
based on mathematical models, and as such are always
subject to inaccuracies. Therefore, predicted property val-
ues must always be verified before they are used in any
design.

Table 4.3.1 lists equations that relate the various proper-
ties of aluminum die casting alloys to alloy chemistry. The
equations were obtained by performing multiple regression
analysis on property data for Alloys 1 through 24. In each case,
the “goodness of the fit", as described by the r? value!, is given.
It must be well understood that these equations were obtained
using a very limited number of data points (25 alloy composi-
tions). For a robust statistical analysis where 10 factors (alloying
elements) are involved, it is recommended that at least 100
observations (different alloys) be used to ensure a high de-
gree of accuracy. Hence, these equations may not be used as
property predictors in the design of die cast parts and compo-
nents, but rather as trend indicators.
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Table 4.3.1. Trend equations for the effect of alloy chemistry on the various properties of aluminum die casting alloys.

TREND EQUATION r I
P1 = 44.93-0.4651+0.67Cu-0.18Fe+0.76Mg-0.13Mn+0.23Ni-+0.16Cr+0.33Zn+0.20Ti+0.355r 0.899  0.808
P2 = 34.93-0.13Si+0.88Cu+0.02Fe+0.87Mg+0.10Mn-+0.16Ni+0.27Cr-0.04Zn-0.05Ti+0.31Sr 0.851 0.725
P3 = 18.07+0.16Si+0.60Cu-+0.26Fe+0.60Mg-+0.16Mn +0.13Ni+0.11Cr-0.42Zn-0.03Ti+0.06Sr 0.756  0.571
P4 = 12.56-+0.31Si+0.75Cu+0.12Fe+0.77Mg-0.08Mn+0.04Ni+0.14Cr-0.36Zn+0.12Ti+0.08Sr ~ 0.820  0.672
P5 = 12.62-+0.37Si+0.80Cu-0.12Fe+0.75Mg+0.09Mn+0.07Ni+0.15Cr-0.42Zn+0.06Ti+0.01Sr ~ 0.824  0.679
P6 = 12,98-+0.17Si+0.59Cu+0.14Fe+0.52Mg-+0.15Mn+0.05Ni+0.19Cr-0.47Zn+0.03Ti+0.08Sr  0.691 0.478
P7 = 10.62-0.61Si-0.50Cu-0.46Fe-0.57Mg-0.21Mn-0.07Ni-+0.06Cr-+0.25Zn+0.08Ti--0.07Sr 0.938  0.880
P8 = 17.39-0.61Si-0.563Cu-0.45Fe-0.62Mg-0.19Mn-0.09Ni+0.02Cr+0.20Zn-+0.05Ti+0.08Sr 0.941 0.885
P9 = 25.34-0.44Si-0.51Cu-0.39Fe-0.562Mg-0.26Mn-0.18Ni-0.10Cr+0.22Zn+0.01Sr 0.855  0.731
P10 = 11.52+0.67Si+0.54Cu-0.04Fe+0.56Mg-0.008Ni-+0.33Cr+0.06Zn+0.22Ti-0.12Sr 0.852  0.725
P11 = 7.55-0.39Si-0.44Cu-0.44Fe-0.75Mg-0.31Mn-0.14Ni+0.04Cr+ 0.02Zn-+0.1Ti+0.04Sr 0.905  0.819
P12 = 10.49+0.52Si+0.63Cu-+0.27Fe-+0.81Mg+0.16Mn+0.13Ni+0.03Cr-0.08Zn-0.03Sr 0.901 0.812
P13 = 148.50-0.47Si-0.19Cu-0.46Fe-0.60Mg-0.02Mn-+0.02Ni -+0.02Cr-0.26Zn-0.38Ti+0.22Sr 0.820  0.673
P14 = 36.44-0.725i-0.26Cu-0.32Fe-0.63Mg-0.08Mn--0.01Ni+0.02Cr-0.36Zn-0.27Ti+0.31Sr 0.890  0.792

P15 = 2.71-0.40Si+0.74Cu+0.30Fe+0.87Mg+0.09Mn+0.06Cr+0.51Zn-+0.56Ti

0.980 0.961

P1 is room temperature ultimate tensile strength in ksi.
P2 is ultimate tensile strength at 100°C in ksi.

P3 is ultimate tensile sttrength at 200°C in ksi.

P4 is room temperature yield strength in ksi.

P5 is yield strength at 7100°C in ksi.

P6 is yield strength at 200°C in Ksi.

P7 is room temperature elongation.

P8 is elongation at 100°C.

P9 is elongation at 200°C.

P10 is maximum stress for a fatigue life of 100,000,000 cycles in ksi.
P11 is impact resistance in Ib, * fi.

P12 is hardness (RHB).

P13 is thermal conductivitly in W/mK.

P14 is electrical conductivity in %IACS.

P15 is specific gravity.

1 12 js the coefficient of determination, where r is the correlation coefficient. For ¢
perfect fit, P = 1, signifying that the curve explains 100% of the variability of tht
data.r*= Osignifies that the curve does not represent the data.
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