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PREFACE
1

This book is written primarily as a reference source for die-
casters, alloy designers, as well as for manufacturing
engineers and design engineers. His organized to allow easy
access to important alloy 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
of the book are:

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

2, To relate the microstructure 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 microstructure 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 yield
strength, and elongation are also given. Chapter 4 discusses
the evolution of the various microstructure 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
bythe North American Die-Casting Association (NADCA) and
the US Department of Energy (DOE). We express our grati-
tudeto both organizations. Special thanks gotothe 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:
CM I International, Inc., Doehler-Jarvis Company, General Moe
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 whc
played an important role helping us perform the measure.
ments and collect the data.

M. MAKHLOUF D. APELIAN, L. WANG
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lNTRODLJc TION 5

The casting process has always been a major manufactur-
ing method for aluminum based products. The production of
aluminum castings bythethirty-seven major industrial coun-
tries in 1996 totaled 6.37 million tons, and of those the USA
accounted for 1.64 million tons. [’l 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
In the appeal of the die casting process may also be attributed
to the excellent die casting characteristics of aluminum al-
loys, as wellas, 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[’1.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-
siumo~

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 “A/umhumA//oys”, 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 Wor/dA/wnhum Afxfracfs
from 1968 to 1992 and A4efa/ 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 (WPl)
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 alloys 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 lensile 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 properties, The results of this compre.
hensive study are presented in this book.

References
1..A modem casting Staff Report, ‘31s~Census of World Casting Produc

tion-1996”, Modern Casting, Vol. 87, No 12, Dee, 1997, p40-41.

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

3. “State of the Industry Summaryn NADCA LINKS, Feb 1998, p. 1.
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2,1 Alloy Chemistry
7])0 elements which are commonly found in aluminum die
wrrdlng alloys and have a substantial effect on the alloy’s
inlwostructure and performance are copper, magnesium,
ftthnganese, silicon, zinc, chromium, titanium, iron, nickel,
find strontium. Copper, magnesium, manganese, silicon, and
Z[DCare usually intentionally added to commercial aluminum
alloysto increase strength, particularly when coupled with
hod treatment.l%ese elements are all soluble in aluminum,
BnctIn all cases the volubility increases with increasing tem-
perature. Of all the elements, zinc has the greatest volubility
In tduminum (a maximum of 66.4%). Most of the other alloy-
)IKIelements form second phase microstructural constituents
thut are usually intermetallic in nature. Iron is always present
{0 commercial aluminum alloys, it is often introduced into
lho alloy unintentionally through the use of steel tools during
molting and casting and the use of scrap that contains iron or
Iron oxide. For most aluminum foundry alloys, the presence of
Iron is detrimental, and efforts are made to keep its levels as
low as possible and economically feasible. However, in alu’
mlnum die casting alloys iron is added purposely to minimize
dle 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
[p 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 to illustrate 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,Gand a modi-
fied ~. The L,Gorthogonal 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 L1~Taguchi orthogonal array incorporates only the high
and lowends of this range, an ~array was needed in orderto
investigate the effects of these elements at levels that are
intermediate to the range used in the L,Gorthogonal array.
In the modified ~ 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,G
Taguchi Orthogonal Array, and Table 2.2 shows the targeted
and achieved average compositions in this array. Table 2.3
shows the layout of the modified LaTaguchi 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.
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Table 2.4. Targeted and achieved average compositions in the modified L, Taguchi Orthogonal Army.

!12 (%0) Level 3 (%) Level 4 (%)

Achieved Targeted Achieved Targeted Achieved

9.50&0.01 I 10.0 I 9.68+0.02 I 11.0 110.91+O.O4I

4.37+0.55 I

1.21+0.22

0.04+0.02
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Table 2.6, Chemical composition of the alloys in the L, Taguchi Orthogonal Array.

\lloy Composition (%)
No. Si Mg Fe Cu Ni Cr Mn Ti Zn

Targeted 8.00 0.10 1.00 2.50 0.05 0.00 0.00 0.00 1.00
17

Achieved 8.39 0.02 0.90 2.71 0.04 0.06 0.22 0.03 1.10

Targeted 8.00 0.30 1.30 3.75 0.05 0.00 0.00 0.00 2.00
18

Achieved 8.19 0.02 0.91 3.87 0.03 0.04 0.17 0.03 2.20

Targeted 9.00 0.30 1.00 2.50 0.05 0.00 0.00 0.00 2.00
19

Achieved 9.49 0.02 0.87 2.61 0.03 0.05 0.23 0.03 2.20

Targeted 9.00 0.10 1.30 3.75 0.05 0.00 0.00 0.00 1.00
20

Achieved 9.50 0.09 1.43 4.00 0.13 0.06 0.21 0.05 1.10

Targeted 10.00 0.10 1.30 2.50 0.05 0.00 0.00 0.00 2.00
21

Achieved 9.66 0.05 1:22 2.68 0.03 0.06 0.26 0.03 2.10

Targeted 10.00 0.30 1.00 3.75 0.05 0.00 0.00 0.00 1.00
22

Achieved 9.69 0.05 1.05 4.54 0.04 0.06 .0.27 0.03 1.20

Targeted 11.00 0.30 1.30 2,50 0.05 0.00 0.00 0.00 1.00
23

Achieved 10.88 0.05 1.27 2.62 0.04 0.06 0.26 0.03 1.20

Targeted 11,00 0.10 1,00 3.75 0.05 0.00 0.00 0,00 2.00
24

Achieved 10.93 0.05 1.02 5.06 0.12 0.06 0.24 0.05 2.20

2.2 Specimen Production
The data that are presented in this bookwere obtained from
specimens produced bythefollowing procedure: one thousand
pounds of each of the alloy compositions were melted and held
in a clean graphite crucible in a typical meHing/holding fur-
nace. The specimens were produced on a 250-ton aluminum
die casting machine. Prior to every die casting run, the die was
preheated, and the first twenty shots were discarded to ensure
specimen consistency The shot profile was continuously moni-
tored and recorded,A list of typical processparameters isshown
in Table 2.7. All the test specimens were x-ray inspected and
defective specimens were identified and discarded.

2.3 Material Characterization

L .Jlg cwves
Cooling curves for the alloys investigated were obtained using a
K-type thermocouple placed at the center of a graphite mold
cavity The thermocouple was connected to a data acquisition
systemto recordthetherrnal history.The mold and thermocouple
set-up is shown in Figure 2.1. In each test 10 Ibs. of alloy were

melted in a gas-fired furnace in a 12-lb. capacity silicon carbic
crucible. The melt was heated to 795&5°C, At this temperatu
the melt surFacewas drossed and the melt was transferred ar
poured into the mold using a 2 lb. ladle. The time elapsed dl
ing melt transfer and pouring was Iessthan 10seconds. In ord
to insure repeatability, three measurements were performed
each alloy.

Samples (0.5x0.5x0.25 inch) were sectioned from the ar[
around the thermocouple tip at the center of each casting. TI
locations ofthe samples areshown in Figure2.2. Optical micra
copy and scanning electron microscopy (SEM) were used
analyze the morphology, size, and distribution of the vario[
phases in each sample. The different phases and their compo:
tions were also identified using EDX.

Dfirential ThennalAnalysis

The DfierentialThermal Analysis(DTA) samples weretakenfro
a location that is next to the microstructure analysis sample, i
shown in Figure 2.2, DTA measurements we
conducted using a Perkin-Elmer DTA 1700 System equipp[
with a Thermal Analysis Data Station. The sample weig
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)h$h2.7.Die casting parameters used to produce the test specimens.
?---
Carsting Temperature 650°C (12000F)

Cycle Time 20 seconds

Slow shot velocity 9.4 i riches per second

Fast shot velocity 23.0 inches per second

Peak velocity 48-58 inches per second

Die close pressure 1,100 psi

Shot pressure 1,000 psi

tntensif vi na messure 3,100 psi

Thermocouple

r

~ To Data Acquisition
System

7%
1.75”

F/g, 2.1. The mold and thermocouple setup for the the thermal history
‘measurement.

Samplefor
Microstructural

Aaalysie SampleforDTA
\

equipped
)Ie weight Fi~,2.2, The\OCatiOjrSof the samples for microstructure analysis and

was between 60 and 70 mg, and the purge gas used was nitro-
gen at a flow rate of 40 cc/min.Thesample was rapidly heated to
800”Cand then the analysis was conducted at a cooling rate of
10IYmin.

Microstructure Analysis

Specimens cut from the die cast tensile bars were prepared
for microstructure analysis using standard metallographic
techniques. These techniques included mounting in Bakelite
followed by grinding with silicon carbide paper and polish-
ing with silica gel. When needed, specimens were etched
with a 59’oHF solution for 15 seconds. The specimens were
exam.fned using optical microscopy and scanning electron
microscopy (SEM). Energy Dispersive X-rays (EDX) was used
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-
copy and scanning electron microscopy to identify the origins
of the fatigue cracks.

2.4 PropeHy Measurement

Mechanical Property Tests

Room Temperature Tensile Test

A minimum of thirty-five specimens from each alloy com-
position was used to determine the room temperature
tensile properties of the alloys. The specimens were tested
three months after they were produced. The tensile tests
were conducted according to ASTM standard B557 [11us-
ing the ASTM standard tensile specimen shown
schematically in Figure 2.3, All tests were performed at
room temperature using a Universal Testing* machine.
Strain was measured using an axial extensomete~ with a
gage length of 2 inches. The extensometer was used until
the specimen fractured and the testing machine ramp rate
was 0.05 in/rein. The data, in the form of load vs. displace-
ment, was monitored using a strip chart plotter, and also
stored in a personal computer, The data stored in the com-
puter was analyzed using specially designed software to
obtain tensile strength (TS), yield strength (YS), elonga-
tion (e), and modulus of elasticity (E).

t J5M840 scanningelectron microscopeequipped with stoge automoted digits.
imoge analysis, a light element Quontum X-Ray detector with o Kevex Deltc
system,and a wavelength dispersivex-ray analyzer.

1 InstronServa-Hydrau/icTension-compressionSystemmodel 1332equipped witk
an 8500 controIleranda5620 pound load cell.

3 MTSextensometermade1634.25.
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Fig, 2.3. ASTM Standard tensile test bar for die castings [1-L

Elevated Temperature Tensile Test

A minimum of five specimens from each alloy composition was
used to determine the elevated temperature tensile properties
of the alloys at each of the elevated temperatures. The speci-
mens were tested five months after they were produced. The
tensile tests were conducted according to ASTM standard E21
[2] using theASTM standard tensile specimen shown schemati-
cally in Figure 2,3, Tests were performed at two temperatures:
10O”Cand 200”Cusing a Universai Testing4machine. Strain was
measured using a high temperature axial extensometeP with a
gage length of 1 inch.The extensometer was used until the speci-
men fractured and the testing machine ramp rate was 0.05 in/
rein, The data, in the form of load vs. displacement, was moni-
tored using a strip chart plotte~ and also stored in a personal
cl uter.The data stored in the computer was analyzed using
sp-lally designed software to obtain ultimate tensile strength
(UTS), yield strength (YS)b,elongation (e), and modulus of elas-
ticity (E).

Specimens were heated tothetest temperature, held attem-
perature, and tested to fracture in an environment chamber7.
Three thermocouples were securely attached to the
specimen’s surface inside the reduced section. In addition,
a fourth thermocouple was left in air inside the chamber in
close proximity to the specimen. The readings of these four
thermocouples were used to monitor the heating scheduie.
For tests at 100”C,the chamber preheating time was 60 min-
utes when the chamber was coid-started and then for each
specimen the heating time was 20 minutes and the holding
time was 20 min. For the tests at 200”C, the chamber pre-
heating time was 90 minutes when the chamber was
cold-started and then for each specimen the heating time
was 40 minutes and the holding time was 20 min. The cham-
ber temperature did not vary by more than *3°C, and the
temperature at the center of the specimen was within *l°C
of the desired test temperature. The temperature difference
along the reduced section of the specimen was within *l°C
during holding and testing.

Fatigue Test

Two to five specimens from each alioy composition were
tested at each stress level, and a minimum of six different
stress Ieveis was used to generate the fatigue curve for each
of ? ailoys, Specimens were prepared according to ASTM
s~~ .Jard E466 [3], which is shown in Figure 2.4. The grip sec-

4 Imtron model 1332 equipped with on 8500 controllerand a 5620 pound load
cell.

MTS high temperature exterrsometerModel 633.1lB-15.

.Vrrcek isdifficult to discernthe stressat whichyie/ding accursin these aiioys,
the 0.2% offsetmethod was used to determine the yieldpaint

Instron environment chamber Model 3116.

----- ,. ..., . . .

/
I@2is”

As-cast Machined surface

-. --—-—-—-.—-—-—~~”_--—- -—-—-—-—- —- .

——— —-— #

Fig. 2.4. Schematic of fatigue test specimen.

ReYoiution
Collllter

!!2!?s
Shutoff
Stitch

fig. 2.5. Schematic diagram of a RR Moore Rotating Bending Est Machirx

tions of each specimen were machined to fit the fatigue mt
chine and to ensure proper aiignment. The reduced section c
the specimens was kept in the as-cast condition; howeve~ th
parting iine flash was removed with a fine file. After removin
the patting Iinefiash, the specimens were poiished in a Iongitl
dinal direction with 800 grit silicon carbide paper foliowed b
1200 grit silicon carbide paper. Specimen testing was starte
three months after the specimens were produced and Iaste
approximate y twelve months. All tests were performed at roor
temperature using R. R. Moore Rotating-Bending Fatigue m{
chines. A schematic representation of the R. R. Moor
Rotating-Bending Fatigue machine is shown in Figure 2.!
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1SluI!ou
Milch

I...........
;st Machine.

digue ma.
section of
weveq the
removing

Ia iongitu-
dlowed by
as started
m~ “wted
xl ~om
itigue ma-
R. Moore
!gure 2.5.

Four identical machines were used, and specimens were
IMed randomly on all four machines. The tests were con-
ducted according to established standards and the rotation
speed used was approximately75OOrpm.

Although many analysis procedures are available for de-
scribing stress vs. number of Cycles (S/fV) curves, none of
Ihose procedures is universally accepted and applied. The
procedure best suited for a particular experiment depends
(o a large extent on the characteristics of the raw data and
on the objectives of the analysis. The general mathematical
model used to represent the mean S/fV curves presented in
Ihlsbook is [4].

~09~ = ~0 + ~IX Log (L%X-SO) (2.1)

Where AO,A1,and SOare constants that are calculated using
nn Iterative least square technique. It can be easily seen from
Equation2.1that when S.~~S., N+ .Themfore, S is the
tindurance limit, orfatigue life of the ailoyforthe given test con-
dl~lons. Nonlinear regression analysis was used to derive the
particular curve that best fits the S/N data for each alloy.
One of the most important issues in performing regression
nnalysis on fatigue data is the treatment of “runouts”. The
term “rmouf” refers to data points where the number of fa-
IIOuecycles recorded did not cause failure underthe imposed
dress level. In this study, the experiment was stopped when
(he number of cycles exceeded 5X107and the specimen did
not fail, For each alloy, three or more such runouts were re-
corded. At least five procedures have been proposed for
treating runouts [4, 5]. In this work the two step process [4,
U]was used to treat the runouts. In this process atria] analy-
BISis performed with ali runouts excluded and a mean S/A/
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 testis the energy absorbed by
the specimen in fracture undera dynamic load, which is also
called absorbed energy, fracture energy, and impact energy.
A simple beam, pendulum &pe, Charpy Impact apparatus
was used. The weight of the pendulum was 24 lb-s.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
16fth 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°i? Forty-five specimens were tested for each
alloy composition.

I Ipw

Twotestsp~ime~arecutfiomthisbar 0.250” o)M,i

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 siiica 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 whiie a con-
trolled flow of grit abrades the test sutiace. 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 t-

Hopper

v Sand

l“x3;x(0.12-0.5”)

Rubber Lined Wheel

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

Hardness Test

Hardness measurements were performed according toASTM
standard El 8. The test was performed on a Rockwell Hard-
ness TesteP, 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

a Model 3JR.
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hble 2.8. Wear resistance test parameters.

Test Machine FALEX Abrasive Tester
Sample size ‘i” X 3“ X 0.25”

Wheel diameter !
y,

Wheel width 0.5”

Wheel hardness Durometer A-90

Wheel speed 200 rpm

Test duration 10 minutes

Linear abrasive 4713 ft.

Test load 30 lb.

Abrasive AFS 50-70 test sand

Sand flow rate 0.74 lb./rein.

Fonx

I I

1:‘~
—z.

Refqence
Speamen Thermocouple

Guard Shell
— z,

— z,
SpZ%en —Zr

Insulation — z,

\

ThermoooupIe 4— z,
Refqence
Spearnen

. .4— z,

7..,$(,,,~’, .! .’,”, ,. ,’,.,.,,. .,,
,,, [=j ,,,, : .’,’;::,,

I ,. ‘ J“ ,, ... ,,. ‘ I

I I I
Force U I ;. I t_jForce

r,

‘ig. 2,8, Schematic of apparatus for thermal conductivity measurement
Jsing Guarded-Comparative-Longitudinal Heat Flow Technique.

samples, were tested, Each group of specimens represented a dif-
ferentcrosssectional area. Group 1specimens 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 t%tiguetest bars, and
thehardness was measured at the location where the diameter is
—
8 Re. .nce Moterio\ 5RM8426 purchosedfrom USNotionol Institute for Strmdords

10
and Technology.

ASTMstondord8109 sugge$tsa specimen/ength of ot least 12inches.7he standard
doesnot specifywhet effectsthe length hos on the accurov of the measurement,
butitsuggestsa 12-inchspecimenlengthtoensurearesistanceofmorethan 0.00001
(2 in the test length between the potentiometercontacts.7he specimensthat were
usedwere8.25inchesin lengthbuthada resistancein therangeofO.0003 - 0.0005~
which satisfiesthe standard!! requirementon resistivity.

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

Physical Ptvperiy Measurements

Specific Gravity Measurements

Archimedes’ Principle was used to measure the specific gravii
typical specimens cutfromthealloys.l%e avemge specificgrz
reported for each alloy is obtained from five measurements
formed on five different specimens.

Thermal Condudivity Measurements

A minimum of three specimens from each alloy composition’
used to determine the room temperature thermal conductivil
the alloys, and each specimen was tested five times. The SF
mensweretested intheas-castcondition approximately s”~mol
aftertheywere produced.lhemnal conductii”~measurementsv
conducted according toASTM standard E1225 C71using the al
ratus shown schematically in Figure 2.8.

The reference material wasgraphdeg and had athermal com
tivi~ of 91.3 W/m.K at 25°C. The thermocouples used were O
inches K-type with a closed end stainless steel shield.

Elect&al Condudivity Measurements

ASTM standard B109wasusedto measuretheelectrical resist
of the specimens,lle specimens were machined from theter
test barsto a diameter of 0.200 inch and a length of 8.25 inch’”.
specimens had a uniform cross section throughout their Ier
and the cross sectional area varied by no more than &O.75Y0.
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Alloy
Composition(%)

No. Si Mg Fe Cu Ni Cr Mn Ti Zn

1 7.15 0.03 0.68 1.24 0.01 0.01 0.01 0.01 0.44

2 6,99 0.01 0.56 1.15 0.01 0.01 0.47 0.24 2.87

3 6.98 0.04 1.49 4.99 0.44 0.13 0.01 0.01 0.47

4 6.94 0.04 1.48 4.74 0.47 0.15 0.45 0.16 2.69

5 7.05 0.44 0.67 1.18 0.53 0.14 0.01 0.01 2.76

6 6.98 0.44 0.57 1.13 0.48 0.13 0.45 0.18 0.38

7 6.92 0.50 1.63 4.94 .0.03 0.01 0.02 0,01 2.73

8 6.79 0.46 1.49 4.77 0.01 0.01 0.45 0.20 0.42

9 12.71 0.05 0.63 4.96 0.06 0.14 0.01 0820 0.50

10 12.69 0.03 0.73 5.09 0.07 0.11 0.37 0.01 2.73

11 12.86 0.04 1.59 1.21 0.45 0.01 0.01 0.18 0.49

12 12.95 0.05 1.55 1.29 0.46 0.01 0.43 0.01 2.91

13 13.03 0.46 0.58 4.70 0.44 0.01 0.01 0.17 2.61

14 12.94 0.48 0.74 4.77 0.50 . 0.01 0.57 0.01 0.55

15 12.78 0.47 1.51 1.27 0.06 0.14 0.01 0.18 2.94

16 12.86 0.41 1.63 1.21 0.06 0.14 0.44 0.01 0.46

17 8.39 0.02 0.90 2.71 0.04 0.06 0822 0.03 1.10

18 8.19 0.02 0.91 3.87 0.03 0.04 0.17 0.03 2,20

19 9.49 0.02 0.87 2.61 0.03 0.05 023 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 0.05 122 2.68 0.03 0s06 0026 0.03 2.10

22 9.69 0.05 1.05 4.54 0.04 0.06 027 0.03 1.20

23 10.88 0.05 1.27 2.62 0.04 0.06 0c26 0.03 1.20

24 10.93 0.05 1.02 5.06 0.12 0.06 0.24 0.05 2.20

Sr I
0.000 I
0.018 I
0.018 I
0.000 I
0.000 I
0.018 I

3
0.022

0.000

0.017

0.000

3
0.000

0.023

0.021

0.000

0.000

--l0.024

--l
-.
--l
--

d
...--
. . .

I
--- I
--- I
---
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Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
#l

wL”/o
7.15 0.03 0.68 1.24 0.01 0.01 0.01 0.01 0.44 0.00 Balance

L

+lloy

1/1
.—

Ksi 39.6*0.9
25°C

MPa 273.0&6.2

1Oo”c
Ksi 32.9*1.O

MPa 227.0k6.9
Ultimate

200”C ga
20.2+0.2
139.0$ 1.1Strength

Ksi 16.6+0.4
25°C

MPa 114.552.8

100°c
Ksi 16.8+0.5

MPa 115.8*3.2
Yield

Elongation 100”C I % I 10.49+2.03
200”C I % [ 19.35*2.71

25°C
103Ksi 10.54+1.02

103MPa 72.64*7.06

100”C
103Ksi 7.77*0.88

103MPa 53.57~6.03

200”C
103Ksi 7.47*0.68

103MPa 51.50+4.68

25°C
Ksi 15.40

MPa 106.18

Modulus of Elasticity

100,000,000 cycles

Ksi
25°C

14.96

MPa 103.15
500,000,000 cycles

25°C
Joules 6.83*0.58

lb.ft. 5.04*0.43
Impuct Rcsislance Absorbed Energy

Wcur Rcsislance Volume Loss 25°C cm3 0.3883i-O.0220

25°C l?.H13 29.9k2.l

25°C RH13 16.9*3.7

25°C RHB 19.8* 1.6

25°C W/m.K 137.1*1.O
25°C % IAcs 30.71*0.19

% x Vi inch flat die casting
Hurdncss

0

Z()

Is

1.1

3/8 inch diameter die casting

5/8 inch diameter die casting

“1’hcrmul Conductivity

LHccwicnl (lmductivitv

_ llklti~iil Rcsistivity

Specific Gravity

25°C 108 S2m 5.614+0.035
25°C ~m3 2.720

ALLOY 1

.-, ..— .. .—. -m . . —m, —. —..-
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w

Alloy
WL’XO

Si Mg Fe Cu Ni Cr MII ~ z~ & M

#1 7.15 0.03 0.68 1.24 0.01 0.01 0.01 0.01 0.44 0.00 Balance
w

45

25°C

35-

II

L

25

200”C

15-

, # 1

0 5 10 15 20

strain (%)

1.E+03 1.E+04 LE+05 1.E-m6 1.E+07 1.E+08 1.E+09

C!yclestoFailure

Fig. 3.1.1. 7j/pical stress vs strain cuwes for Alloy 1
at temperatures of25”C, 100”C, and200°C.

fig. 3.1.2. SIN curve for Alloy 1; the fncture su~ace
shown is fmm the specimen which failed at 6.5x 1(P
cycles under a maximum stress of 16.4 ksi.

ALLOY 1

,.J ... !. ,*. . . ,r. < r. .,,., .,, . . .. . . . . ... ,,. :,.=:. .,-, . .,,,,.,,”4.:.,,, +~ 7. ‘-,.. ... _____ .._
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PROPERTIES OF ALUMINUM DIE CASTING ALLOYS pn(-jp

Alloy Si
Wii!xo

:[L

Mg Fe Cu Ni Cr Mn Ti Zn Sr Al —

#1

A110!

7.15 0.03 0.68 1.24 0.01 0001 0.01 O*O1 0.44 0.00 Balance . //2

Fi ,3. Thermal history of Alioy 1 cast in a graph-
ite .,,old.

fig, t?,1,4, DTA curwfor A1/oy 1 cooled at 10 OC/min.

ALLOY 1

800
; -j
\

700-
:. .

~600- ,

al
5
~ 500-
ar

s
g? 400- ..

, .,

300-
\ ‘) ,
: .:

2007
; :,, , , , >

0 20 40 60 80 100: :
; “:

Time (s)

~ .’

-$

;
Om? —— .

Dc7880i
m Sa.io Bg Scul RAE -10.00 Usg/ain

7 :
AlNOSPWRf2 NITR06EN 40 cc/cin

\
f

i ~

I ~

on
z
: S.Co.. ~ ;

G I
~ j ;

Iq ~ :

i :

.;
:

;-l ~
‘“m S60.lx) 400.IX 440.00 4s0.00

:
-s26:00 -360:00 WO.00” S40,00 mmcl ;

Temperature (oC)
,

1

-m
w

--E

—., , { , ,.,,., ,>.-,<e...-,. .,., ,,.- -..,.. ,-,- , . . . .. . . . . . ... . . . . ... .. ... . .. ..__ . . . .,.-,



r

, AND
,LOY5

...-

CHAPTER 3: ATLAS OF MI CR OS TRUCTURES AND
pROPERTIES oF ALUMINUM DIE CASTING AL LOy S

23

Alloy Si
WLO!O

w Fe c“ Ni c’ ~ Ti z“ s’ ~
#2 6.99 0.01 0.56 1.15 0.01 0.01 0.47 0.24 2.87 0.018 Balanceante I

Ksi 42.4*0.8
25°C

MPa 292.3&5.5

100°c
Ksi 36.5i0.4

MPa 251.4*2.4
Ultimate

200°c
Ksi “22.1*0.2

MPa 152.2+ 1.5
Ksi 20.OAO.4

25°C
MPa 137.9&2.8

Strength

loo”c
Ksi 19.7*0.4

MPa 135.7*2.6

200°c
Ksi 17.3*0.3

IvWa 119.1* 1.9

Yield

Tensile

I 25°C I % I 7.43+1.18 I
100”C % 11.53*2.16
200°c % 14.77*0.90

100 Elongation

25°C
103Ksi 10.92*O.75

103MPa 75.26*5.19

loo”c
103Ksi 8.93*0.49

103MPa 61.54*3.39

103Ksi 7.37&o.53
200°c

103MPa 50.80*3.66

Ksi
25°C

19.12
MPa 131.83
Ksi 19.05

25°C
MPa 131.35

Modulus of Elasticity

100,000,000 cycles
Endurance Limit

500,000,000 cycles

25°C
Joules 8.78+0.78

lb.ft. 6.48*0.57
Impact Resistance Absorbed Energy

25°C I cm3 I 0.4187*0.0288 IWear Resistance Volume Loss
% x ?4 inch flat die casting 25°C 33.8&2.l

25°C 22.5*2.1 $
Hardness 3/8 inch diameter die castimz

5/8 inch diameter die casting 25°C RHB 21.2*2.1

25°C W/m.K 115.5A1.1 %Thermal Conductivity

Electrical Conductivity 25°C I % IACS I 26.21*1.53 I
I

25°C 10-8 Qm 6.578*0.384
25°C ~m3 2.778

Electrical Resistivity
Smcific Gravim.—

ALLOY2

..—/., .— . .$ ...>,, ~.. , .,. —- - . . ..— — —..
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Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
:? WLYO

6.99 0.01 0.56 LX5 0.01 0.01 0.47 0.24 2.87 0.018 Balance

Fig. —; 1. ~picalstress VSstrain curves forAlloy 2 at
tempemtures of 25”C, 100 “C, and200 ‘C.

,._.Z.2. S/N curve for Alloy 2; the fmcture surface}
shown is from the specimen which failed at 2.8 x 1P
cycles under a maximum stress of 25.3 ksi.

A.WOY2
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40-
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o-r -,

0 4 U 16
Strain !%)

1.Eto3 IE+04 1.E+05 LW36 1E+07 1.E+08 1.EM5’

CydatoFdlnrc
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A

Alloy
Wtvo

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 Balance

I

I

8oo-

700-
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8
.
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~ 5oo-
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300-
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: ATwsPn3a.. NrMoeEN 40 cc/Oin
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D
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u 5.lxl
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o iu
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Oml-. — -———— .—— .,. . -._J
mm 400.00 440.00 4s0.00 5Zom aao.ou 5W.00 S40:c!o Sso.oo

Temperature(oC)

Fig.3.2.3. Thermal history ofAlloy2 cast in a gtaphite
mold.

Fig. 3.2.4. DTA curve forA1/oy2 cooled at 10 OC/min.
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Alloy Si
Wti%

Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
#3 6.98 0.04 1.49 4.99 ().44 ().13 0.01 0.01 0.47 0.018 Balance

Ksi I 45.4*1.O I
25°C

aaiHultimate Ioo”c

2oo”c
Strength

25°C

a%ElYield 100”C

Tensile
200”C

I 25°C % 2.08+0.23

% 2.92+0.40
% 5.00+0.78

103Ksi 11.26+0.75

103MPa 77.65+5.20

103Ksi 8.94*0.32

103MPa 61.60*2.18

103Ksi 7.94+0.31

103MPa 54.7452.13

Elongation loo”c
2oo”c

25°C

Modulus of ElasticiV 100”C

2oo”c

Ksi 16.68

MPa 115.00
Ksi 16.41

MPa 113.14

Joules 2.27~0.35

lb.ft. 1.68~0.26
~m3 0.4527*0.0370

60.9+ 1.3

53.7i-2.9
54.1* 1.2

W/m.K 117.1*0.6

% IAcs 26.6*0.21

10-8 Qm 6.48 1*0.05 1
gm3 2.819

100,000,000 cycles 25°C
Endurance Limit

25°C500,000,000 cycles

I Impact Resistance Absorbed Energy 25°C

I Wear Resistance Volume Loss 25°C

25°C

25°C

% x % inch flat die casting
3/8 inch diameter die casting

5/8 inch diameter dle casting& 25°C

25°C

25°C1Electrical Conductivity

Electrical Resistivity
Specilic Gravity

ALLOY3
-i

,, >,,,. >-,.,,..,-,.. .-. , ..%.r! ,.?,..,..= .,.!.......--~.”z- ..........,,...<.?, ~..!,.- ~,,.,7.1.-:.‘.
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Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al

#3
Wt’%o

6.98 0.04 1.49 4.99 0.44 0013 0001 0.01 0.47 0.018 Balance

200”C

o I 2 3 4 5 L
I

40

35

20

15
Li!tm

\
b..

~
1.Eto4

4.,—
@

~
1X* 1.E+OIS LEIUl Ixtos 1.EiQ9

Fig. 3.3.1. ljpicalstress vs strain curves forAlloy3 at
tempemtures of 2FC, 100 “C, and200 ‘C.

Fig. 3.3.2. S/N cuive for Alloy 3; the fracture surface
shown is fmm the specimen which failed at 6.7x 10
cycles undera maximum stress of 20.3 ksi.

QdatOFdhm

ALLOY3
-i.‘.

I
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Alloy Si Mg Fe Cu Ni Cr ~ Ti Zn Sr Al

#3
Wt$zo

6.98 0.04 1.49 4.99 0.44 0s3 0001 0.01 0.47 0.018 Balance

3.3. Thermal history ofAlloy3 cast in agraphite
l,. J.

Fig. 3.3.4. DTA curve forAlloy3 cooled at 10 “C/rein.

ALLOY3
.—.. ..,. .—----- .-----
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Alloy Si Mg Fe Cu Ni Cr h Ti Zn Sr Al
#4 WLYO

6.94 0.04 ,1.48 4.74 0.47 0.15 0.45 0.16 2.69 0.00 Balance

Tensile

I
Endurance Limit

Impact Resistance

Wear Resistance

Hardness

Thermal Conductivity

Electrical Conductivity

Electrical Resistivity
SPeeific Gravity

Strength

Ultimate

Yield

Elongation

Modulus of Elasticity

100,000,000 cycles

500,000,000 cycles

Absorbed Energy

Volume Loss
1Ax 1Ainch flat die casting

3/8 inch diameter die castimz

5/8 inch diameter die casting

.

Ksi 47.oi-o.9
25°C

MPa 324.l&6.2

1Oo”c
Ksi 42.9+0.5

MPa 295.9&3.7

200”C
Ksi 3 1.2+0.4

MPa 215.0*2.8
Ksi 25.5+0.4

25°C
MPa 175.8*2.8

100”C
Ksi 24.9i-O.4

MPa 172.0&2.6

200”C
Ksi 24.0+0.2

MPa 165.6* 1.1

1 25°C I % I 2.81+0.29 I
100”C % 4.10+0.78
200”C % 5.12&0.86

25°C
103Ksi 11.08*0.75

103MPa 76.39*5.15

100”C
103Ksi 8.72&0.16

103MPa 6O.1O*1.O8

200”C
103Ksi 8.06*0.32

103MPa 55.60+2.24

25°c
Ksi 20.47

MPa 141.14
Ksi ‘

25°C
20.33

MPa 140.17

25°C
Joules 2.43*0.32

lb.fi 1.78&0.24
25°C ~3 0.4333*0.0322.

25°C RHB 60.4+ 1.0

25°c 52.7&l.5

25°C 56.0*0.8

25°C W/m.K 108.4*O.8
25°C % JAcs 22.56k0.22

25°C 10-8Llm 7.642*0.075
25°C gm3 2.866

JhLoY4
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Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
‘#4

WLYO
6.94 0.04 1.48 4.74 0.47 0.15 0.45 0.16 2.69 0.00 Balance

).4.1. ~pical stress vs strain curves forAlloy 4 at
tempemtures of 25°C, 100 ‘C, and 200 “C.

‘,3.4.2.S/N curve for Alloy 4; the fracture su~ace
..,own is from the specimen which failed at 1.4 x 107
cycles under a maximum stress of 21.7 ksi.

ALLOY4

50
25°C

200”C

o 1 2 3 4 5 6

Strain (%)

1.s+03 LSW4 1S+05 1JH06 1E+07 1H08 1E+09

Cycle!toFd!nm

_&s
—. ..,.< ~~, ...6.8 ;.m77--?.:::,,., ~,. ..+,,,,:< ..~~ ..;,-,,<..... ... , ...... .’. ,!,. .,. .-—

m

..__..

I
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Alloy Si Mg Fe Cu Ni Cr Mn Ti zn Sr Al

#4
wtJ’Yo

6.94 0.04 1.48 4.74 0.47 0.15 0.45 0.16 2.69 0.00 Balance
4

40 so ml la ml
lime (s)

10.(

S.c

0.(

3C7800$

WV 69,ao mg SCAN RAT12 ‘10.00 dE9/miP

ATHOSPiiSR&NITROGEN 40 cebin

/’
Temperature(oC)

\

Fig. 3.4.3. Therrnalhistory ofAIloy4 cast in a gtaphite
J mold.

Fig. 3.4.4. DTA curve forAlloy 4 cooled at 10 OC/min.

AUOY4

,, .,--.,. ,,, -, .,.. .-,.~.-m”wr. ........>-.,.? . -., ..... .... !. ,, -.,. & .,
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Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al

#5
wk”/o

7.05 0.44 0.67 1.18 0.53 0.14 0.01 0.01 2.76 0.00 Balance

Tensile

Endurance Limit

t

I Impact Resistance

Hardness

t+=%=%

Electrical Resistivity
I Specific Gravity

Strength

ultimate

Yield

Elongation

Modulus of Elasticity

100,000,000 cycles

500,000,000 cycles

Absorbed Energy

Volume Loss
% x % inch flat die casting

3/8 inch diameter die castirw

5/8 inch diameter die casting

Ksi 44.4*0.7
25°C

MPa 306.1*4.8

100”C Ksi 40.2+0.5

MPa 277.4A3.3

2oo”c
Ksi 29.6&0.4

MPa 204.3*2.9

Ksi 24.93-0.3
25°C

MPa 171.7*2.1

100”C
Ksi 24.5&0.6

MPa 169.2&3.8

200”C
Ksi 24.3+0.5

MPa 167.3*3.6

25°C % 3.76*0.52
100”C % 6.39*1.05
2oo”c % 7.00*1.83

25°C
103Ksi 10.67+0.43

103MPa 73.57&2.94

100”C
103Ksi 8.55*0.23

103MPa 58.94*1.58

2oo”c
103Ksi 7.72+0.20

lCPMPa 53.25*1.26

25°C
Ksi 17.55

MPa 121.00
Ksi

25°C
17.37

MPa 119.76

25°C
Joules 4.24+0.49

lb.ft. 3.13&0.36
25°C ~3 0.5256+0.0312

25°C 51.OA1.2

25°C 38.9+ 1.3

25°C 46.8+ 1.5

25°C W/m.K 126.0+ 1.0
25°C % IAcs 26.99*0.09

25°C 10-8 Qm 6.388*0.021
25°C ~m3 2.760

ALLOY5
,., ,., (., ‘..... r, -, r ,-.;.,:.,, .#,.’.,~,..~ ..,,,.1. . . . . . ., .,:-ZS.,.,,,.,,. , .-. .>,.,..,. ._________..
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Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
#5

Wti’xo
7.05 0.44 0.67 1.18 0.53 O*14 0.01 0.01 2.76 0.00 Balance

25°C

1Oo”c

200”C

1 2 3 4 5 6 7
Fig. 3.5.1. ljpicalstress vsstrain curves forAlloy5at

Strain (%) fempemtures of2TC, 100 “C, and200 ‘C.

—

1.Eto3 lEt04

\

n

-
lEtC6 1.EUJ7 lztos 1E+09

CYC3CSroFaihuc

Fig. 3.5.2. S/N curve for Alloy 5; the fmcture sutiace
shown is fmm the specimen which failed at 1.2 x 1(7
cycles undera maximum stress of 19.7 ksi.

lhLOY5

.> . , ,,... .4, . , -.. .,,. . . . . . ,, ,.L-?-,....,..- .-.-,-.., .:*-3. . ..< s .$ , ,., ...7- . .. . . 0. . ~- -7=- . .-— —.



CHAPTER 3: ATLAS OF MI CR OS TRUCTURES AND
34 PROPERTIES OF ALUMINUM DIE CASTING ALLOYS

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

#5
Wtyo

7.05 0.44 0.67 1.18 0.53 0s4 0001 0.01 2.76 0.00 Balance

F i.3. Thermal history ofAlloy5castina gmphite
mcmf.

Hg. 3.5,4, DTA curve forAlloy 5 cooled at 10 OC/min.

ALLOY 5

3W

m L
o 10 20 30 40 50

Time (s)

10.lm

S.oo

O.ca

.—
z7&o 1
Ml: ea.eo 99 SCANRA?’e -S0.00 aoglmin

A~ “ NITROWN .+9eclmin

Pa4Kmaseo

awli SSO.9
Fu% NEIam 4.01
WC ea.s

1-
‘ 3S0.W 4cmxl 440.00 4s0.03 520.00 560.00 soml e40.oo 6EJ3.00

Temperature (oC)
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Auoy Si Mg Fe Cu Ni Cr Mn Ti zn Sr Al ,
#6

WL%
6.98 0.44 0.57 1.13 0.48 0.13 0.45 0.18 0.38 0.018 Balance

Tensile

Endurance Limit

I Impact Resistance

F
I Thermal Conductivity

I Electrical Conductivity

Strength

Ultimate

Yield

Elongation

Modulus of Elasticity

100,000,000 cycles

500,000,000 cycles

Absorbed Energy

Volume Loss
% x % inch flat die casting

3/8 inch diameter die casting .

5/8 inch diameter die casting

Ksi 46.2*1 .5
25°C

MPa 318.5 +10.3

100”C .
Ksi 42.3*0.9

MPa 292.0*6.O
.

2oo”c ga
33.6*0.8

231.7*5.8
Ksi 24.9*0.5

25°C
MPa 171.7+3.4

100”C
Ksi 25.0*0.7

MPa 172.5+4.8

2oo”c
Ksi 27.6*0.5

MPa 190.5&3.6

I 25°C I % I 3.78+0.75 I,
100”C % 5.29&l .23

2oo”c % 4.98*1 .70

25°C
103 Ksi 11.01*0.75

103MPa 75.90+5.16

=EE!iE
25°C

Ksi 17.52

MPa 120.80
Ksi

25°C
17.32

MPa 119.42

25°C
Joules 3.28*0.39

lb.fi 2.42+0.29 %
25°C [ eIn3 I 0.4730M3.0171 I
25°C 58.2kl.3

25°C 47.9* 1.9

25°C RHB 46.6*2.2

25°C W/m.K 119.9*2.4
25°C % IAcs 25.41*0.15

25°C 10-8t2m 6.786*0.041
25°C ~m3 2.736

kLOY 6

. . .., -7, ,, ..., .—
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Alloy Si Mg Fe Cu Ni Cr Mn Ti zn Sr Al

#6
Wt.Yo

6.98 0.44 0.57 1.13 0.48 0.13 0.45 0.18 0.38 0.018 Balance

. TvDiCa/SfreSSvs strain curves forAlloy 6at1? ).7..,,.
tern$emtures of2YC,100”C, and200”C. -

[ ,6.2. S/N curve for Alloy 6; the fmcture surface
s(,utin is from the specimen which failed at 6.7 x 1P
cycles under a maximum stress of 20.3 ksi.

kLOY 6

50

45
1Oo”c

40

35 200”C

30

>

~n

n
n
!!20
5

15

10

5

0 >

0 1 2 4 5 6 :

SLain (%)

lEiQ3 1.EW4 lEt05 lEt06 1.Eto7 LH’os 1J3t09

Cycles to Failure

,—. .,, .,,, .,, .,,,.. .~.,,, .,. ... ,.,, .... L , ,., . ,.. ,.. .
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Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
#6

Wt.vo
6.98 0.44 0.57 1.13 0.48 0.13 0.45 0.18 0.38 0.018 Balance

o so 103 154

Time (s)

0.0(

DC7Z21U
m 76.s0 Sg

ATno%UmE riIIRocEN

SCAN UAlc -10.00 daolmln

40 cc/airr

UMmctesos
tas4s

~. ad.,
?lwrAE3fmS.oa
WC !US.8

“243330 4Wm ‘Woo “&.m ‘S53.m M-m soo.oo s4Mo-- aso.ob”-
.’.-.

Temperature (“C)

Fig. 3.6.3. Thermal history ofAlloy 6 cast in a graphite
mold.

Fig. 3.6.4. DTA cuwe forAlloy 6coo/ed at 10 “C/rein.

hOY 6
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Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
#7

Wk”h
6.92 0.50 1.63 4.94 0.03 0.01 0.02 0.01 2.73 0.022 Balance

Ksi 49.1+0.6
25°C

MPa 338.5*4.1

Tensile

Endurance Limit

I Impact Resistance

I Wear Resistance

Hardness

Thermal Conductivity

Electrical Conductivity

Strength

Ultimate 100”C
Ksi 45.2* 1.1

MPa 311.8+7.6

200”C
Ksi 36.6*0.7

MPa 252.2&4.6
Ksi 32.2+0.6

25°C
MPa 222.0+4.1

Yield 100”C
Ksi 30.4i0.6

MPa 209.6*4.5

200”C
Ksi 30.5+0.5

MPa 210.1+3.2
25°C % 1.42*0.08

Elongation 100”C % 1.86+0.14
200°c % 2.40+0.09

25°C
103Ksi 11.44*0.69

103MTa 78.84&4.74

Modulus of Elasticity 100”C
103Ksi 9.37*1.20

103MPa 64.60&8.24

103Ksi 8.44~o.32
200°c

103MPa 58.16&2.23

Ksi 19.50
100,000,000 cycles 25°C

MPa 134.45
Ksi

500,000,000 cycles 25°C
19.25

MPa 132.72

Absorbed Energy I 25°C

Volume Loss 25°C

?4x ?4 inch flat die casting 25°C

3/8 inch diameter die casting 25°C

5/8 inch diameter die casting 25°C
25°C

I 25°C
I

25°C
I 25°C

71.9*0.8

64.9*3.19
64.3+2.1

W/m.K 105.6+0.4

% IAcs 22.16+0.72

10-8 Qm 7.782&0.251
g?jcm’ 2.854

ALLOY7
. . .-r,-.— . . . . . . -. . ---7 -.-.,..... .... . ... ‘r. . .. . . ... . . .. . . . ,,, . ,,. , , . . . . .. . . . —.. , ..’
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Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
#7

WLYO
6.92 0.50 1.63 4.94 0.03 0.01 0.02 0.01 2.73 0.022 Balance

so- 25°C

40-
200”C

s* 30.
g

m
m
m

~ 20-

10.

0
0 1 2

Strain (%)

LEio3 1.Eto4 lEtOS 1.E-IM lEt07 H+os 1.E-IV3

CydutoFaOnrc

fig. 3.7.1. fipicalstress vsstrain curves forAt/oy 7at
temperatures of 2YC, 100 “C, and200 “C.

Fig. 3.7.2. S/N curve for A//oy 7; the fmcture surface
shown is fmm the specimen which failed at 2.2 x 1P
cycles under a maximum stress of 20.3 ksi.

ALLOY7

. ., ,, .,!. V----7 . . . . . . . . . .TWT-.7W...Z ,.-,..,=.. .,.... -,...!...-.,-, . . . . ..$ ,f. .L, ,,2, ,. .—. — .- .- .
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L CHAPTER 3: ATLAS OF MI CR OS TRUCTURES AND
PROPERTIES OF ALUMINUM DIE CASTING ALLOYS

\llll\ Si Mg Fe Cu Ni Cr Mn Ti Zn Sr
\vL(YO

Al
II7 6.92 0.50 1.63 4.94 0003 0.01 0.02 0.01 2.73 0.022 Balance

‘ig.
no).

. Thermal history ofAlloy 7 cast in a graphite

Fig.3.7.4. DTA curve for Alloy 7 cooled at 10 “C/rein.

ALLOY7

700.

6cO-

500.

40.

300-

200*
o 50 WI 150 2c4

Time (s)

v

Ill: 67.90 m SCAN RAlr2 -io.oo aewmin

AIN~ NITR02EN 40 ee/min

10.00

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

#8
WL%O

6.79 0.46 1.49 4.77 0.01 0.01 0.45 0.20 0.42 0.00 Balance

Tensile

Endurance Limit

Impact Resistance

Wear Resistance

Hardness

Thermal Conductivi~

Electrical Conductivity

Electrical Resistivity
Specific Gravily

Strength

Ultimate

Yield

Elongation

Modulus of Elasticity

100,000,000 cycles

500,000,000 cycles

Absorbed Energy

Volume Loss
% x % inch flat die casting

3/8 inch diameter die casting

5/8 inch diameter die casting

Ksi 48.9&0.9
25°C

MPa 337.2+-6.2

Ksi 46.8* 1.3
100”C

Ml?a 322.4*9.3

Ksi 37.0+0.5
200”C

MPa 254.8*3.5

Ksi 30.0*0.3
25°C

MPa 206.8*2. 1

Ksi 29.5*0.4
100”C

MPa 203.2+3.1
Ksi 29.9&0.3

200”C
MPa 206.1+2.4

25°C % 1.93*0.19
100”C % 2.66*0.49
200”C % 3.22*0.30 *

103Ksi 11.11*0.39
25°C

103MPa 76.61*2.65

100”C
103Ksi 8.78&0.24

103MPa 60.51*1.66

103Ksi 8.27&0.29
200”C

103MPa 57.05+1.97

Ksi 19.18
25°C

MPa 132.24 i
Ksi 19.08

25°C
MPa 131.55

25°C I Joules I 2.23*0.26 I—— —
lb.ft. 1.65*0.19

25°C ~3 0.5067*0.0373

25°C RHB 67.0+0.7

25°C 38.9&l.8

25°C 57.8&l.4

25°C W/m.K 108.6* 1.4

25°C % IAcs 23.5150.02

25°C 10-8f2m 7.334*0.006
25°C #m3 2.800

ALLOY8

., ... ... —. . --— —..
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Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr AI

#8
WLYO

6.79 0.46 1.49 4.77 0.01 0.01 0.45 0.20 0.42 0.00 Balance

40

8.1, Typica/stress vsstmin curves forAlloy8at , 0
ie,t,pemtures of25”C, 100 “C,and200 ‘C.

50

‘.8.2. S/lVcurve for Alloy 8;t/re fracture sutiace
~...wn is from the specimen which failed at 6.8 x 1P
cycles under a maximum stress of 20.0 ksi.

ALLOY8

1 2 3

I Strain (%)
1

40 —

—

—

—

—

lEt03 1s+04

>,.—

\

—
LE+05 1B06 LEto7 1.EU18 H309

CydeatoFIiblre
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Alloy Si Mg Fe Cu Ni Cr Mn Ti zn Sr Al

#8
WLYO

6.79 0.46 1.49 4.7’7 0001 0.01 0.45 0.20 0.42 0.00 Balance
4

800

fig. 3.8.3. Therrnalhistory ofAlloy 8 cast in a graphite
mold.

DC76402
Ilr: 140.s0 ,g SCANNAllz .00 das/@ll
hluLwwm. . NZll?WEN 40 cc/tin

PsAKmmt-s
Tess

alcsw !Es.a
Ps4Kw3am 5.7s
)we SsD.1

6.00..

Fig. 3.8.4. DTA curve forAlloy8 cooled at 10 “C/rein.

hOY 8
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Alloy Si Mg Fe Cu Ni Cr Mn Ti zn Sr
wL”h

Al
#9 12.71 0.05 0.63 4.96 0.06 0.14 0.01 0.20 0.50 0.017 Balance

Endurance Limit

Impact Resistance

Wear Resistance

Hardness

Thermal Conductivity

Electrical Conductivity

Electrical Resistivity
1’ Suecific Gravity

Strength

Ultimate

Yield

Elongation

Modulus of Elasticity

100,000,000 cycles

500,000,000 cycles

Absorbed Energy

Volume Loss
1Ax ?4 inch flat die casting

3/8 inch diameter die casting

5/8 inch diameter die casting

Ksi 46.8M.8
25°C

MPa 322.7*12.4

100”C Ksi 44.o+l.8

Ml?a 303.4t12.7

Ksi 31.2+0.7
200”C

MPa 215.1*4.8

Ksi 27.5*0.4
25°C

MPa 189.6&2.8

100”C
Ksi 27.3*0.6

MPa 188.0+4.1

200°c
Ksi 23.0*0.4

Ml?a 158.7*2.5

25°C % 1.69*0.29
J

100”C % 2.35?0.68
200”C % 4.25*1.33

103Ksi 11.58*0.69
25°C

103MPa 79.86&4.72 *

100”C
103Ksi 8.98&0.23

103MPa 61.88*1.56

103Ksi 8.45*0.64
200”C

103MPa 58.23*4.44

Ksi 22.97
25°C

MPa 158.37
Ksi 21.97

25°C
MPa 151.48

-G-RR&M
25°C 70.8i-2.O

25°C 60.9+2.8 4
25°C 60.3M.8

25°C W/m.K 111.7*0.4

25°C I % IAcs I 21.28+0.30
I

25°C 10-8 Qm 8.101*O.115
25°C #m3 2.755

ALLOY9
—— .

‘!

A
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+

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

#9
Wt.’xo

12.71 0.05 0.63 4.96 0.06 0.14 0.01 0.20 0.50“ 0.017 Balance,

250C

200”C

o 1 2 3 4 5

Strain (%)

—

1JH03 LE+04 1.E’105 lEt06

Cydm toFdhrc
1X+47 13308 lEt09

Fig. 3.9.1. ljrpicalstress vs strain curves forAlloy9 at
tempemtures of 2~C, 100 “C, and200 “C.

Fig. 3.9.2. S/N curve for Alloy 9; the fracture sutiace
shown is fmm the specimen which failed at 1.3x 1P
cycles undera maximum stress of 28.2 ksi.

ALLOY9

,,>.... ... ,.-?---- ...,., .. ..,,, -,7.,,. -. ..>. .-. . --- ,. - . . . . . . . . . . . .. . . . . , .,4
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Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al

#9
Wt%

12.71 0.05 0.63 4.96 0.06 0.14 0.01 0.20 0.50 0.017 Balance

F 1,3,Thermal history ofAlloy 9 cast in a graphite

mold.

fig. 3.9.4. DTA curve for Alloy 9 cooled at 10 “C/rein.

m.

o 50 ml 150

Time (s)

I

0c6a80f
al: 61.S0on scAN RAE -10.00aeglsill
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~ ee4.2
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Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
#lo

wtL”/o
12.69 0.03 0.73 5.09 0.07 0.11 0.37 0.01 2.73 0.00 Balance

Tensile

Endurance Limit

Impact Resistance

Wear Resistance

Hardness

Thermal Conductivity

Electrical Conductivity

Electrical Resistivity
Specific Gravity

Strength

Ksi 44.3&2.4
25°C

MPa 305.4&16.5

Ultimate 100”C
Ksi 39.2&3.8

MPa 270.5 *25.9
.

200”C ‘ ga
29.7*0.5

204.4&3.2

Ksi 28.2*0.4
25°C

MPa 194.4*2.8

Yield

m
125”CI%I 1.40+0.37 I

Elongation 100”C % 1.38+0.61
200”C % 4.46*1.62

103Ksi
25°C

11.42&0.54

103MPa 78.74*3.72

Modulus of Elasticity 100”C
103Ksi 9.30*0.23

103MPa 64.1O*1.57

200”C
103Ksi 8.36*0.27

103MPa 57.62hl.87

Ksi 23.46
100,000,000 cycles 25°C

MPa 161.75

I Ksi
500,000,000 cycles

23.14
25°C

MPa 159.54

Absorbed Energy 25°C
Joules 2.48+0.32

lb.ft. 1.83*0.24

Volume Loss 25°C ~3 0.3979*0.0159
Vix ‘xi inch flat die casting 25°C lWB 69.5* 1.7

3/8 inch diameter die casting 25°C 63.2*1 .4

5/8 inch diameter die casting 25°C 61.3&l.7
*

25°C W/m.K 11O.6*1.3
25°C % IAcs 20.31+0.06

25°C 10-8 Qm 8.489*0.027
25°C #m3 2.797

ALLOY 10
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Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al

#lo
Wk’%o

12.69 0.03 0.73 5.09 0.07“ 0.11 0.37 0.01 2.73 0.00 Balance

10.1. Typical stress vsstrain curves forAlloy 10
a..~mpemtures of2FC, 100”C, and200”C.

%10.2. S/N curve for Alloy 10; the fmcture sure
. shown is from the specimen which failed at 6.7

x 1(Pcycles under a maximum stress of 20.3 ksi.

50.

25°C

200”C

o 1 2 3 4 5

Strain (%)

40

LEU13 1Et04 1.E+05 LEtoa lEt07 1Eio8 1E+09

CyclestoFailure

ALLOY 10
A

m— m--m-—. . . . . . . . . . . . . . . --—-
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Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al

#lo
WL%

12.69 0.03 0.73 5.09 0.07 0.11 0.37 0.01 2.73 0.00 Balance

eoo-

700.

Lwfl-

Ciw

al.
a
z
z
n 400.
E
#

3W -

ZOO*
o 50 100 150 2

Time (s)

I
I

3 ~ 5037
Lti

I
qg:

0
,

r

i

------- ,- . ..-.+---------*,..- .-. ....
‘“m-&am “-X&30 “- ‘--“ “ ‘&:w - “&20.oo smoo440.00 eao.oo Mom smoo

4rBo FI.t& U.S4VE. DT TEMPERATURE (Cl DTA

OAT12 95/s0/01 TIME ie 45

Fig.3.10.3. Thermalhistory ofAlloy 10cast in a gmph-
ite mold.

fig. 3.10.4. DTA curve forAlloy 10cooled at 10 “C/rein.
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Auoy Si Mg Fe Cu N1 Cr Nh Ti zn sr Al

#11
wL”/o

12.86 0.04 1.59 1.21 0.45 0.01 0.01 0.18 0.49 0.00 Balance

Tensile

Endurance Limit

Impact Resistance

Wear Resistance

Hardness

Thermal Conductivity

Electrical Conductivi~

Electrical Resistivity
t Specific Gravity

Strength

Ksi 35.1A2.O
25°C

MPa 242.0+13.8

ultimate 100”C
Ksi 34.9+0.7

MPa 240.4*4.8

200”C
Ksi 29.5* 1.1

MPa 203.4*7.3

Ksi 23.8+0.5
25°C

Ml?a 164.1+3.4

Yield 100”C
Ksi 24.2+0.2

MPa 166.8* 1.3

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 % 1.57t0.46

103Ksi
25°C

11.62*0.60

103MPa 8O.12A4.1O

Modulus of Elasticity 100”C
103Ksi 9.32*0.37

103MPa 64.28*2.52

200”C
103Ksi 8.64*0.44

103MPa 59.60*3.00

Ksi 20.97
100,000,000 cycles 25°C

IvfPa 144.58
Ksi

500,000,000 cycles 25°C
20.28

MPa 139.83

Absorbed Energy 25°C
Joules 2.22*0.21

lb.ft. 1.64*0.16

Volume Loss I 25°C I em3 I 0.4190A0.0252 I

3/8 inch diameter die casting 25°C 55.1*2.3

5/8 inch diameter die casting 25°C 53.7*2.1

25°C Wlm.K 103.2+4.3

25°C % IAcs 19.42*0.19

25°C 10-8 Qm 8.880+0.088
I m u

I 25°C I
~m3 I 2.732 I

AUOY1l
.-J
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Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al

#11
WLYO

12.86 0.04 1.59 1.21 0.45 0.01 0.01 0.18 0.49 0.00 Balance

40-

30-
200”C

?

g20-

Jl
n
n
z
0

10.

0

0 1 2

Strain (%)

40

35

I

30

1 23

20

15
1.Et03 1.Eto4 LEto5 1EW4 lEt07 lE+08 lEt09

Qchs b Falhm

Fig. 3.11.1. 7jpicalstress vs stmin curves forAlloy 11
at tempemtures of 2~C, 100 “C, and 200 “C.

Fig. 3.11.2. SIN curve forAlloy 11.

,

ALLOY1l
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*

Alloy Si Mg Fe Cu Ni Cr Mn Ti zn Sr ~
#11

WLYO
12.86 0004 1.59 1.21 0.45 0.01 0.01 0.18 0.49 0.00 Balance

,11.3. Thermal histoWofAlloy 11cast in a graph-
ite mold.

Fig.3.11.4. DTA cuwe forAlloy 11cooled at 10 OC/min.

7C0

600

5@l

w

3LM

2m 1

50 100 150 200

Time (s)

10.OO

a.oi

o.a

3C8340i
WR 55.30slg SCA$$a?e -;O.00~aghln

AWOS?HE3G tKTilOGES 20 cc,.’ain A
J:
~\

oWE?: 5s?.7
?EM W:otn: 7. is
w: S:9 . ?

2--L --
I

)-&& &m – .&& &w- && & “--’&w’” ‘ && ~,~

TemrIerature PC) -+.,,

ALU)Y1l
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I
.

Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr
wt.”/o

Al
#12 12.95 0.05 1.55 1.29 0.46 0.01 0.43 0.01 2.91 0.023 Balance

Tensile

I
Endurance Limit

I Impact Resistance

Hardness

I Thermal Conductivity

R%RR5-
1 Specific Gravity -

Strength

Ksi 40.4+2.2
25°C

IvIPa 278.5 &15.2

Ultimate 1Oo”c Ksi 38.3&l.2

MPa 264.1*8.3

2oo”c
Ksi 27.8A0.6

MPa 191.8*4.2
Ksi 23.3A0.4

25°C
MPa 160.6A2.8

Yield
J

loo”c
Ksi 23.3*0.3

MPa 160.5*2.2

2oo”c
Ksi 20.4+0.2
h@a 140.6+ 1.7

Elongation
~

25°C
103Ksi 11.42*0.83

103MPa 78.72&5.70,

Modulus of Elasticity loo”c
103Ksi 8.95*0.46

103MPa 6.17+3.14

103Ksi 8.39&0.39
2oo”c

103MPa 57.86&2.65

Ksi 20.61
100,000,000 cycles 25°C

MPa 142.10

Ksi
500,000,000 cycles

20.33
25°C

MPa 140.17

Absorbed Energy 25°C
Joules 2.75+0.26

lb.ft. 2.03zk0.19
Volume Loss 25°C ~3 0.3833*0.0119

A

% x ?4 inch flat die casting 25°C RH13 58.8* 1.7
3/8 inch diameter die casting 25°C 50.0* 1.1
5/8 inch diameter die casting 25°C 47.6* 1.6

25°C W/m.K 115.5* 1.4
25°C % IAcs 23.55&0.11

25°C 10-8 Qm 7.320*0.035
25°C ~m3 2.770

AILOY12

---- . . . —.. .
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Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr ~

#12
WLYO

12.95 0.05 1.55 1.29 0.46 0.01 0.43 0.01 2.91 0.023 Balance

) .12.1. ljpical stress vs strain cuwes forAlloy 12
at tempemtures of 2YC, 100 “C, and200 “C.

Fig, 3.12.2. S/N curve for Alloy 12.

50

40

30

>
~
:
n
n
D20
:
0

10

0

25°C

200”C

o 1 2 3 4 5

Strain (%)

40

35

2)

15
1.Eto3

—

—

—
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—

IJMM lEto5

ALLOY12

lEtO+ lEt07 LEto9

Cyrk taFdbn’c

-- ,. ..,.. .,. ... . ... .... ..... .... ... - ..



CHAPTER 3: ATLAS OF MI CR OS TRUCTURES AND
PROPERTIES OF ALUMINUM DIE CASTING ALLOYS

55

Alloy
#12

Si Mg Fe Cu Ni Cr Mn Ti zn Sr ~
WLYO

12.95 0.05 1.55 1.29 0.46 0.01 0.43 0.01 2.91 0.023 Balance

o 50 100 150

Time(s)

10.GO

5.fK

0.0(

DC66401
m Solo 99

1

SCANRA -10.00d@min

A~NITRm?N 40 cc/9

?eIttFncum
TRr!mi

O+fsanS4S.4
Pr!AKtemm ●.07
w S4i.a

Fig. 3.12.3. Thermal history of Alloy 12 cast in a
graphite mold.

~ Fig.3.12.4.DTAcurve forA!loy12moledat 10°C/min.

ALLOY12
.-

., ,..



CHAPTER 3: ATLAS OF MI CR OS TRUCTURES AND
56 PROPERTIES OF ALUMINUM DIE CASTING ALLOYS

J

Si Mg Fe Cu Ni Cr Mn Ti Zn sl- AI
yl: WL”A

13.03 0.46 0.58 4.70 0.44 0.01 0.01 0.17 2.61 0.021 Balance

Tensile

Endurance Limit

Impact Resistance

Wear Resistance

Hardness

Thermal Conductivity

Electrical Conductivity

. Electrical Resistivity
Specific Gravity

Strength

ultimate

Yield

Elongation

Modulus of Elasticity

100,000,000 cycles

500,000,000 cycles

Absorbed Energy

Volume Loss
1Ax ?4 inch flat die casting

3/8 inch diameter die casting

5/8 inch diameter die casting

ALLOY13

Ksi 47.2* 1.6
25°C

Ml?a 325.4*1 1.0

Ksi 4.4.8&l.4
100”C

MPa 309.0*9.8

Ksi 35.4*0.3
200”C

MPa 244.1+ 1.8

Ksi 31.0*0.5
25°C

MPa 213.7*3.4

100”C
Ksi 30.3+0.4

MPa 208.7+2.7

200°c
Ksi 29.7+0.2

MPa 204.7*1 .6

25°C % 1.39*0.24
100”C % 1.87+0.42
200”C % 2.31*0.52

103Ksi 11.55*0.39
25°C

103MPa 79.65+2.70

100”C
103Ksi 9.17+0.28

103MPa 63.20*1.90

103Ksi 8.40+0.31
200°c

103MPa 57.91*2.12

Ksi 21.56
25°C

MPa 148.65
Ksi

25°C ma
20.77
143.20

25°C
Joules 1.99k0.24

lb.ft. 1.47*0.18 $
25°C ~3 0.4291*0.03 13

25°C 72.3*0.7 ‘ I
25°C RHB 63.5&l.3 t

25°C - 64.321.7

25°C W/m.K 102.2*O.8 ;,
25°C % IAcs 20.44*0.04 , i
25°C 10-8 Qm 8.434*0.018 $+
25°C gm3 2.787 >

$j
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50

40

30

20

10

0

200”C

J#
o 1 2

Strain (%)

40 —

—

—

1H03 Lrw4 1E+05 lE+lM lE-H37 LEt08 LEt09

t2ydestoFaUnre

Fig. 3.13.l. fipical stress vsstrain cuwes for Alloy
13at temperatures of2YC, 100”C, and200°C.

Fig. 3.13.2. S.N curve forAlloy 13.
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Alloy Si Mg Fe Cu Ni Cr Mn Ti zn Sr Al

#13
Wkyo

13.03 0.46 0.58 4.70 0.44 0.01 0.01 0.17 2.61 00021 Balance

1,13.3.Thermal histoW ofAlloy 13 cast in a graph-
ite mold.

Fig. 3.13.4. DTA Cuwe forAlloy 13 cooled at 10 OC/min.

AILOY13

o 50 150 2
Time*&)

10.II

5.C

0.0

3C79601
m 69.40 as SCAN Fule - 0.00 OS9{S111

AIMOSPWFK N2TROCSN 40 ec/min

1!
PEASfuolt 4ss

T& %s.s
ausx 847.7
w HEIW. 6.SS l\
nix ?2s

“--11
10 S60.(xl 400.00 440.00 480.W 520.00 560.03 540.00 640.00 mom

Temperature (oC)
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\
Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
#14 WLYO

12.94 0.48 0.74 4.77 0.50 0.01 0.57 0.01 0.55 0.00 Bakmce

Tensile

I
Endurance Limit

I

I
Hardness

Thermal Conductivity

Electrical Conductivity

Electrical Resistivity
Speeific Gravity

Strength

Ultimate

Yield

Elongation

Modulus of Elasticity

100,000,000 cycles

500,000,000 cycles

Absorbed Energy

Volume Loss
% x % inch flat die casting

3/8 inch diameter die casting

5/8 inch diameter die casting

Ksi 41.9*4.O
25°C

MPa 288.9k27.6

100”C Ksi 4.4.0+208

MPa 303.2*19.1

,

100”C
Ksi 32.7*0.4

MPa 225.1+3.0

200”C
Ksi 31.5+0.8

MPa 217.4+5.3

I 25°C I % [ 0.67*0.32 I
100”C % 1.08+0.57
200”C % 0.74*0.54

25°C
103Ksi 11.65*0.39

103MPa 80.28&2.68

100”C
103Ksi 9.14*0.09

103MPa 63.04A0.64

200”C
103Ksi 8.52&0.33

103Ml?a 58.7452.27

25°C
Ksi 22.26

MPa 153.48
Ksi

25°C
22.08

MPa 152.24

25°C RHB 74.6+ 1.5

25°C 66.9*1.7

25°C 10-8 Qm 7.963&0.042
25°C ~m3 2.749

AILOY14 I

-



CHAPTER 3: ATLAS OF MI CR OS TRUCTURES AND
60 PROPERTIES OF ALUMINUM DIE CASTING ALLOYS
.

Alloy Si Mg Fe Cu Ni G Mn T.i Zn Sr Al
#14

Wti’xo
12.94 0.48 0.74 4.77 0.50 0.01 0.57 0.01 0.55 0.00 Balance

t 14.1. lVpical stress vsstrain curves for Alloy
14attemperatures of25”C, 100 °C, and200”C.

Fig. 3.14.2. S/N curve for Alloy 14.

Ioo”c
25°C

~ f
1

‘o 0.5 1 15 2

40
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1

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

#14
Wk’xo

12.94 0.48 0.74 4.77 0.50 0.01 0.57 0.01 0.55 0.00 Balance

1 1

‘o 50 100 150 20(

lime (s)

10.IX
flc95aol
m SS.40 Bg SCAN Rm2 -10.00 d8g/min

h~ - N21ROSEN 40 cc/sin

A

\

L?60.co 400,00 440.00 4s0.00 520.ca aaaoo 6C0.00 saw 6w.fxl

Temperature(oC)

Fig. 3.14.3. Thermal history of Alloy 14 cast ina
graphite mold.

1 fig. 3.14.4.DTA curve for Alloy 14 cooled at 10 “C/rein.

AILOY14
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.

Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
#15

Wt.vo
12.78 0.47 1.51 1.27 0.06 0.14 0.01 0.18 2.94 0.00 Balance

Endurance Limit

I Impact Resistance

I Wear Resistance

Hardness

Thermal Conductivity

Electrical Conductivity

Strength

ultimate

Yield

Elongation

Modulus of Elasticity

100,000,000 cycles

500,000,000 cycles

Absorbed Energy

Volume Loss
1Ax % inch flat die castiruz

3/8 inch diameter die casting

5/8 inch diameter die casting

ALLOY15

Ksi 42.6*2.1
25°C

MPa 293.7+14.5

100°c
Ksi 39.4*2.9

MPa 271.8+19.9
4

2oo”c
Ksi 34.6+0.6

MPa 238.5*4.4
Ksi 29.2+0.4

25°C
MPa 201.3k2.8

●

100”C
Ksi 29.1+0.8

Ml?a 200.5+5.2

2oo”c
Ksi 28.5*0.2

MPa 196.6* 1.3

25°C % 0.97*0.17
loo”c % 1.10*O.41
2oo”c % 1.66*0.29

25°C
103Ksi 11.64*0.56

103MPa 80.25i-3.88 A

25°C
Ksi 19.15

MPa 132.03

Ksi
25°C

18.51

MPa 127.62

25°C
Joules 2.24*0.35

lb.ft. 1.65*0.26
25°C ~3 0.4683*0.0185

25°C 70.4* 1.6

25°C 61.4*2.6

25°C [ IW13 I 60.7* 1.5 I

25°C 1 W/m.K I 99.9&2.2 I
25°C % IAcs 20.19+0.58

25°C 10-8 Qm 8.541&0.246,
25°C I

gm3
I 2.755

--z.- ,..-.-r-,- , , ,,. . .. . . . ,. ,4..-. . . . . . . . . . -. . .! .,. - -, -..., .’: . . . . . . .-
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Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr
~.

#15
Wkyo

12.’78 0.47 1.51 1.27 0.06 0.14 0.01 0.18 2.94 0.00 Balance

45

200”C

30

2
~
nnD
:
D

15

0
0,0 0.3 1.0 M 20

Strain (%)

40

35

g 30

#
e
~
:33
z

30

15
LEto3 1.Eto4 1J3105 1W06 lEt07 133!08 HHo9

Cydu toFdlme

Fig. 3.15.l. 7j/pical stress vsstmin cuwes for Alloy
15attemperatures of25°C, 100 °C, and2000C.

Fig. 3.15.2. S/Ncurve forAlloy 15.
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I

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

#15
WLYO

12.78 0.47 1.51 1.2’7 0.06 0s4 0.01 0.18 2.94 0.00 Balance

).15.3. Thermal history ofAlloy 75 cast in a graph-
ite mold,

Fig.3.15.4, DTA curve forAlloy 15 cooled at 10OC/min.

ALLOY15

10.00

0
n
z
w 5.00
v

am

DC77401
m ea.w m SsANrule

AlMOSW& NITR06EN 40 cc/sin

PEAKfiwlt4M
Tmx

WsE’T:en.2
PEAK-w. 7.ss
Max SQ.9

I
\

sa.m 4aam 440.00 ‘isa.oo sm.m EZOm EXMOO a.ram mam
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Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
#16 Wt.’xo

12.86 0.41 1.63 1.21 0.06 0.14 0.44 0.01 0.46 0.024 Balance

Tensile

Endurance Limit

Impact Resistance

Wear Resistance

Hardness

Thermal Conductivity

Electrical Conductivity

Electrical Resistivity
Specific Gravity

Ultimate

Strength

Yield

Elongation

Modulus of Elasticity

100,000,000 cycles

500,000,000 cycles

Absorbed Energy

Volume Loss
% x % inch flat die casting

3/8 inch diameter die castin~

5/8 inch diameter die casting

Ksi 43.0*2.5
25°C

MPa 296.5+17.2
.

100”C :a 41.5+2.0

286.4&13.5

200”C
Ksi 32.7&2.2

MPa 225.4&15.2
Ksi 26.9*0.4

25°C
MPa 185.5&2.8

100”C
Ksi 27.2&0.3

MPa 187.3+1 .9

200°c
Ksi 26.44-2.5

MPa 182.2*17.5 4

25°C
103 Ksi 11.62k0.70

103MPa 80.12&4.83

100”C
103Ksi 8.92*0.26

103MPa 61.52tl.80

200”C
103Ksi 7.93tl.06

103MPa 54.70*7.28 4

25°C
Ksi 20.30

MPa 139.96
Ksi

25°C
20.12

MPa 138.72

25°C 63.1*1.O

25°C 52.8* 1.1

25°C 50.7* 1.1

25°C W/m.K 116.1+ 1.1
25°C % IAcs 2?4.53*0.49

25°C 10-8 L2m 7.029*0.141
25°C ~m3 2.719

AILOY16
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Alloy Si Mg Fe Cu Ni Cr Mn Ti zn Sr ~
#16

WLYO
12.86 0041 1.63 1.21 0.06 0.14 0.44 0.01 0.46 0.024 Balance

h .16.1. llpical stress vsstrain curves for Alloy
l~attempe~atures of2TC, 100 °C, and2000C.

Fig. 3.16.2. S/N curve forA//oy 16.
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1 Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al

#16
WLYO

12.86 0.41 1.63 1.21 0006 0.14 0.44 0.01 0.46 0.024 Balance

PM

m

o 50 100 150

lime (s)

DC77601
m 7s.s0 Wg ScArlfrme 40.00 Qas/*irl
A~ WIROCSN 40 cc/inn

7ESAS
OrsEnm
Pl?ArrHIrm 7.0s
NM S41.t

7.50..

OCQJ I
410.00 4W30 4s0,m aso.oo a70.oo Slo.fxl e50sxl mm

Temperature (oC)

Fig. 3.76.3. Thermal history of Alloy 16 cast in a
graphite mold.

fig. 3.16.4. DTA curve forAlloy 16cooledat 10 “C/rein.

AILOY16
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Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al

#17
W&”/o

8.39 0.02 0.90 2.71 0.04 0.06 0.22 0.03 1.10 - balance

Tensile

Endurance Limh

Impact Resistance

Wear Resistance

Hardness

Thermal Conductivity

Electrical Conductivity

.) Electrical Resistivity
Specific Gravity

Strength

ultimate

Yield

Elongation

Modulus of Elasticity

100,000,000 cycles

500,000,000 cycles

Absorbed Energy

VolumeLoss
1A x 1A inch flat die Cast,ing

3/8 inch diameter die casting

5/8 inch diameter die casting

Ksi 45.0*0.7
25°C

MPa 31O.3*4.8

100”C
Ksi 38.2*0.9

MPa 263.456.2
T

2oo”c
Ksi 24.3A0.4

MPa 167.5*2.8

Ksi 19.6*0.3
25°C

MPa 135.1*2.1,

Ksi 20.l*o.3
loo”c

MPa 138.6*2.1

2oo”c
Ksi 17.6+0.3

MPa 121.3*2.1

25°C % 5.34+0.59
100”C % 7.27&2.39
2oo”c % 12.57*1.73

103Ksi 10.91*O.68
25°C

103MPa 75.24&4.68

loo”c
103Ksi 8.04*0.74

103MPa 55.41*5.09

103Ksi 7.88*0.26
2oo”c

103MPa 54.36*1.81

Ksi 18.48
25°C

MPa 127.42
Ksi 18.24

25°C
MPa 125.76

25°C
Joules 5.02*0.39

lb.ft. 3.70*0.29
25°C cm3 0.4150*0.0330

25°C 47.4+ 1.0

25°C 39.9* 1.4

25°C 37.3*2.1

25°C W/m.K 122.1+ 1.0

25°C % IAcs 26.12+0.38

25°C 10-8 Qm 6.601k0.096
25°C gm3 2.770

(
F
.

ALLOY17
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Alloy Si
WL?ZO

Mg Fe Cu Ni Cr h ~ Zn Sr ~

#17 8.39 0.02 0.90 2.71 0.04 0.06 0.22 0.03 1.10 - balance
●

so

40

30

?
>

110

i

10

0 :

0 2 4 6 8 10 32 Ii

Strain (%)

LOOEt03 1.00E+04 1.CQB’05 1.(H)Eu36 LOOE+07 LOOE+08 LOOE+09

CyclestoFallurn

Fig. 3.17.l. ~picalstress vsstrain curves for Alloy
17attemperatures of2YC, 100”C, and200”C.

Fig. 3.17.2. S/N curve for Alloy 17; the fracture sur-
face shown is from the specimen which failed at 9.1
x 1P cycles under a maximum stress of 20.7 ksi.

ALLOY17
. .
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Alloy Si
Wt,?xo

Mg Fe Cu Ni Cr Mn Ti Zn Sr ~
#17 8.39 0.02 0.90 2.71 0.04 0.06 0.22 0.03 1.10 - balance

} 17.3. Thermal history ofAlloy 17 cast in a graph-
ite mold,

AILOY17
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j

Alloy Si w Fe Cu Ni c’ Mn Ti Zn s’ Al
#18

Wti”/o
8.19 0.02 0.91 3.87 0.03 0.04 0.17 0.03 2.20 - balance

Tensile

I
Endurance Limit

I Impact Resistance

Wear Resistance

Hardness

I Thermal Conductivity

I Electrical Conductivity

Strength

Ultimate

Yield

Elongation

Modulus of Elasticity

100,000,000 cycles

500,000,000 cycles

Absorbed Energy

Volume Loss
?4x I,, inch flat die casting

3/8 inch diameter die casting

5/8 inch diameter die casting

Ksi 46.2*0.8
25°C

MPa 3 18.5+5.5

100”C Ksi 41 .4*0.1

MPa 285.4&0.7

200”C
Ksi 25.6*0.4

MPa 176.5&2.8 &

25°C % 3.68*0.49
100”C % 5.79*1.16
200°c % 7.16+3.14

103Ksi 10.92*O.8O
25°C

103MPa 75.28&5.54 i

100”C
103Ksi 8.30&0.47

103MPa 57.21*3.25
●

103Ksi 7.98*0.13
200”C

103MPa 55.01*0.90
\

Ksi 17.53
25°C

MPa 120.87
Ksi 17.03

25°C
MPa 117:42

25°C
Joules 3.35+0.50 *

25°c 45.4+ 1.5

25°C 45.3+ 1.3

25°C W/m.K 119.1* 1.8
25°C % IAcs 24.00*0.14

25°C 10-8 Qm 7.184*0.042
25°C ~&3 2.816

/hLOY18
,1
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Alloy Si Mg Fe Cu Ni cr Mn Ti Zn Sr AI

#18
WLYO

8.19 0.02 0091 3.8’7 0.03 0.04 0.17 0.03 2.20 - balance

# 18.1. ~picalstress vsstrain curves for Alloy
lodlemperatures of25”C, 100”C, and200”C.

I ~18.2.S/N curve for Alloy 18; the fmcfuresur
t... shown is from the specimen which failed at 9.4
x 1(Pcycles under a maximum stress of 21.5 ksi.
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1
v

Alloy Si
WLYO w Fe c“ Ni Cr M“ Ti z“ Sr ~

#18 8.19 0.02 0.91 3.87 0.03 0.04 0s7 0.03 2.20 - balance

t

700.

6oo-

5W .

400-

300-

m+
o 50 100 150

lime (s)
Fig. 3.18.3. Thermalhistoryo fAlloy 18 cast in a graph-
ite mold.

AILOY18
,’.
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Alloy Si m Fe Cu Ni Cr Mn Ti Zn = Al
#19

Wt.vo
9.49 0.02 0.87 2.61 0.03 0.05 0.23 0.03 2.20 - balance

Tensile

Endurance Limit

I Impact Resistance

F
1

.
Specific Gravity

Strength

~ I 2’0’&-t%%%-
Ultimate 1Oo”c Ksi 38.8&l.8

MPa 267.5 *12.4

m

Yield 100”C
Ksi 20.5&0.3

MPa 141.3*2.1

I 200”C
IQ 17.4+0.3

MPa 120.0+2.1

Elongation
~

25°C
103Ksi 11.03*0.77

103MPa 76.06+5.32

Modulus of Elasticity

-

I Ksi 18.42
100,000,000 cycles 25°’

MPa 127.00

I Ksi 18.20
500,000,000 cycles 25°’

Ml?a 125.48

Absorbed Energy 25°’
Joules 4.31+0.26

lb.ft. 3;18&0.19

Volume Loss 25°’ cm3 0.4213*0.0253

*Ax ?4 inch flat die casting 125 °Cl RHBl 50.9* 1.3 I
3/8 inch diameter die casting I 25°’ I I 43.0+ 1.3 1
5/8 inch diameter dle casting 25°’ RHB 41.0* 1.7

25°’ W/m.K 121.0*0.4
25°’ % IA’S 24.34+0.25

25°’ 10-8i2m 7.083*0.074
25°’ ~m3 2.780

ALLOY19
.. .. . . . -., >,,.,.,.. ,., ., ,,=,, . . .-, ..–+
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Alloy
WLYO

Si Mg Fe Cu Ni Cr Mn Ti Zn Sr M
#19 9.49 0.02 0.87 2.61 0.03 0.05 0.23 0.03 2.20 - balance

SC

4C 1Oo”c

30

)
; 200”C
9
9
> x
:
)

10

0
0 2 4 6 8 10 12 14 16

Strain (%)

4

40

~ 35

2

~a

E
E
;
z=

20

15
lffle+x lmm 1.ccE+c6 1.KE+06 1.00EH17 LmE+oa lmmm

CyclestoFailure

Fig. 3.19.1. ~picalstress vs stmin curves forAlloy 19
at tempedures of 2YC, 100 “C, and 200 “C.

Fig. 3.19.2. SIN curve for Alloy 19; the fmcture sur-
face shown is from the specimen which failed at 8.5
x 1P cycles undera maximum stress of20.4 ksi.

AILOY19
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Alloy Si Fe Cu Ni Cr Mn Ti Zn Sr Al
#19

WLYO
9.49 0.02 0.87 2.61 0.03 0.05 0.23 0.03 2.20 - balance

‘ 19.3. Thermal history ofAlloy 19 cast in a graph-
). told.

ALLOY19
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Alloy Si
wL”/o m Fe Cu Ni Cr Mn Ti Zn Sr ~

#20 9.50 0.09 1.43 4.00 0.13 0.06 0.21 0.05 1.10 – balance

Tensile

Endurance Limit

Impact Resistance

Wear Resistance

Htirdness

Thermal Conductivity

Electrical Conductivity

Electrical Resistivity “
Specific Gravity

Strength

Ultimate

Yield

Elongation

Modulus of Elasticity

100,000,000 cycles

500,000,000 cycles

Absorbed Energy

Volume Loss
1Ax % inch flat die castimz

3/8 inch diameter die casting

5/8 inch diameter die casting

Ksi 45.4&2.6
25°C

MPa 313.0+17.9

Ksi 25.1+0.2
25°C

MPa 173.1*104

loo”c
Ksi 25.3*0.3

MPa 174.4*2.1

200”C
Ksi 23.3&0.2

MPa 160.6* 1.4

I 25°C I % I 1.93*0.44 I

100”C
103Ksi 8.78*0.43

103MPa 60.52*2.97

200”C
103Ksi 8.33+0.21

103MPa 57.41+1.48

25°C
Ksi 17.94

MPa 123.69

Ksi
25°C

17.07

MJ?a 117.69

25°C
Joules 2.43*0.30

lb.il 1.79*0.22
25°C ~3 0.4516k0.0298
25°C 64.4+1 .0

25°C 57.6* 1.4

25°C 57.okl.3

25°C W/m.K 111.0*0.4
25°C % IAcs 22.13*0.09

25°C 10-8 Qm 7.791*0.031
25°C ~m3 2.802

AILOY20
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Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
#20

Wti’%o
9.50 0.09 1.43 4.00 0.13 0.06 0.21 0.05 1.10 - balance

F;- 3.20.1. Typica/stress vsstrain curves forAlloy20

mperaturesof25”C, 1004C, and200”C.

fin. 3.20.2.S/N curve for Alloy 20; the fmcture sur-
shown is from the specimen which failed at 8.1

~ ..Jcycles under amaximum stress of21.8ksi.

AILOY20
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Alloy Si Mg Fe Cu Ni Cr Mn ~ Zn Sr Al
#20

WLYO
9.50 0.09 1.43 4.00 0.13 0.06 0.21 0.05 1.10 - balance+

800

700-

6c0-

;
●

:SMl .

j
i
L

;400 ..

I____
0 50 lW 150

Time (s)
Fig. 3.20.3. Thermal history of Alloy 20 cast in a
graphite mold.
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w

Alloy
Wtk%o

Si w Fe Cu Ni . Cr
#21 9.66 0.05 1.22 2.68 0.03 0.06

Tensile

I
Endurance Limit

I Impact Resistance

I Wear Resistance

Hardness

B
Specific Gravity

Strength

Ultimate “

Yield

Elongation

Modulus of Elasticity

100,000,000 cycles

500,000,000 cycles

Absorbed Energy

Volume Loss

% x ?4 inch flat die casting

3/8 inch diameter die casting

5/8 inch diameter die castiruz

Mn Ti Zn Sr Al

0.26 0.03 2.10 – balance

Ksi 44.0*4.6
25°C

MPa 303.4*3 1.7

100”C
Ksi 40.0+ 1.6

MPa 275.8*11.O

200°c :a
26.8+0.2
184.8*1 .4

Ksi 21.8*0.7
25°C

MPa 150.3+4.8

100”C
Ksi 21.8+0.1

MPa 150.3*0.7

200°c
Ksi 19.4*0.3

MPa 133.8*2.1

25°C % 2.73*0.73
100”C % 4.73*1.83
200”C % 7.44*1.90

25°C
103Ksi 10.96+0.68

103MPa 75.55&4.71

100”C
103Ksi 8.80*0.25

103MPa 60.67*1.69

200°c
103Ksi 8.35*0.13

103MPa 57.58*0.90

25°C
Ksi 20.42

MPa 140.79
Ksi

25°C
20.07

MPa 138.38

25°C
Joules 3.63+0.27

lb.fi 2.68*0.20
25°C ~3 0.4457*0.0301

25°C 56.5*0.9

25°C 49.1* 1.1

25°C 48.0+ 1.4

25°C W/m.K 113.8A2.6
25°C % IAcs 21.56~o.24

25°C 10-s Qm 7.999A0.088
25°C ~m3 2.789

AILOY21
.

c
P

.,.,,!/-.,. ,-., .’, ., 7;.$%7.-$.., ,... ,., .,....=-Z. ., -,, ----- . .>,.-,... .,,- ... ~.,.., . . . ., ,=-.RT.. . . . ,,. , . . . ,.-. ? ----



ID
(s

-,

gti APTER 3: ATLAS OF MI CR OS TRUCTURES AND
pll OPERTIES OF ALUMINUM DIE CASTING ALLOYS

81

&

Alloy Si Mg Fe Cu Ni Cr Mn Ti zn Sr Al

#21
VW%

9.66 0.05 1.22 2.68 0.03 0.06 0.26 0.03 2.10 “ balance

L

50

40

30

200’C?
!
:
I
D20:
)

10

0 I
‘o 1“ 2 3 4 5 6 7 8 9

Strain (%)

45

40

35

g

i~ 30

a
3.
E
2s

20

15
1.Eto3 1.Eio4 1xii15 1E+06 1.Ei07 - 1H08 LE+09

Qdes toFdhe

Fig. 3.21.1. ~picalstress vs strain curves forAlloy21
at temperatures of 29C, 100 “C, and200 “C.

fig. 3.21.2. SIN curve for Alloy 21; the fracture sur-
face shown is from the specimen which failed at 3.4
x 1P cycles under a maximum stress of 22.8 ksi.

AILOY21
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Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
#21

WLYO
9.66 0.05 1.22 2.68 0.03 0.06 0.26 0.03 2.10 - balance

I !1.3. Thermal histofy ofAlloy21 cast in a graph-
ite mold.

700.
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D
s

●

Alloy Si
WL”?O w Fe Cu Ni Cr Mn Ti zn Sr ~

#22 9.69 0.05 1.05 4.54 0.04 0.06 0.27 0.03 1.20 - balancev

Ksi 45.6+3.2
25°C

MPa 314.4+22.1

100”C
Ksi 41.9*2.4

MPa 288.9+16.5

200”C
Ksi 28.9+0.4

MPa 199.3*2.8

Ultimate

Strength
Ksi 24.5+0.4

25°c
MPa 168.9&2.8

100”C
Ksi 25.2*0.3

MPa 173.7+2.1

200”C
Ksi 21.3*0.3

MPa 146.9*2.1

Yield

Tensile

I 25°C I % I 2.3&0.74I
Elongation 100”C % 3.05*1.43

200°c % 7.06k2.97I

25°C
103Ksi 10.92*O.62

103MPa 75.27+4.30

100”C

200”C

103Ksi I 8.75&0.17 IModulus of Elasticity

%E%H
100,000,000 cycles 25°C

Ksi

MTa
Ksi

M3?a

22.41

154.51
22.10
152.37

Endurance Limit

500,000,000 cycles 25°C

Joules 3.35*0.37
Impact Resistance Absorbed Energy 25°C

2.47+0.27
0.4307*0.028525°CWear Resistance Volume Loss

1Ax ?4 inch flat die casting 25°C 60.8+ 1.2

25°C RHB 55.0* 1.2Hardness 3/8 inch diameter die casting

5/8 inch diameter die casting 125°C[~[ 52.8* 1.4 I
Thermal Conductivity

Electrical Conductivity

Electrical Resistivity
Specific Gravity

I 25°C I W/m.K I 119.2*0.7 I

25°C % IAcs 23.21+0.45

25°C 10-8 f2m 7.428&0.145

I 25°C I ~m3
I 2.799 I

AILOY22
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.

Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
#22

Wtwyo
9.69 0.05 1.05 4.54 0.04 0.06 0.27 0.03 1.20 - balance

F*- .22.1. Typical stress vs strain curves forAlloy22
al lempemtures of 25”C, 100 “C, and 200 “C.

).22,2. S/N curve for Alloy 22; the fmcture sur-
face shown is from the specimen which failed at 1.8
x IF cycles under a maximum stress of 24.2 ksi.
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*

Alloy Si
WLVO

Mg Fe Cu Ni Cr Mn Ti Zn Sr A
#22 9.69 0.05 1.05 4.54 0.04 0.06 0.27 0.03 1.20 - balance@

,,
.,. ,

i-

,.

.-

700.

too.

WM.

4oo-

300.

100+
o 50 100 150

Time(s)
m Fig.3.22.3. Thermal history ofAlIoy22 cast in a graph-

ite mold.
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,

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

#23
wt.”/o

10.88 0.05 1.27 2.62 0.04 0.06 0.26 0.03 1.20 - baIance

Tensile

I Endurance Limit

I Impact Resistance

F
I ThermalConductivitv
J E]ec&ic~ Conductivity

Electrical Resistivity
Specific Gravity

Strength

Ultimate

Yield

Elongation

Modulus of Elasticity

100,000,000 cycles

500,000,000 cycles

Absorbed Energy

VolumeLoss

% x % inch flat die casting

3/8 inch diameter die casting

5/8 inch diameter dle casting

ALLOY23

Ksi 41.3*3.O
25°C

MPa 284.8+20.7
x

Ksi 37.9*2.6
100”C ,

MPa 261.3*17.9

Ksi 27.7&l.4
200”C

MPa 191.0*9.7

Ksi 22.1*0.5
25°C

MPa 152.4+3.4

or I I
I Ksi I 22.2*0.5 I

100’ z
Ml?a 153.1*3.4

Ann. — Ksi 20.3*0.4
AJu’ -

IMPal 140.0+2.8 I

25°C I % I 1.79*0.51 I,

100”C % 2.39+1.06 ~

200”C % 5.43+2.50

103Ksi 11.19A0.48
25°C A

103MPa 77.17*3.32
4

100”C
103Ksi 8.72&0.33 Y

103MPa 60.13*2.28 w
103Ksi 8.65*1.12

200”C
103MPa 59.65&7.75 :

Ksi 20.05
25°C .

MPa 138.24 A
Ksi 19.77

25°C m
MPa 136.31

4

25°C
Joules 3.43*0.41 !
lb.ft. 2.53+0.30 4

25°C cm3 0.4086*0.0326

25°C 58.8* 1.2

25°C 50.6* 1.7 9

I 25°C 10-s Clm 7.595*0.207
25°C ~m3 2.767
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~li APTER 3: ATLAS OF MI CR OS TRUCTURES AND
p~OpERTIEs OF ALUMINUM DIE CASTING ALLOYS 87

1 v

Alloy Si Mg Fe Cu Ni cr Mn Ti Zn Sr Al

#23
VW*YO

10.88 0.05 1.27 2.62 0.04 0.06 0.26 0.03 1.20 - balance
+

)

1

4( 1Oo”c

3( 200”C
.

?
?
>

11x
:
9

I{

1 I

‘o 1 2 3 4 5 (

Strain (%)

45 —

—

—

—

—

—

1.W03 1E+Q4 1.EU15 1E+06 LEto7 IE+08 1E+09

Cyc3atoFaihre

Fig. 3.23.1. 7jpicalstress M strain curves forAlloy23
at tempemtures of 25”C, 100 “C, and 200 “C.

Fig. 3.23.2. SIN curve for MOY 23; the fmcture sur-
face shown is from the specimen which failed at 4.6
x 1P cycles under a maximum stress of 21.0 ksi.

AILOY23



CHAPTER 3: ATLAS OF MI CR OS TRUCTURES AND
88 PROPERTIES OF ALUMINUM DIE CASTING ALLOYS
m

Alloy Si
WL?40

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

f. .13,3.Thermal history of Alloy23 cast in a graph-
ite mold.

-

m~
o 50 103 150 2s0

Time(s)

ALLOY23
.)
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CHAPTER 3: ATLAS OF MI CR OS TRUCTURES AND
PROPERTIES OF ALUMINUM DIE CASTING ALLOYS 89

Alloy Si
wt.%

Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
#24 10.93 0.05 1.02 5.06 0.12 0.06 0.24 0.05 2.20 - balance

Endurance Limit

Impact Resistance

t
Wear Resistance

,

Hardness

I Thermal Ccmductivitv

Strength

Ultimate

Meld

Elongation

Modulus of Elasticity

100,000,000 cycles

500,000,000 cycles

Absorbed Energy

Volume Loss
1Ax ?4 inch flat die castin~

3/8 inch diameter die casting

5/8 inch diameter die casting

25°C
Ksi 45.Oi-2.l

MPa 31O.3*I4.5

100”C Ksi 41.9*2.7

MPa 288.9518.6

2oo”c
Ksi 29.6*0.5

MPa 204.1*3.4

25°C
Ksi 26.6A0.4

MPa 183.4*2.8
4

100”C
Ksi 26.9*0.6

MPa 185.5*4.1
.

2oo”c :a
22.4A0.2
154.4* 1.4

I 25°C I % I 1.51+0.31 I
100”C % 2.04*0.74

2oo”c % 4.18*2.07

25°C
103Ksi 11.66*0.73

103MPa 80.37*5.02

100”C
103Ksi 8.7 1*0.29

103MPa 60.07*2.03

2oo”c
103Ksi 7.96*0.32

103MPa 54.87&2.23

25°C
Ksi 21.51

MPa 148.31
Ksi

25°C
21.09

MPa 145.41

25°C 67.7+0.9

25°C 61.1* 1.1

25°C 10-8 !2m 7.967A0.032

25°C ~m3 2.819

AIL(IY24
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CHAPTER 3: ATLAS OF MI CR OS TRUCTURES AND
90 PROPERTIES OF ALUMINUM DIE CASTING ALLOYS

Alloy Si Mg Fe Cu Ni Cr Mn Ti zn Sr Al
#24

WL%
10.93 0.05 1.02 5.06 0.12 0.06 0.24 0.05 2.20 - balance

/ 24.1. ~pical stress vs strain curves forAlloy24,.
at temperatures of2PC, 100 “C, and200 ‘C.

24.2. S/N curve for Alloy 24; the fmcture sur-
~aceshown is from the specimen which failed at 6.3
x 1P cycles under a maximum stress of 21.3 ksi.

so

40

10

0 !
o 1 2 3 4 5

Strain(%)

45

1Et03 1.FA04 LE-IQ6 1E+07 LIH’08 LEi09

QdcstoFIOIU’C

AIL(IY24
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CHAPTER 3: ATLAS OF MI CR OS TRUCTURES AND
PROPERTIES OF ALUMINUM DIE CASTING ALLOYS

91

Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
#24

Wtw’%o
10.93 0.05 1.02 5.06 0.12 0.06 0.24 0.05 2.20 - balance

800

700

m

500

400

3cll

?cQ I

‘o 50 100 150 zoo 250 3W

Time (s)
fig. 3.24.3. Thermal history ofAlloy24 cast in a graph-
ite mold.

I

ALLOY24
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I

I

Alloy Si Mg Fe Cu Ni Cr Mn Ti zn Sr
wt.?40 Al

;/1 7.15 0.03 0.68 1.24 0.01 0.01 0.01 0.01 0.44 0.00 Balance

Fig. 3.1.7. SEMmicrograph ofA1loy 1 in the die cast condi-
tion, showing Fe bearing needles and the AI-Si eutectic

structure (2000~.

Fig. 3.1.8. SEiklmicrograph ofAIloy 1 in the die cast condi-
tion, showing Cu-rich particles (brightphase) within the
A1-Si eutectic (2000~.

ALLOY 1



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

yl
IW.!40

7.15 0.03 0.68 1.24 0.01 0.01 0.01 0.01 0.44 0.00 Balance
L

F’ig. 3.1.5. Representative optical micrograph ofAlloy 1, as
die cast condition (400~.

Fig, 3.1.6. Repres
die cast condition

‘entative S
(Ioooq.

‘aph of Alloy

ALLOY1

1, as

-
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Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
#2

wt.%
6.99 0.O1 0.56 1.15 0.01 0.01 0.47 0.24 2.87 0.018 Balance&-

$’Ifl,3.2S. Representative optical micrograph ofAiloy 2, in
IIjeas die cast condition.

f~g,3.2.6.Representative SEA4 micrograph ofAIloy 2, in
$e as die cast condition (1000~.

J&LLOY2 ~
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Alloy Si Mg Fe Cu Ni Cr Mn Ti zn Sr Al
#2

Wt.’yo
6.99 0001 0.56 1015 0.01 0.01 0.47 0.24 2.87 00018 Balance,

Fig. 3.2.7. SEMmicrograph ofAIIoy 2 in the die cast condi-
tion, showing Fe bearing Chinese script and polyhedml
qvstals, and the A1-Sieutectic structure (2000~. ~

Fig. 3.2.8. SEMmicrograph ofAIIoy 2 in the die cast condi-
tion, showing Cu bean”ngparticles (bright phase) within”
theA1-Si eutectic and in the interdendritic regions (2000~.

ALLOY2
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Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr
VW.YO

Al
#3 6.98 0.04 1.49 4.99 0.44 0.13 0.01 0.01 0.47 0.o18 Balance

1~):.3.3.5. Representative optical micrograph ofAlloy 3, as
hlv casI condition (400X).

VII

/1111
!\/

~])!,3.3.6. Representative SEM micrograph ofAlloy 3, as
~lt @Is/ condition (1000~.

kLOY 3
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Alloy Si Mg Fe Cu Ni Cr Mn Ti h Sr
Wt.yo

Al

#3 6.98 0.04 1.49 4.99 0.44 0.13 0.01 0.01 0.47 0.o18 Balance

Fig. 3.3.7. SEMmicrograph ofAIIoy 3 in the die cast condi-
tion, showing Fe bearing needles and the A1-Si eutectic
structure (2000A9.

Fig. 3.3.8. SEMmicrograph ofA1loy 3 in the die cast condi.
tion, showing Cu bearing particles (bright phase) in (he
interdendritic regions and within theA1-Sieutectic (2000.q,

fkLOY 3
-——. —.-., -—
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Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
#4

Wt.”h
6.94 0.04 L48 4.74 0.47 0.15 0.45 0.16 2.69 0.00 Balance&

11!

. 1,

i
>

)/1./

/ Ill

MI\

fl)l, .i,4.5. Representative optical micrograph ofAlloy 4, as
W NM cmviition (400A9.

~~g,.W.6. Representative SEM micrograph ofAIIoy 4, as
dq (W,YIcondition (1000~.

kLOY 4
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Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al

#4
Wt.Yo

/ 6.94 0.04 1.48 4.74 0.47 0.15 0.45 0.16 2.69 0.00 Balance

Fig. 3.4.7. SEA4micrograph ofAlly 4 in the die cast condi:
tion, showing an Fe bearing large polyhedral ctystal, SOIUG
small Fe bearing particles, and Cu bearing phase withi)t
theA1-Sieutectic structure and in the interdendritic regions
(2000~.
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Fig.
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.1

dip

‘itllil)

)Ox).

w

Alloy ~t % Si Mg Fe Cu Ni Cr MII Ti Zn Sr Al
#5 “ 7.05 0.44 0.67 1.18 0.53 0.14 0.01 0.01 2.76 0.00 Balance

I:ig.3.5.5. Representative optical micrograph ofAlloy 5, as
[Ilccast condition (400~.

“Fig.3.5.6. Representative SEM micrograph ofAlloy 5, as
die cast condition (I OOOW.

ALLOY5
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Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al

#5
Wt.’xo

7.05 0.44 0.67 1.18 0.53 0.14 0.01 0.01 2.76 0.00 Balance

Fig. 3.5.7. SEMmicrograph ofA1loy 5 in the die cast condk
tion, showing Fe bearing small particles around the in[er
dendritic regions and the A1-Si eutectic structure (2000~,”

Fig. 3.5.8. SEMmicrograph ofAlloy 5 in the die cast condli
tion, showing Cu bearing particles (bright phase) widdh

theA1-Si eutectic and in the interdendritic regions (2000A7

liLLOY5
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11/!
1/1,1
L\)

ndi-
!thiil
ox).

P
Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn sr

wt.Yo
Al

#6 6.98 0.44 0.57 1.13 0.48 0.13 0.45 0.18 0.38 0.018 Balance

I’lg.3.6.5.Representative optical micrograph ofA1loy 6, as
tilecast condition (400@

Fig. 3.6.6. Representative SEA4micrograph of Alloy 6, as
die cast condition (1000~.

f$LLOY6
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[’\ll(l\ Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
Wt.?lo

V() 6.98 0.44 0.57 1.13 0.48 0.13 0.45 0.18 0.38 0.018 Balance

Fisz 3.6.7. SEMmicrozraph ofA1loy 6 in the die cast camh.
tion, showing a starl;ke-Fe bearing phase and the AI-.}”I

A

4
i

euteclic structure (2000~.

Fig. 3.6.8. SEMmicrograph ofAlloy 6 in the die ca.w(“I,mlle
tion, showing Cu bearing particles (bright phase) nwhk ~
theA1-Si eutectic and in the interdendritic regions (2(JII0.V

fkLLIOY6
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\
Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al

#7
Wt.”h

6.92 0.50 1.63 4.94 0.03 0.01 0.02 0.01 2.73 0.022 Balance
$

Fig,3.7.5. Representative optical micrograph ofAIIoy 7, as
dlt:cast condition (400~.

Fig. 3,7.6. Representative SEM micrograph ofAIIoy 7, as
die cast condition (1000~.

kLOY 7
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Alloy Si Mg Fe Cu Ni Cr Mn Ti zn Sr Al

+/7
Wt.’xo

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. SEMmicrograph ofAIIoy 7 in the die cast condi---- -
tion, showing large Fe bearing needles, Cu bearill.q
particles, and theA1-Si eutectic struchme (2000A9.

Fig. 3.7.8. SEA4micrograph.ofAIIoy 7 in the die cast corolla

tion, showing Cu bearing particles ”(brightphase) in Ihd
interdendritic regions and within theA1-Sieutectic (2000.Y).
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~ Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr
Wt.yo

Alt
z #8 6.79 0.46 1.49 4.77 0.01 0.01 0.45 0.20 0.42 ().()() Balance*

fig, 3.8.5. Representative optical micrograph ofAllcy 8, as
i/lc cast condition (400A7.

Fig. 3.8,6. Representative SEM micrograph ofAlloy 8, as
die cast condition (1000~.

fkLOY 8
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Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al

- #8
Wt.’%o

6.79 0.46 1.49 4.77 0.01 0.01 0.45 0.20 0.42 0.00 Balance

Fig. 3.8.7. SEMmicrograph ofAIIoy 8 in the die cast condi- -
tion, showing Fe bearing Chinese script and needles, and
theAI-Si eutectic structure (2000~.

:,
-.

Fig. 3.8.8. SEMmicrograph ofAlloy 8 in the die cast coudb,-.
tion, showing Cu bearing particles (bright phase) in th~”

interdendritic regions and within the A1-Si (2000~.
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!111/

di.

tlli’

Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr
wt.%

Al

#9 12.71 0.05 0.63 4.96 0.06 0.14 0.01 0.20 ().5() ().()17 Balance

Fig. 3.9.5. Representative optical micrograph ofAlloy 9, as
die cast condition (400+.

Fig. 3.9.6. Representative SEM micrograph of Alloy 9, as
die cast condition (1000~.

J$LLOY9
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Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al

#9
Wt.’%o

12.71 0.05 0.63 4.96 0.06 0.14 0.01 0.20 0.50 0.017 Balance

Fig. 3.9.7. SEA4micrograph
tion, showing Fe bearing
eutectic structure (2000~.

f!O All{
small

Dy9
pa]

‘in the
?ticIes

die c
and

:ast (

the

:ondi-
A1-Si

Fig. 3.9.8. SEMmicrograph ofAlloy 9 in the die cast condl.
tion, showing Cu bearing particles (bright phase) withhi
theA1-Si eutectic and the interdendritic regions (2000X).
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~
Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
#lo

wt.?40
12.69 0.03 0.73 5.09 0.07 0.11 0.37 0.01 2.73 0.00 Balance

Fig.3.10.5. Representative optical micrograph ofAIIoy IO,
m die cast condition (400A7.

Fig. 3.10.6. Representative SEMnzicrograph ofAlloy 10, as
die cast condition (1000~.

kLOY 10
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Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al

#lo
wt.?40

12.69 0.03 0.73 5.09 0.07 0.11 0.37 0.01 2.73 0.00 Balance

Fig. 3. IO.7. SEh4 micrograph of Alloy 10 in the die cast
;ondition, showing Fe bearingpolyhedral c~stals, thepri-
ma~ and eutectic Siparticles, and the Cu bearing particles
inthe interdendritic regions (2000~.

Fig. 3.10.8. SEM micrograph of Alloy 10 in the die cast
condition, showing Cu bearingparticle (bright phase) with-
in the A1-Si eutectic (2000@
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Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn & &

#11
Wt.yo

12.86 0.04 1.59 1.21 0.45 0.01 0.01 0.18 0.49 0.00 Balance

Fig. 3.11.5. Representative optical micrograph ofAlloy 11
IIIIhedie cast condition, showing Fe bearing needles and
IIILIA1-Sieulectic structure (2000~.

Fig. 3.11,6. Representative SEA4micrograph ofAIIoy II in
thedie cast condition, showingFe bearing needles and the
A1-Sieutectic structure (2000~.

kLOY 11
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1Alloy Si Mg Fe Cu Ni Cr Mn Ti zn Sr ~
f#ll

Wt.yo
12.86 0.04 1.59 1.21 0.45 0.01 0.01 0.18 0.49 0.00 Balance

Fig. 3.11.7. SEM micrograph of Alloy 11 in the die cast
condition, showing Fe bean-ngneedles and theA1-Si eutec-
tic structure (2000~.

Fig. 3.11.8. SEM micrograph of Alloy 11 in the die cuslq
condition, showing Cu bean”ngparticles (bright phase) with. :.!

in the Al-Si eutectic and in the interdendritic regions %

(2000~. ::

kLOY 11
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Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al

#12
Wt.!xo

12.95 0.05 1.55 1.29 0.46 0.01 0.43 0.01 2.91 0.023 Balance

Fig.3.12.5. Representative optical micrograph ofAI1oy 12,
m die cast condition (400~.

il

1-

,.\ lTg. 3.12.6. Representative SEMmicrograph ofAlloy 12, as
die cast condition.

kLOY 12
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Alloy Si Mg Fe Cu Ni Cr Mn Ti zn Sr Al

#12
Wt.’xo

12.95 0.05 1.55 1.29 0.46 0.01 0.43 0.01 2.91 0.023 Balance

Fig. 3.12.7. SEA4micrograph of Alloy 12 in the die cast
condition, showing Fe bearingpolyhedml ctystals and nee-
dles, and the primary and eutectic Siparticles (2000~.

Fig.
clitic
intet

3.
m,

12.8 SEMmicrograph ofAlloy 12 in the die cast conQ
showing Cu bearing particles (bright phase) in du$

mdritic regions and within theAl-Si eutectic (2000X),
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Alloy Si Mg Fe Cu Ni (h Mn Ti Zn s~
Wt.yo

Al
#13 13.03 0.46 0.58 4.70 0.44 0.01 0.01 ().17 2.61 ().()21 Balance

,,\/
(’ Fig. 3,13.5. Representative optical micrograph ofAIIoy 13,

as die cast condition (400~.

Fig.3,13,6. Representative SEMmicrograph ofAIIoy 13, as
die cast condition (1000~.

&LOY 13
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Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
#13

W%.YO
13.03 0.46 0.58 4.70 0.44 0.01 0.01 0.17 2.61 0.021 Balance

Fig. 3.13.7. SEA4micrograph of Alloy 13 in the die cast
condition, showing Fe bearing needles, and theprima~ and
eutecttc Siparticles (2000*.

Fig. 3.13.8. SEA4micrograph of Alloy 13 in the die cast
condition, showing Cu bearing particles (bright phase) in
the interdendritic regions and within the A1-Si eutectic
(20003.
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Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr
Wt.yo

Al

#14 12.94 0.48 0.74 4.77 0.50 0.01 0.57 0.01 0.55 0.()() Balance

Fig.3.14.5. Representative optical micrograph ofA1loy Ii,
as die cast condition (400~.

‘c Fig. 3,14.6. Representative SEh4micrograph ofA1loy 14, as
die cast condition (1000~.

&LOY 14
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Alloy Si Mg Fe Cu Ni (3 Mn Ti Zn Sr
!

Al ~
#14

Wt.vo
12.94 0.48 0.74 4.77 0.50 0.O1 0.57 0.01 0.55 0.00 Balance

Fig. 3.14.7. SEM micrograph of Alloy 14 in the die cast
condition, showingFe bearingpolyhedral and starlike ctys-
tals, and theprimaiy and eutectic SiparticIes (2000~.

i

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 A1-Si eutectic
(20003
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Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn &
Wt.!xo

Al
#15 12.78 0.47 1.51 1.27 0.06 0.14 0.01 0.18 2.94 0.OO” Balance

Fig. 3.15.5. Representative optical micrograph ofAlloy 15,
ns die cast condition (400~.

Fig.3.15.6. Representative SEMmicrograph ofAlloy 15, as
die cast condition (1000~.
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Alloy Si Mg Fe Cu Ni Cr Mn Ti zn Sr Al

$/15
Wt.vo

12.78 0.47 1.51 L27 0.06 0.14 0.01 0.18 2.94 0.00 Balance

Fig. 3.15.7. SEA4micrograph of Alloy 15 in the die cast
condition, showingFe bearingpolyhedral crystals, and nee-
dles and theA1-Si eutectic structure (2000@

Fig. 3.15.8. SEM micrograph of Alloy 15 in the die C(IS[

condition, showing Cu bearingparticles (bright phase) wi!h-
in the A1-Sieutectic and the prima~ Siparticles (2000X).
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Alloy Si Mg l?e Cu Ni Cr Mn Ti Zn Sr
Wt.Yo

Al
#16 12.86 0.41 1.63 1.21 0.06 0.14 0.44 ().01 o.46 0.024 Balance

Fig. 3.16.5. Representative optical micrograph ofAlloy 16,
as die cast condition (400~.

Fig,3.16.6. Representative SEMmicrograph ofA1loy 16, as
die cast condition (1000AJ.
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Alloy I Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al

#16
Wt.!xo

12.86 0.41 1.63 1.21 0.06 0.14 0.44 0.01 0.46 0.024 Balance

Fig. 3.16.7. SEM micrograph of Alloy 16 in the die co~
condition, showing Fe bearing Chinese script and needl~
and theA1-Si eutectic structure (2000~.

/

“1
‘~
]

AFig. 3.16.8. SEM micrograph of Alloy 16 in the die (’
condition, showing Cu bean”ngparticles (bright phase) Wh
in the A1-Si eutectic (2000Q m
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!: Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn &
Wt.”h

Al
#17 8.39 0.02 0.90 2.71 0.04 0.06 0.22 0.03 1.10 - balance

\/
,, Fig.3.17,5. Representative optical micrograph ofA1loy 17,

h) \hc as die cast condition.

LYI Fig. 3,17.6. Representative SEA4micrograph ofA1loy 17 in

h- (Iwas die cast condition (1000~.
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Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
#17

Wt.?zo
8.39 0.02 0.90 2.71 0.04 0.06 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 theA1-Si
eutectic structure (2000~.

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 A1-Si eutectic
(2000q.
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Alloy Si
Wt.Yo

Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
#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 ofAlloy 18,
m die cast condition (400~.

:1 Fig. 3.18.6. Representative SEMmicrograph ofAlloy 18 in
11 the die cast condition, showingFe bearingpolyhedral crys-
C Ials, small particles, and needles, and the A1-Si eutectic

structure (2000~.
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Alloy Si
Wt.’%o

Mg Fe Cu Ni Cr Mn T! Zn Sr Al
#18 8.19 0.02 0.91 3.87 0.03 0.04 0.17 00.3” 2*2O . balance

Fig. 3.18.7. SEA4micrograph of Alloy 18 in the die cast
condition, showing Fe bearing polyhedral ctystals, small ~
particles, and needles, and the A1-Si eutectie structure
(20004. .

Fig. 3.18.8. SEA4micrograph of Alloy 18 in the die cti.tl
condition, showing Cu bearing particles (bright phase) lti
the interdendritic regions and within the A1-Si eutec(l~
(2000~.
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Alloy Si
Wt.yo

Mg Fe Cu Ni Cr Mn Ti Zn sr Al
#19 9.49 0.02 0.87 2.61 0.03 0.05 0.23 0.03 2.20 - balance*

,/
II
.( Pig. 3.19.5. Representative optical micrograph ofAlloy 19,

m die cast condition (400~.

v Fig. 3.19.6. Representative SEMmicrograph ofAlloy 19 in
n Ihe die cast condition, showing Fe bearingpolyhedral cvs-
C MS and small parlicles, and the A1-Si eutectic structure

(20004.
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Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr
Wt.vo

Al

#19 9.49 0.02 0.87 2.61 0.03 0.05 0.23 0.03 2.20 - balance

Fig. 3.19.7. SEM micrograph of Alloy 19 in the die
condition, showingFe bearingpolyhedral ctystals ands
particles, and the AL-Si eutectic structure (2000~.

cast
~mall

Fig. 3.19.8. SEM micrograph of Alloy 19 in the die cast
condition, showing Cu bearing particles @right phase] in
the interdendritic regions and within the A1-Si eutectic
(2000~.
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Si
‘;;;;; wt.%

Mg Fe Cu Ni Cr Mn Ti Zn Sr Al

9.50 0.09 1.43 4.00 0.13 0.06 0.21 0.05 1.10 -- balanceb

‘,

11, 1,1: .;,20.5. Representative optical microgt-aphofAlloy 20,
.1,,ht. cast condition (400X).

:({., ,

:) ii
clil IF,+ 3.20.6. Representative SEMmicrograph o$Alloy 20, as

,hc’cast condition (1000~.
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Alloy Si
VW.!!40

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

Fig.
cons
dies,

3.20.7. SEA4micrograph of Alloy 20 in
!ition,showingFe bearingpolyhedml c~s
and the A1-Sieutectic structure (2000~.

the
‘taIs

1

‘n

Fig. 3.20.8. SEM micrograph of Alloy 20 in the die cl
condition, showing Cu bearing particles (bright phase)
the interdendritic regions and within theA1-Si eutectic,
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Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr
Wt.!xo

Al
#21 9.66 0.05 1.22 2.68 0.03 0.06 0.26 0.03 2.10 - balancee

Fig.3,21.5. Representative optical micrograph ofA1loy 21,
as die cast condition (400~.

Fig.3.21.6. Representative SEh4nticrograph ofAIIoy 21, as
die cast condition (1000~.
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Alloy Si
wt.!40

Mg Fe Cu Ni Cr Mn Ti. Zn Sr Al
#21 9.66 0.05 1.22 2.68 0.03 0.06 ().26 O.(M 2.1 n - halan~~

Fig. 3.21.7. SEM micrograph of Alloy 21 in the die cast
condition, showing Fe bearing Chinese script, polyhedral
c~stals and needles, and the A1-Si eutectic structure
(2000q.

..

IFig. 3.21.8. SEM micrograph of Alloy 21 in the die CIM(.
condition, showing Cu bearingparticles (bright phase) wid[~ ~
in the A1-Si eutectic (2000~.

,.,,
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Alloy Si
W.!AO

Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
#22 9.69 0.05 1.05 4.54 0.04 0.06 0.27 0.03 1.20 - balancee

‘0,$/

owl
11/’(, : Fig, 3.22.5. Representative optical microstructure ofAlloy

I
22, as die cast condition (400~.

as!

,

Fig, 3.22.6. Representative SEMnticrograph ofAI1oy22, as
die cast condition (1000~.
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Alloy Si
Wt.Yo

Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
#22 9.69 0.05 1.05 4.54 0.04 0.06 0.27 0.03 1.20 - balance

Fig. 3.22. 7SEMmicrograph ofAlloy 22 in the die cast con-
dition, showingFe bearingpolyhedral nystals and Chinese i
script, and theA1-Si eutectic structure (2000~.

i
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1Fig. 3.22.8. SEM micrograph of Alloy 22 in the die ca.~
condition, showing Cu bearingparticles (bright phase) wi(h.
in the A1-Si eutectic structure and the Fe bearing needle,
(2000q.
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Alloy Si Mg Fe Cu Ni Cr Mn - Ti Zn Sr
wt.?40

Al

#23 10.88 0.05 1.27 2.62 0.04 0.06 0.26 0.03 1.20 -- balance

Fig.3.23.5. Representative optical micrograph ofAlloy 23,
/n the as die cast condition.

Fig.3.23.6. Representative SEMmicrograph ofAIIoy 23, in
the as die cast condition.
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Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
Wt.vo

‘ I

[

i

,#23 10.88 0.05 1.27 2.62 0.04 0.06 0.26 0.03 1*2O - balance

Fig. 3.23.7. SEM micrograph of Alloy 23 in the
condition, showing Fe bearingpolyhedml crystals
dies, and the AI-Si eutectic structure (2000~.

die
and
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Fig. 3.23.8. SEM micrograph of Alloy 23 in the die c
*condition, showing Cu bearingparticles (bright phase) Wl$f: ~

in theA1-Si eutectic (2000~.
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.\lloy Si Mg Fe Cu Ni Cr Mn Ti Zn s 1“ \l

li24
VW.?40

“1 10.93 0.05 1.02 5.06 0.12 0.06 0.24 0.05 2.20 -- I):li:llll”l”
L

:, ,

d Il. \ i,, 3.24.5. Representative optical micrograph ofAlloy 24,
.1t ,Iiccast condition (400~.

e ca,\/

) with I’ig. 3,24.6. Representative SEM micrograph ofAIIoy 24, as
die cast condition (1000X).
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Alloy Si Mg Fe Cu Ni Cr Mn Ti Zn Sr
#24

Wt.vo
10.93 0.05 1.02 5.06 0.12 0.06 0.24 0.05 2.20 - balanc~

Fig. 3.24.7.
condition, s
nese script,

. SEM micrograph of Alloy 24 in the die
howingFe bearingpolyhedml c~stals mid
and the A1-Si eutectie structure (2000X).

Fig. 3.24.8. SEM micrograph of Alloy 24 in the dkt @U ‘
condition, showing Cu bearingparticles (brightphmc)Nf,&
in the A1-Si eutectic and the Fe bearing needles (200(f,~~ !
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CHAPTER 4: ANALYSIS OF ALLOY CHEMISTRY,
MICROSTRUCTURE AND PROPERTIES 95

balysis of A!!oy ChemistrS Microstructure, and
/%Operties

~#)0 results given in Chapter 3 are analyzed with respect to
1}10cast microstructure as well as to mechanical and physi-
001properties. In Section 4.1, the focus is on microstructural
qnalysis, whereas in section 4.2 the mechanical and physi-
oal 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
nmterials engineers.

4.1 Microstructure
~picai aluminum die casting aiioys are not simple binary
fdloys but rather they constitute multi-element systems. The
principal alloying element in aiuminum die casting alioys is
oiiicon; however, iron, copper, magnesium, manganese, tita-
nium, strontium, chromium, nickei, and zinc, which are
secondary alioying elements, piay 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 alioys (Ailoyl to Alloy 16).This is because Alioys 1to 16
represent the ailoys where the ieveis of the primary and the
secondary ailoying eiements were designed at two extremes-
a low level, and a high ievel.

Analysis of the microstructure of these ailoys is presented
by reviewing (i) differential thermal analysis (DTA) curves,
cooling curves, and cooiing rates; (ii) phase analysis via en-
ergy dispersive x-rays (EDX), and (iii) microstructure analysis
via opticai and scanning eiectron microscopy (SEM).

4.1.1 DTA Curves, Cooling Curves,
and Cooling Rate Analysis

By examining the DTA and cooling curves of an alioy, infor-
mation about its solidification sequence can be obtained. For
example, in all the alioys investigated a main peak is ob-
served. This peak corresponds to the A1-Si eutectic reaction.
See Fig. 3,1,4 for Alloy 1, Fig. 3,2,4 forAlloy2, etc...to Fig. 3.2,24
for Alloy 24, The starting temperature for the Ai-Si eutectic
reaction (the main peak) ranges from 535°C to 562°C.

In Alloys 1 through 8 (alioysthat contain siiicon in the range
6,79 to 7.15Yo) a large peak, ahead of the main peak, i.e., to
the right of the main peak is observed. This peak occurs at
temperatures higherthan the eutectic reaction temperature.
This relatively iarge peak signifies the formation of the pri-
mary aluminum dendrites. Moreover, it can be seen that in
Aiioys 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 duetotheforma-
tion of Fe bearing phases.

in Alioys 9 through 16 (Figs. 3.9.4 through 3.16.4) a smali
convex shaped peak, ahead of the main peak, is observed.

This convex starts between 563°C and 590”C, and signifies the
formation of certain phases such as Fe bearing needies, Chi-
nese script Fe phase, and/or primary siiicon particies.

The DTA curves of Ailoys 3,4,7,8,9, 10,13, and 14 (Figs.
3.3.4,3 .4.4,3.7.4 to 3.10.4,3.13.4, and 3.14.4) ali show a smaii
distinct peak, subsequent to the A1-Si eutectic reaction be-
tween 480°C and 495”C. Ali of these alioys contain high ievels
of Cu (4.70%to 5.09%) and contain Cu bearing phases through-
out their microstructure. in contrast, Alioys 1,2,5,6,11,12,
15, and 16 have iower Cu contents (between 1.13% and 1.29Yo).
Consequently, they have small amounts of the Cu bearing
phase, and do not exhibit a distinct peak (to the ieft of the
main peak) indicating formation of oniy 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 aiioy is rela-
tivelyhigh, say O.ll%to 0.15% (such as in Aiioys3, 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 aiioy is iow, say 0.01% (such as in Alloys7, 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 alioys, such as Alioys 3,4, 5, 6, 11, 13, and 14,
one can observe another smail 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 aiioys contain a relatively high level of nickel,
and their Ai-Si eutectic contains smaii Fe bearing needles
with nickei present in this phase. Thus the alloys which con-
tain a relatively high ievel of nickel (-O.5YO) manifest another
smail peak indicative of the precipitation of the Fe-Ni bear-
ing needles found in the A1-Si eutectic phase.

The cooiing curves of the ailoys iisted in Tabie 2.5 provide
fingerprints of the phase transformation sequences that take
piace during their solidification, even though the cooiing rates
in the two sets of investigations differl. in general, forthe Al.
Si alioys iisted in Tabie 2,5, there exist three distinct regions
within the cooiing curve that are of interest. As solidification
proceeds, the very first fingerprint is that of the first phase(s)
that form; nameiy:

■ Primary Ai dendrites
(for hypoeutectic aiioys, e12.5%Si)

~ Primary siiicon particles
(for hypereutectic alioys, >12.5%Si)

■ Fe bearing phases

For example, we see a distinct arrest in the cooiing curves oi
those alioys with a high Si content (-13%) and a high Fe con.
tent (1.51% to 1.63%)—Figs. 3.11.3 (Alioy 11), 3.12.3 (Alloy 12).
3.15.3 (Alioy 15), and 3.16.3 (Aiioy 16). In contrast, ailoys thal
have a high Si content (-13’%0)and a iow Fe content (0.589’otc
0.749’o)-Alioys 9, 10, 13, and 14, do not exhibit this distinci
arrest, but rather they show a cooiing rate change.

The second fingerprint observed is that of the A1-Si eutectic
reaction which occurs between 545°C and 575°C. For ailoys

,7-,- r . ,, 7-.,,.., ,>,. .. ,. ,.,.,,,.... ,,.. ,.,.,.,,.,,. ,...7. . . . ,, .. -, ,T—- 7 - . . -.
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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
17 to 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%Si) 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

‘c)eriencing a cooling rate that is over 9000°C/min, The ob-
~rved microstructure refinement is significant. The

microstructure 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. [n 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 coiling 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

~reases, we note thta the needles are replaced with mostly
-Ilinese 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-
ture 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
90000C/min.

Similariy, a change in the morphology ofthe Cu-bearing phase
as a function of cooiing 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 mostiy adjacent to the Fe-
bearing needles and within the A1-Sieutectic (see Figs. 4.1,2for
Alloyl, and Fig.4.1.5forAlloy 4). Whereas inthe 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
Alioy4.

4.1.2 Phase Analysis

Though cooling rate has an appreciable effect on the scale ofthe
structure formed, the morphology ofthe phases that precipitate
out during solidification is predominantiy 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:
■

m

■

m

m

■

■

■

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
Alioys 8 and 12 (Figs, 3.6,7 and 3.12.7);

Well-developed Chinese script is observed in Alloys 2 and 8
(Figs.3,2.7 and 3.8,7);

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

A starlike Fecontaini.ng 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 ~olvhedral Fe containirm ~hase (-1 mm in size is
observed in-Alloys 5 and 9 (Figs, ~5,7 and 3,9.7).

In each case, EDXspectraanalysis revealsthe chemical com-
positionofthe phase. EDXspectraforthe phasesdescribed above
are given in Figs. 4.1,6 through 4.1.13.The reason forthe forma-
tion of smali needles as opposed to large needles is due to the
presence of Ni and Cu. Nickel and Copperfavortheformation 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)andthestar-like phase
contains Cr in addition to Mn and Cu. Generally speaking, when
the Crcontent of the alloy is lowand the Mn content is high, the
Febearing polyhedral particles are relatively large. On the other
hand, when the Cr content of the alloy is high and the Mn con-
tent is low, the Fe-bearing polyhedral particles are small, Thus
the level of Mn and Cr in the alloy significantly influences the
resultant microstructure, From the aboveanalysis, it can be con-
cluded that increasing the sludge factorfavorsthe formation of
polyhedral and Chinese script phases over the needle shaped
phase.l%eforrnation ofthe Chinese scriptphase isfavored when
Mn is present without Cr.With increasing Crcontent, the poly-
hedral phase is favored.
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Fig. 4.1.1 (a) Graphite mold casting (cooling rate: - 750”C/min).

Fig. 4.1.1 (b). Die casting (cooling rate: >9000°C/min). Both
photographs show the grain structure of Alloy 1 (7. 15%Si,
0.03%Mg, 0.68%Fe, 1.24%CU, O.Ol%Ni, O.O1%CG O.Ol%Mn,

o.ol%~, 0.44%Zn and0.00%Sr).
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1,2 (a} Cooled at 10”C/min (DTA sample).

Fig.
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4.1,2 (b) Graphite mold casting (cooling rate: -75PC/min).
above photographs are microstructure ofAlloy 1 (7. 15’%Sij
‘%Mg, 0.68%Fe, 1.24 VOCU, O.Ol%Ni, O.O1%CG O.Ol%Mn,
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fig. 4.1.3 (a) Graphite mold casting (cooling rate: -75&’C/min),

fig. 4.1.3 (b). Die casting (cooling rate: >900ffC/min). The above
microgtaphs show the grain structure of Alloy 15 (12. 78%Si,
0.47%Mg, 1.51%Fe, 1.27%CU, 0.06%Ni, O.14%CG O.Ol%Mn,
0.18%li, 2.94%Zn, and 0.00%Sr).
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4.1.4 (a) Cooled at 10°C/min(DTAsample).

Fig, 4,1.4 (b) Graphite mold casting (cooling rate: -750°C/min).
7micros trucutres sho wn are ofAlloy 14 (12.94%Si, 0.48%Mg,
PhFe, 4,77%CU, 0.50%Ni, O.Ol%C~ 0.57%Mn, 0.01%77,0.55%Zn

and 0.00%Sr) solidified at different cooling rates.

--J
---—.—.=, , ,,,.,~ ,,. . ..,,,.. ,t>,q...,> .,, .- ,, . . .. ........... . . ,,. . . .. .. ... . . . ..— -



RY, ;
lE$”-

$UAPTER 4: AN ALysis OF ALLOY CHEMls TRy,
MICROSTRUCTURE AND PROPERTIES

Fig. 4.1.5. (a) Cooled at lffC/min (DTA sample).4Ipnl

fig. 4.1.5 (b) Graphite mold casting (cooling rate: -75WC/min).
Shown are the microstructure of Alloy 4 (6.94%Si, 0.04%Mg,
1.48%Fe, 4.74%CU, 0.47Ni, O.15%CC 0.45%Mn, 0.16%Ti, 2.69%Zn
and 0.00%Sr) solidified at different cooling rates.
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1.1.6.EDX spectrum of large Fe bearing

needle in Alloy 11 (12.86%Si, 0.04%Mg,
1.59% Fe, 1,21%CU, 0.45%Ni, O.O1%CG
O,Ol%Mn, 0.18%77, 0.49%Zn, and 0.00%Sr).

Fig, 4.1,7, EDX spectrum of small Fe bearing
needle in Alloy 11 (12.86%Si, 0.04%Mg,
1.59% Fe, 1,2196CU, 0.45%Ni, O.Ol%Cr,

O.Ol%Mn, 0.18%7i 0,49%Zn and 0,00%Sr).
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Fig. 4.1.8. EDX spectrum of Fe-bearing Chi-
nese script in Alloy 8 (6. 79%Si, 0.46%Mg,
1.49% Fe, 4. 77~oCU, O.O1%CG 0.45%Mn,

0.20%~, 0.42%Zn and 0.00%Sr).

Fig. 4.1.9. EDXspectrun of Fe-bearing starlike
particle in Alloy 6 .(6.98%Si, 0.44%Mg,
0.57%Fe, 1. 13YoCU, 0.4896Ni, O.13%Cr,

0.45%Mn, 0.18Yo17,0.38%Zn and 0.002%Sr).
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r 4.1.10. EDXspectrum of Fe-bearing large

I ledral particle in Alloy 10 (12.69%Si,
0.03%Mg, 0.73% Fe, 5,09%CU, 0.07%Ni,
O.ll%CC 0.37%Mn, 0,01’Yo17,2.73%Zn and
0.00Y&r).

Fig. 4.1.11. EDXspectrum of Fe-bearing small
polyhedral particle in Alloy9 (12.71%Si,
0,05%Mg, 0.63% Fe, 4.96YoCU, 0.06%Ni,
0,14YoC~ O.Ol%Mn, 0.20%Ti, 0.50%Zn and
0,017%Sr),
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Fig. 4.1.12. EDX spectrum of Cu-bearing

lumpy particle in Alloy 9 (12.71%Si, 0.05%Mg,
0.63%Fe, 4.96%CU, 0.06%Ni, O.14%CL
O.Ol%Mn, 0.20%17, 0.50%Zn and 0.017%Sr).

Fig. 4.1.13. EDXspectrum of Cu-bearing net-
shape eutectic phase in Alloy 9 (12.71%Si,
0.05%Mg1 0.63% Fe, 4.96 YoCU, O.06%Ni,

0.14%CC O.Ol%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,
bNi, 0.01YoC6O.Ol%Mn,0.01%77,0.44%Znand 0.00%Sr).

Fig, 4,1.14 (b), in Ailoy 12 (12.95%Si, 0.05%Mg, 1.55%Fe, 1.29%CU,
r ~hNi, 0,01%C6 0.43%Mn, o,ol~o~, 2,91V~n and 0,23~&). The

>structure photographs show abnormal structure in die cast
tensiie bars of Aiioys 1 and 12.
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ThoughbothMnand Crplayanimportant roleintheresult-
tmtmorphologyof the Febearing phase, itshouldbenoted
that the critical element which has a predominant effect on
the morphology of the Fephase is iron. The iron content of the
alloy establishes the total volume of the Fe bearing phase that
wIII precipitate out. The presence and distribution of the dif-
ferent morphologies depend on the amount of Fe, Ni and Cr
present in the allo~ and their ratio to one anothe~ For illustra-
tion 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 .6Yo), the needle shaped Fe phase will always form.
Howeve~ at these high levels of Fe, as the Mn and Crcontents
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 uuestion: Is there a need to grain refine die casting alloys

—

has often been posed. It is qui~ clearfrom the mic~ostruc-
tural analy~s 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
15versus Allov 1 bv com~arina the microstructure shown in
Fig. 4,1,3 (for~llo~ 15) &ith ~ose 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 = S0+ kd-f~

wheres is the alloy’s ultimate tensile strength;s is the refer-
ence strength fora single crystal, d is the grain si?ze,and k is a
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 12.5Yo).

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 al Ioys—
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 microstructure 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 cuive had a range of 600-900°C/min.
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Effect of A/loy Chemisfry 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
i ,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.

The aim of the analysis is:

■ To establish confidence levels in the data;

■ To determine the percent contribution by each of th{
elements and element interaction that are listed in Tabh
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 th[
optimum alloy composition.

Stepwise multiple regression analysis is also performet
on the mechanical and physical property data for the SIX
teen alloys listed in Table 2.5 with the aim of developin(
empirical equations that relate alloy chemistry to mechanl
cal and physical properties. Results of the analysis o
variance and the multiple regression analysis are pre
sented in this chapter.

4.2.2 Effect of Alloy Chemisfry
on Room Temperature Tensile Properties
Tables 4.2.1 and 4.2.2 present the average tensile propertlel
for the twenty-four alloys presented in Tables 2.5 and 2.6, re
spectively. For ease of visualization, the same information II
presented in chart form in Figs. 4.2.1 to 4.2.8, Tables 4.2.1 an~
4.2.2 also show the standard deviation and the coefficient o!
variance for each of the measured properties.

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

*St. dev. - Standard deviation **CV - Coefficient of Variation (s St. dev./Mean 100%)
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lnhic 4.2.2. Summary of average room temperature tensile propedies for alloys 17 to 24.

,

Tensile Strength ~;“’Yield Strength’ ~~ Elongation
Alloy ,.
No Average St. dev,’ Cv” Average St. dev: ‘Cv Average St, dew

●

(ksi) (ksi) (%) -;(ksi): ~ (kiii) : “:(%)” (%) (%)

17 45,0 0“7 1,6 , -fgjj ~ ~:j :; 1:5, 5,34 0.59

46m2 0“8 1.7 .. .j~jm8
..

18 “0.7: 3.2‘. 3.68 0,49

45A 1“6
3,5 ; .20,3;, ..03.,. -q~: 4.6219 1,00

20 45.4 2“6 5.7 ‘ 25:1 ,“ :0;2~‘ .; o,8. ‘ 1.93 0,44

21 44.0 4,6 10,5 .>;~jj, , jj: ; - 3~2” 2,73 0.73,-

22 45.6 3“2 7,0 ..2~5’ ~;~ ‘- ,:6.,. ~=30 0.74

23 413 3’0 7,3 ,=~~:,y~ ::0;5 :2:3 lm7g O*5I

24 45.0 281 4.7 :, .26,6~ ().$’-;: l’;~’: ,5, 0.31

Modulusof Elasticity
1 I

CV IzAverage ISt, dev. I CV

(%) I ‘ .(ksi) I (ksi) I (%) I

11.01’ 10,M3 678 I 6,2

13.3 I ‘10,918 I 804 I 7.4

26.7 10,958 683 6.2

32.21-’10,917 ! 524 I 5.7

28,5 I 11,193 I 481 I 4.3

20.5 I 113656 I 728 I 6.2

*St, dev.. Standard deviation **CV =Coefficient of Variation (= St, dev./Mean100%)
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Fig. 4.2.1. Room temperature tensile strengths of Alloys 1 to 16.
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Fig. 4.2,3. Room tempemture elongation of Alloys 1 to 16.
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Fig. 4.2.2. Room temperature yield strength.. ,,1 AI),.,
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.
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A2.2J2Y

Fig. 4.2.5. Room tempemture tensile strengths of Alloys 17t024.

‘~

17 18 19 20 21 22 22 24

A2.LQY

Fig. 4.2.7. Room tempemture elongation of Alloys 17t024.

..
17 18 19 20 21 22 D 21

ALLOY

Fig. 4.2.6. Room tempemture yield strengths of Alloys 17t024.

17 18 B 26 21 22 32 24
ALLOY

Fig. 4.2.8. Room temperature modulus of elastici& of Alloys 17 to 24.
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7bnsileStrength
flosults of the pooled analysis ofvariancefortensile strength of
thealloys in Table 2.5areshown inTable4.2.3.The procedurefor
Preforming pooled ANOVAis detailed elsewhere [3]. The Per-
cent Contribution (P) inTable 4.2.3 isan indication ofthe relative
power of an element, or an interaction, to affect variation inten-
allestrength. Table 4.2.3 indicates that, at the levels studied, the
o]ementthat affects the variation intensile strength most signifi-

~cantlyisCu. Its relativecontributiontovariation in tensile strength
ISabout 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 strengthl, Other ele-
mentsthat have an effect on tensile strength are, in the order of
decreasing effect, Sr, Cr,Zn, Ni, andTi. Iron, at the Ievelsstudied,
doesnot seem to affect tensile strength.

The percent contribution due to the error term provides an
estimate ofthe adequacy ofthe experiment [2]. If the errorterm is
low,say 15%or less, it isassumed that no important factors were
omitted from the experiment and no measurement errors were
significant. On the other hand, ifthe 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%.
Giventhe nature ofthe die casting process, and the inevitability
of incurring defects that can escape detection, and the sensitiv-
ityoftensile strength to defects, this error value is acceptable.

The statistical procedureforcalculating the alloy composition

Considering onlytheelementsand interactions included inTable
2.2,the maximum tensile strength can be obtained from an alloy
of thefollowing composition:

Element Cul Mg]Si Sr I Zn Nil Ti Fe Mn Cr I Al

wt. % 4.90 0.46 6.96 0.020 2.78 0.04 0.19 0.65 0.01 0.14 aal.

At this compositionthe projectedtensile strength is53.41 &0,75
ksiwith a confidence intervalof 99.5Vo.

Among the sixteen alloys in Table 2,5, Alloy 7 has the highest
tensilestrength(49.1ksi),andalloyll hadthelowesttensilestrength
(35.1ksi).Figs.3.7,5t03,7,8 showthemicrostructure ofalloy7.This
microstructureischaracterizedbyasign”ficantlyIargequantityof a
Cu-rich phase that is present either in the interdendritic/
intergmnnular regions in the form of chains of particles,or within
the A1-Sieutectic intheform ofsmall individualparticles,AIloy7 is
alsocharacterized bythe presence of Fe bearing needles and by a
fine fibrous silicon phase. Fig.4.2.9(a) showsthat the fracture sur-
face ofthisalloyexhibtis am”tiureof cellularandfibrous structures,
with the cellular structure showing a complicated array of small
ticets.Thisfracturesurfacesuggestsabrittlefracture, Figs.3.ll,5to
3.11.8show the microstructureof Alloy 11.This microstructure is
characterized by the presenceof very large Fe bearing needles. A
small amount of aCu bearing phase isalso present,but as chains
of small particles dispersed inthe interdendritic areas and within
the A1-Sieutectic areas.The Si particles are coarserthanthose 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 consistsof large and small facets, and the over-

,, for maximum tensile strength is outlined eLsewhere [3]. all fracture is brittle in nature.

Table 4.2.3. Pooled ANOVA table for room tempemture tensile strength 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 v F s P
., .Si,.; ‘...:; “W: ?:: : “898.B’;.!:~: ?’ ~~~-’898:73‘“- .’ -; ‘.Y;T267.40:‘ ‘-.‘. c895.37s . :“ :.11.64 ‘..

Mg 1 932.48 932.48 277.13 929.12 12.08
‘,’,’SjJvlg,-.’ ,- “,- :.j:,: -.,,,~, ““:,.,:,70:91:.;,:< +~~’,-o.;7’().91::;(::.,..”+ .,:. ~f.08 ; ; :“

:;,..,: “ ~:6?L55.< ~ < ‘ .:.0.88’ ‘ ‘- -’”

Fe Pooled

Cu :.’ ‘+:‘ ‘1. L.‘“l;~’”:~’-’~: :253654;, ~ L-~;-2536%+l;’ ‘?.‘:; ‘;: ‘:753:85 ~;
. ..

,, :--’:2533;S 8.> ; ..’ ;32.93..> “‘;

Ni 1 156.05 156.05 46.38 152.69 1.99

-4’.:~Cr . : “.:.’1“ ;~ +’ ‘ f f“”
~38:jj2’f:% { -,:;+ “,q,8,@ :; .:,. .;(’ ?..=.

..,., 124.35:. “+.*. :-;4s5:06’-’.”- ‘ ~~ ‘5:40’ -;.’ .-’

Mn 1 30.30 30.30 9.01 26.94 0.35

,’ -r+ ~~.’: -:: .+’ ~:--:’~~ ‘;-l 25:38;.‘z -1.”’ ‘3Z5.38 :’ ~~‘. ‘ :~;37.26=”” ~ ““’.’.”::122ioT:- “’ 4:59”” .2<

Zn 1 202.71 202.71 60.24 199.34 2.59

FedWn~Cr.. .+~-:: ;j:,,:.” .-”‘, :.;<;~“:g~:;’f. :::.:‘~i .-4.27; ‘2 ~.: . ... :“;f-jjj 6 ~: ‘! ~ ‘I. .>:4jj;90- ; ~
.,-4

(3.53” : ;.’

Fe.Mn ~ 1 191.69 191.69 56.97 I 188.33 2.45

‘“-;’‘Sk’-”:< ‘.“::;”:il: ~ .?: ?i51:3.’2$. ~~; “:.:“. i“.”513.23”~-’‘:’- ‘ ;.;i’~ W12~53~:“.$- ::: 509:87 == 6,63 ~“i,,,:

Cu.Zn Pooled

““Error (e)’; “-’” “46%?’ ; ~.’:”l.5w3S?”” “+ ‘ ‘-’3.364~’7 i:’ “: :’:’fl:oo~:. - ; ‘;‘-:’ 761%72 20,95 ‘- ‘i

Total 479 7692.07 100.00

&Itshould be noted that Si was testedat only two levels:7% and 13%. Thedifferencebetween these two levelsis quite Iargc and so the predicted dccrcoscin tensilt
strength with increasingSi content is not necessarilya steady one, and there maybe an initial increase in tensilestrength, followed by a decrease.

.- .. ...... . - .—.. ,,..... . .~-... ... .~.. .- —.
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Weld stren~h

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 duetothe 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 lCul Mgl Sil Znl Til Fel Mnl Crl Ni ] Sr

Wt. % I 4.9010.46~2.8512.78 10.1911.55 ]0.01 10.01 10.05-0.5] 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 to 3.14.8 show the microstruc-

ture of Alloy 14.This microstructure is characterized bya large

amount of the Cu-rich phase that is present in the form of

chains of particles in the interdendritic and int~rgranular re-
gions and as small individual particles and net-shape eutectic
within the A1-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 Alloy7. 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, 3.1.5 to
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 Alloy 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 A1-Si eutectic. Fig. 4,2.10 (b) shows that the frac.
ture surface of Alloy 1 has a fibrous structure and cleaved S1
facets. The overall fracture is ductile in nature.

W “Y4.2.4. Pooled ANOVA table for room temperature yield strength Alloys 1 to 16.
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Elongation
Resultsof the pooled analysis of variance for elongation of the
ulloysin 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 409’o.Fe and Cu also
havesignificant effects contributing 18.59’oand 15.4Yo;they are
follwed by Mg, Ni, Cr, and Mn, in decreasing order, At higher
levels,Si, Fe, Cu, Mg, Ni and Crtendto 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 is7.7%, which
isacceptable.

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

Element Si I Fe Cu ] Mg Ni Cr ] Mn Ti Znl Sr]Al

wt.% 6.96 0.65 1.21 0.04 0.04 0.01 0.45 0.19 2.78 0.02 Sal.

At this composition tho wojoctodolonuntion is 7.32 ~
0.22%with a confidence intcrvol of 90.5%,

Among the alloys listed in Tablo 2.5, Alloy 2 hosthe high-
est elongation (7.43%), and Alloy 14 htid the lowest
elongation (0.67940).Figs. 3.2.5 to 3.2.8 nhow tho microstruc-
ture of Aiioy 2. A very fine fibrous Si in tlw Al”Si eutectic
structure and very few intermetallic compounds in the
interdendritic areas characterize thiu n~lcro8[ructure, The
Fe-rich phase in Alloy 2 is not too promlnwit find appears
as a few Chinese script and as even !(?wor lumpy pnrticles.
The Cu-rich phase is present in snmll tmounlg tmd takes
the form of chains and clustor$ of pfirllclofi in the
interdendritic areas and within tho AI.SI rrulficflc, Tho frac-
ture surface of Aiioy 2 is shown in FitJ.4.2.11 nod cormists of
a fibrous strucutre and a iarge amount of broken rwrfnces
that seem to be deformed durin~ irncturo trxplainhlo the
ductile nature of this ailoy. The microfilfucluro and frac-
ture surface of Ailoy 14 was discussed onrlior (figti. &14.5
to 3,14.8 and 4.2.10 (a)).

Table 4.2.5. Pooled ANOVA table for room tempemture elongation of Alloys 1 fo 16.

Source Degree of Sum of Variance Variance Pure Sum PWc*Ilt
of Freedom Squares (Mean Squares) Ratio of Squares Contflkdlon;

Variance f s v F s P

Si ‘ ‘ -’“ ‘,,-.. 701.503“: : ‘ ‘ ‘701’.503“’“- ‘ ~--2503.9002 701.22 40’01 ;

Mg 1 122.88 122.88 438.60038 122.60 7.00 \

Si.Mg ‘‘ “:: ‘ ‘.~ “:”C: : “78:519$: ‘ = ‘7~5~91- “: “ 280:26117 ~ ‘ ~‘78.24 4,46

Fe 1 324.005 324.005 1156.4813 323.72 18,47
“ ‘ ‘clJ”., ,. ;. -:1, ,’; ::, ::269.336..:.. ‘. :~ -J69;33&/: :, :’>961m35058 “.-‘ Pfjg,o(j

Ni 1 55.2862 55.2862 197.33515 55.01

Cr ‘:’ ,’+:’.l; !“””‘:.~~ &@z2:. : ;:.’: ::16:642> :,;””;:: ..:59.401559. “ :.;:16:3~ .

Mn

13i9951 ‘:.1‘“ ‘ ‘ 1’3.9957”::-:’:. ‘;;49;955348. :$332..

Zn 1 11.2048 11.2048 39.993791 10.92

“F&MnQ- ‘‘ Pookd ‘: :,.:- ~;:. :.: i “?;~{;:~’<”““: ‘:..:, ;; ‘:.+..:::,,”‘:+““: . ::.‘? :.: “: ‘J .“:’:.’-

Fe.Mn Pooled
: Sr,’ :- ..,?;<:‘:1-, .’j” ; “ .3’1.7.697<‘S- ‘::~.’~fl+7697 “.;;: :42.OfOl 77 - ?y.?,”’,~q;4g’ ..-’:”.:“. ::: i. 0.66

Cu.Zn Pooled

‘ Error”(e)’ ““; “468, ‘-i :“;”“131.117-’“ .’-’ ; 0;2802 +:. ~‘ : .’”-; q:-,””- ~: ~34:20.:’. :’ ;; ,’ .7.66

Total 479 1752.63 100.00

,-.7 –.,, ,,, . -.r.-~ . . ,. .,, ,, .-,.. ., . .- .,,.+, :,., . . .. . . ..-. —
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Modulus of Elasticity measuring the modulus of elasticity were excessive. How-

Results of the pooled analysis of variance for modulus of ever, examination of Table 4.2.7 shows that the relative

elasticity of the alloys in Table 2.5 are shown in Table 4.2.6. difference between the highest and the lowest average

Table 4,2.6 shows that the percent contribution due to the modulus of elasticity is less than 10%. Also Table 4.2.7 shows

error term in this analysis is quite high, about 80Y0. This that the coefficient of variance (CV) for the average modu.

may suggest that during the design of the experiment, some Ius of elasticity over the range of the alloys in Table 2,5 is

factors that significantly affect the modulus of elasticity only 3.17?40.The above two factors indicate that the modu.

were inadvertently omitted, the experimental conditions Ius of elasticity did not have much variation over the range

were not perfectly controlled, and/or errors for of alloy chemistry presented in Table 2.5,

Table 4.2.6. Pooled ANOVA table for room temperature modulus of elasticity of Alloys 1 to 16.

Source
of

Variance

,‘” -Si+7.,~
Mg

Ni
,,qr’. $:

“,.Erroti’(c)L

Total

zDegree of Sum of
Freedom Squares

f s
Y~ ‘1.::: :::; ‘:,3670598,’;”:

Pooled

Pooled I

-

-Pooledv “I ~“ v :.. ‘~::;

...C.- .,, ’-- ,,. ,. . - -,- -: .1. .

.i. . . . .. ..~ . .. . . . . ... , . . . :/. ,. -,. . ,.. ,.: –’” .,. .
..,. ,. ,“:.;’:.. .. :,.. -1. . .’”

6034191 14.9

... ...,; : .,,:.: y, ., .-” -. -.,, ::. ~., -.
... . , ..j ,7,;.. .=-. . .,. ,

. . . . . ... ...+ .. -.+ ... ,..
‘ 0.:. ; ,’ ,/,. ,;.,, >,. : .> ‘:,, . ;. ,..>.. -- .,.

.’,:.: , ,’...,>”.. . . ~,. . . > ,.. . . ..–., ., –:

:;<-T.7:;405~’95::.i,;‘“’; ‘., ;’,-.1.0’.:’,:..:”,.

fible 4.2.7. Variation in the magnitude of room tempemture modulus of
elasticity of Alloys 1 to 16.

Pronertv E

max - min 1127 ksi

(max- min)/average 9.98%

St. Deviation 358 ksi

Cv 3.17%

Summary
/ Hgthe elements common in aluminum die casting alloys,
bu~(imagnesium 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 CUAIZparticles and/or CuA12+Al
eutectic in the interdendritic and intergranual regions, thus

Pure Sum Percent
of Squares Contribution

s’ P
...3600786.J- 14.83’..i:.

. -------- -,, .. . ,~. ,,. -. . .,> .-. ,.. — . ..;- ... ,-, ,:. .“

5628997 2.3

;,. :51921.35:s.c..’. . 2.12””’.,’

I

‘.. . . . . . ... . ,’ --- .
. :....,...,,’ .= .,.... 1
==1==1

increasing the tensile strength of the alloy. Magnesium too
has a substantial solid volubility in aluminum, but at the Ma
levels used in this experiment, it did not show appreciabl~
precipitation, so the increased strength is not attributed@
precipitation hardening. Magnesium does, however, substaflt
tially strengthen the aluminum matrix by solid solutlOR
strengthening, and it can impart high work hardening ch?m
acteristics to the alloy, An unexpected result is that Feha64
negligible effect on tensile strength; however, the interactkxl
Fe,Mn seems to affect the tensile strength. Fe and Mn both111
the high level give the highest tensile strength, but Feat tb~
higher level and Mn at the lower level give the lowest tendh
strength. Among the elements common in die casting al[o~
silicon seems to have the most significant effect on the eloW
gation. An increase in the silicon content seems to promotf$g
decrease in elongation, and also a decrease in tensllik
strength2. At the higher Si content, the fraction of the Al$
eutectic phase increases and primary silicon particles fofl)t
and grow; this tends to make the alloy more brittle and WW!$

.
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4,2.3 Effect of A/loy Chemistry on Elevated temperature tensiie properlies are also Imrw.mlml In these

~omperature Tensile Properties tabies. For ease of visualization, iho srrtm Inlormllon Is pre-

Tobles4.2.8 (a) to (d) and 4.2.9 (a) to (d) present the average
sented in chart form in Figs. 4.2.12 to 4.?. 10. I“nbloa 4.2.8 (a) to

tensile properties at 100°C and 200”C for the twenty-four al- (d) and 4,2.9 (a) to (d) aiso show the slrmdnrd dnvhr!lrmnnd the

Ioyspresented in Tables 2,5 and 2.6, Forcomparisonthe room coefficient of variance for each of the inunourwl ptoixrrties.

kible 4.2.8. (a) Average tensile strength at different tempemtures for Alloys 1 to 16.

... ,,-
Af 25 “C .>=; At foo% At 200 “C:“.

Alloy Average St.dev.* CV’* : +V+ge St.dw.* :CV** Average st.dw.” Cv” ●
1

(-1) {Ksi) (%) ,“,.(Ksi),.:{ (Ksi) {%) (Ksi) (Kai) (%) \

1 39.6 0.9 2.3 I ~32;9 ~.: 1;0 : 3.1’ ‘ 20.2 0,2
2 42.4 0.8

ijti ~

1.9 1“36.5 .U4” . - :1.0 22.1 0.2 10 !

3 45.4 ! 1.0 2.2 ],-.42~. 0.4 - ‘ 1.0. 30,2 0,2 0 f]
{

4 47.0 0.9 1.9 j:. ..42:9 “ .“0.5 1.3. 31.2 0.4 13 /
5 44.4 I 0.7

.;, 42.3 . .-, &j - ,;, ;1.6 1- .M2 , 29.6 0.4 14

6 46,2 1.5 3.2 33,6 0.8 ;) , (

I

7 49.1 I 0,6 1.2 ‘ “-’452. ‘ .1:1 “ 2:4 ‘ 36,6 0.7 ih ~- —.=
8 48.9 0.9 1.8 . “46;/3? 1.3 ‘ 2.9 37.0 0.5 14
9 46.8 I 1.8 3.8 “. “44:0 1.8 - 4.2 1 ‘4- ‘“ ““ ‘

I
L3 2.4 5.4 1:”’-39.2 ‘. 3:8 9.6.:’1 29.7 1 nsl~li

11 I 35.1 ‘ “n ‘7 i ‘“’54:9’ I 0.7 ..2.0”’ I 99.!

I

5.4 1-” ‘“38.3.,.;/; .1.2 3.’-1

I
13 I 47.2 i 1.6 3.4 I .4413- 1 1.4 “.6 , ““.-r I
Id 41 .s

I Au I 3. f I w-

1 12 I 40.; 2.2

--. .I
I

,., ,? .,

i

27.8 0.6 ; .,:-~., r,-.. .
29 .i W A 0.3 (),] ;

3 -1 4.0 9.5 ,, ;&,o. .2.8 6.3 34.5 2.2 h $
4

1- I

15 42.6 2.1 4.9 ‘ 394- -2.9’ ~ 7.3 34.6 0.6 ltr .

16 43.0 I 2.5 5.8 -’ ..41Jj 2.() 4.7. 32.7 2.2 6t *
● St. dev. - Standard deviation’* CV - Coefficient of Variation (= St. dev. /Mean 100%)

Table 4.2.8. (b) Average yield strength at d;fferent tempemtures for Alloys 1 to 16.

. .......! %

At 25 “C
~,,f,,+.,..,, ;,At”loo\,d”.--’:: -“,,,:.,+..-. ..

AlloY Average St. dev.* CW* “Average ;St<d&v:*~“.C.V**~: Average St.dev.” Cv”● ~.,. -.”,
(Ksi) (Ksi) (%) ‘OGi) “:’ - (f’ki)” .(%). :.: (Ksj) (Ksi) (%) :

1 16.6 0.4 2.4 ‘X:$6.8 ‘+ ; ‘%.5 : --’:2.7’-”“+ 14,5 0.3 2,2 {

2 20.0 0.4 2.0
[ .,.>~g.7-..* , fj4 ,;’ . j -g :.:,: 17.3 0.3 1,(J

3 24.8 0.3 1.2 .:%2~.8<:‘: -,, ,o’~. “:: ‘:; 4;7:, ~-~ 21.5 0.2 0.8 ~

4 25.5 0.4 1.6 ‘-’i’24;$’; : ~‘0.4”-’-’”“. 1s’ :.: 24.0 0.2 0.7 ;I
5 24.9 0.3 1.2 {;2$%J ,, ‘:...6 2 :; +3 ,::: 24.3 0.5 2.2 4
6 24.9 0,5 2.0 ;~ ,25.0; :.::.4j7 . ! 2&~,-; 27.6 0.5 1.9

7 32,2 0.6 1.9 :‘?:30.4::>‘f”, 7X6;~.~ ?::23’”” .’ 30.5 0.5 1.5

8 30.0 0.3 1.0 ‘. 29.5” ~~~ <0.4 ~ -.‘i;5’” : 29.9 0.3 1.1

9 27.5 0.4 1.5 ,,’,”;~7a3-,- - 0:6 :“i,2- 23.0 0.4 1.5
1

10 28.2 0.4 1.4 “.27:9 ‘“ : ‘-:0.4-. “j.5~:’ 23.2 0.3 1.3

11 23.8 0.6 2.1 I,’ ,,24-p-:; , \.Q.2. ., . 0.8. ~: 21.9 0.2 0.9

12 23.3 0.4 1.7 ~.23.3-,,? , ;0.3..,:, 1.4’, 20,4 0.2 1.2

13 31.0 0.5 1.6 .i’:’3tL3.: ‘ .’: ‘0.4’“ : .1.3“’.‘“-l 29,7 0.2 0.8

14 32.9 0.7 2.1 :’-”327 ~. z,’’o.4”<’- ‘ ‘l;3-..”.”’ 31.5 0.8 2.4

15 29.2 0.4 1.4 :~:’’-29:i,?. ‘“-::”0:8 : ‘ .$ 2k::~~: 28.5 0.2 0.7

16 26.9 0.4 I
,, ,Cf~7a2.:.. ,. 0,3“ ..,- ,.. -j;o ~. 26.4 2.5 9.6

*St. dev.- Standard deviation *~C5V- Coefficient of Variation [= St. devJMean 100%)

form
weak. I 1Seefootnote 1.

‘1
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Table 4,2,8 (c). Average %elongafion afdifferent tempemtures for Alloys 1 to 16.

At 25 “C i ,;’.$.:::.,‘At lofj+c.~i-.’.:’. :“7,; At 200 ‘%:; :..,. ,., . ..,–’’’.;,’.L=.....+

A[lOY Average SLdev.* Cpt @;e~g;-: :+$t;delk :,”* ;; Ave~ge Sf.dev.* C!P,, ... .,, , ... ,., ,. ,.,
(%) (%) (%) “’.‘.:’(%). $’: “:(%) :“-, :’(%) ‘ (%] (%) (%)

1 5,85 0.97 1 16,6 ~ $10.49-:” ::: ‘:2,03-.:’:‘ : ‘19.4 ~~ 19.35 2.71 14.0

2 7.43 1.18 15,9 ‘. ~‘T1.53‘“ “.~2.16: - ‘38.? 14.i7 0.90 6.1

3 2.08 0.23 I 11.1 .:-’-2.92; :-; ‘.:”:’0.40”‘: .:13.6.. ! 5,00 0.78 15.5

4 2,81 0.29 10,3 p. 4,70 ‘; .,-0.78-.. .:,lg;g ,-1 5.12 0.86 16.9

5 3.76 0.52 I 13,8 1.; ~6.39 .’ :, ‘1.05’‘“”. ~ .16:41 7.00 1.83 26.2

6 3,78 0.75 19.8 1:- ‘5,29 ~~~7’;::1;23’~ ‘ :-23.2 ‘“~- 4.98 1.70 34.2

-I 1.42 0.08 5.6 .: ‘.l,8&’’.;. -’‘fo,14-:”. - ; “7.7”...+ 2.40 0.09 3.9

8 1.93 0.19 9.8 ::! ‘:2.66;: ?~’:’ti:49”-: ~ ~“18.5-“ 3.22 0.30 9.5

9 1.69 0.29 17.2 ::32$S ; ‘.:;;,-.’’~~;~8.;.,: ,;.2Jy8,:l 4.25 1.33 31.3

10 1.40 I 0.37 I 26,4 :. +3,38”7” :::‘:0.61 i-” ‘-44.i:: {I 4.46 1.62 36.3

11 0,75 0.13 17.3
::t:;,l;~,..

... ~:.,0;09.?’ :;-.,9.4”-: ‘1.fl 0.46 I 29.2

12 1.42 0.32 22.5 ~’,:72.24”.’” >’:.~.o.ti:z. ;:25.7’:” 5.32 1.02 19.1
.,

13 1.39 0.24 17,3 :’;f.87 “..: ~~-:30,42;: 4.‘>.,~.f. . ; 2.31 0.52 22.3
;.,

14 0.67 0.32 47.8 :-“ .~l:08 ‘}’” 2“: ‘0.ti- ‘ - “’~.53.1 0.74 0.54 73.0

15 0,97 I 0.17 17.5 ; :’<{.IOZ J ;’6.41: ?; ‘: 37:7: 1.66 0.29 17.6

16 1.41 0.39 I 27.7 :~~’tl.92 :~+‘. “:0.k: .< ‘ “22.9[: 1.81 0.84 35.6

●Sf. dev. - Standard deviation **CV - Coefficient of Variation (= St. devJMean100%)
fible 4.2.8 (d). Average modulus of elasticity at different temperatures for Alloys 1 to 16.

At 25 “C
.—,, ,’.... : ,.. ‘ ‘At.lOO-°C ~-‘$.”;-’; ~’ ‘; At 200=..- . .. .

Alloy Average St. dev.* CV* ~“Aieiayii~ ~S~:dek+.~ :W** :.! Average St. dev.’ CV*’J. . :>. . .3,,.,,.. .. ... ,..’. ,-,:- ,,_..
(Ksi) (Ksi)

~%1 ~..-.[mn ;: ~j;(g$: .:”;%) ,-~.; ~mi)
(Kei) (%)

1 10,536 1,024 9,7 :.’.:7770’:” ‘.’’;;876’ ‘~>‘:::.1s.3 7469 678 9.1

2 10,915 753 6,9 ! -:”:8926.:; .+’ ‘:49Z’::;’ ‘.:~5.5. q 7367 630 7.2

3 11,262 753 6,7 %Y8935$2,‘?:$3?6Gi-+“~3:5 .,1 7939 309 3.9

4 11,079 746 6.7 Wff7iT :~.:-:’~’’:-l$;’z 1:4’18 “’i’‘ 8083 324 4.0

5 10,671 427 4,0 > .:81&#~,_+:~.$2$9,,\: l,’,:~.~..,,: 7723 198 2.6

6 11,008 748 6,8 .:.:”’9009-,1. 2’-.;337’::::’1“-’.;T.T,’: 8177 432 5.3

7 11,435 687 6,0 ;:::937dl“:”‘Z’3.19~:+ ~+ i2.G”’\ 8436 323 3.8

8 11,111 386 3.5 1::’;:28ti6~7‘ ;=”‘+iwk. t, ‘!-2.2::4 8274 285 3.4

9 11,583 885 5,9 l~j:.8975z:: ;2!:22? ;~~:~: 2.5 ‘.”’
~5

644 7.6 >

10 11,420 539 4,7 ~_’#3297:-, +228 ‘-~;”l, “~2~5w’ 8357 272 3.2

11 11,621 595 5.1 ~;::9323 :’” ::’”.’3& :’+-: 3.9:’ 8643 436 5.0

12 11,418 826 7.2 +’:.%$19:’ ::’<‘.4&.-: “I ‘i‘:5.1-‘“ 8392 385 4.6

!3 11,552 391 3,4 t.: :L9167,=,, L~:?.2f6;;-}: %.0 -:1 8399 308 3.7

14 11,544 389 3.3 :.;’ 9ii32’ i:’,293-%:‘..] :;:1.0.~“:”I 8519 328 3.9

15 11,639 662
,.. .

4,8 _ :s35:-” 5.!??319..:.’: l“- ‘40<$ 8275 177 2.1

j 16 11,620 700 6,0 ~-’<8923::; ;:.! 2ti~’:’- ~1:’’~2.9“~:’: 7933 1056 13.3

*St. dev. - Standarddeviation **CV- Coefficientof Variation(= St. devJMean100%)

,.
,?g

.-A.“:

cl
M

fib

Tab

rd

. ..’., . .. . . . . ,. ..,., .4,. . . . . . . . —-.



RY,
lE\

CHAPTER 4: ANALYSIS OF ALLOY CHEMISTRY, h
MICROSTRUCTURE AND PROPERTIES @

j
kJ

hble 4 ‘.9 (a) Average tensile strength at different temperatures for Alloy 1? 10 :’./.

At 250C At 100PC At ?ti

‘“oy Average St. dev.*
——

CV** Average St. dev.* (..** Avtrrauo St. Ilov.”
(us) (Ksi) (%) (ml) (l(s) (%) (Ksl) (KBI)

17 45.0 0.7 1.6 38.2 0.9 2.4 24.3 0.4

18 46.2 0,8 1.7 41.4 0.1 0.2 25.6 0.4

19 45.4 1.6 3.5 38.8 1.8 4.6 23.8 0.4

20 45.4 2.6 5.7 43.4 0.7 1.6 31.0 0.5

21 44.0 4.6 10.5 40.0 1.6 4.0 26.8 0.2

22 45.6 3.2 7.0 41.9 2,4 5.7 28.9 0.4

23 41.3 3.0 7.3 37.9 2.6 6.9 27.7 1.4

24 45.0 2.1 4.7 41.9 2.7 6.4, 29.6 0.5

Cv””
(%)

—.

lli
—. I-ua1.7

1.6

0.7

1.4

5.1

1.7 I

* St. dev. - Standard deviation ** CV. @dfiecient of Variation (= St. devJMean 100%)

Table 4.2.9 (b). Average yield strength at different temperatures for Alloys 17 to 24.

At 25oC At 100PC At 200%

‘“oy Average St. dev.’ CV** Average St. dev.* CV** Average St. dev.* CV**
(Ksi) (Kei) (%) (t&i) (Ksi) (w (&i] (Kei) (’w

~7 19.6 0.3 1.5 20.1 0.3 1.5 17.6 0.3 1.7

18 21.8 0.7 3.2 22.2 0.5 2.3 18.9 0.3 1.6

19 20.3 0.3 1.5 20.5 0.3 1.5 17.4 0.3 1.7

20 25.1 0.2 0.8 25.3 0.3 1.2 23.3 0.2 0.9

21 21a 0.7 3.2 21.8 0.1 0.5 19.4 0.3 1.5

22 24.5 0.4 1.6 25.2 0.3 1.2 21.3 0.3 1.4

23 22.1 0.5 2.3 22.2 0.5 2.3 20.3 0.4 2.0

24 26.6 0.4 1.5 26.9 0,6 2.2 22.4 0.2 0.9

* St. dev. - Standard deviation ** CV. Coefficient of Variation (= St. dev~Mean 100%) I
Table 4.2.9 (c). Average Y. elongation at different tempemtures for Alloys 17 to 24.

At 25”C At 100PC At 200W

‘“oy Average St. dev.’ CV** Average St. dev.’ CV** Average St. dev.’ CV**
(%) (’w (w (’w (’%) (w w (’+$ (%)

17 5.34 0.59 11,0 7.27 2.39 32.9 12.57 1.73 13.8

18 3.68 0.49 13.3 5.79 1.16 20.0 7.16 3.14 43.9

19 4.62 1.00 21.6 6.50 2.49 38.3 13.17 2.36 17.9

20 1.93 0.44 22.6 3.12 0.49 15.7 3,65 1.24 34.0

. 21 2.73 0.73 26,7 4.73 1.83 38,7 7.44 1.90 25.5

22 2.30 0.74 32.2 3.05 1.43 46.9 7.06 2.97 42.1 I
23 1.79 0.51 28.5 2.39 1.06 44.4 5.43 2.50 46.0

24 1.51 0.31 20,5 2.04 0.74 36.3 4.18 2.07 49.5

* St. dev. - Standard deviation ** CV. Coeffieaent of Variation (= St. devJMean 100%)

-,.( J
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fible4.2.9 (d). Average modulus ofelasticity atditierent tempemtures for Alloys 17t024. .

At 25cC I At 100PC I At 2000C

Alloy St. dev.*
(Kai) 1 w lA&%’elswYl %Average I St. dev.’ I

CV**
(Kei) (M) (%) I (Ksi)

738 I 9,2 I 7,884 I 263 I 3.317 10,913 I 678 I 6.2 I 8,037

472 I 5.7 I 7,978 I 130 I 1.618 10,918 I 804 I 7.4 I 8,297

905 I 10.5 I 8,428 I 225 I 2.719 11,032 I 771 I 7,0 I 8,595

430 I 4.9 I 8,327 I 214 I 2.620 11,317 I 356 I 3.1 I 8,777

21 10,958 I 663 I 6.2 I 8,799 245 2.8 8,351 130 1.6

167 1.9 8,276 163 2.0

331 3.8 8,652 1,124 13.0

294 3.4 7,958 323 4.1

beffiecient of Variation (= St. devJMean 100%)

10,917 I 624 I 5.7 I 8,75122

11,193 I 481 I 4.3 I 8,72123

24 11,656 728 I 6.2 I 8,712

* St. dev. - Standard deviation ** Cv .

. .
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Fig. 4.2.12, Tensile strengths of Alloys 1 to 16 at 25oC, 1000C and 2000C. Fig. 4.2.13. field strengths of Alloys 1 to 16 at 25”C, 10PC and 201PC.
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4.2.14.Elongation of Alloys 1 to 16 at 25oC, 1000C and 2000C. Fig. 4.2.15. Modulus of elasticity of Alloys 1 to 16 in tempemtures of 25°~
100”Cand 200”C.
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ALLOY

Fig. 4.2.16. Tens;/e strengfhs of Alloys 17 to 24 at 25oC, 1000C and 2000C.
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Fig. 4.2.18. Elongation of Alloys 17 to 24 at 250C, 1000C and 200°C.
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Fig. 4.2.17. Yield strengths of Alloys 17 to 24 at 25”C; 1000C and 2000C.

m
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ALLOY

Fig. 4.2.19. Modulus of elasticity of Alloys 17 to 24 at 25°C, 1000C ano
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!40. 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°Ctensile 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”Ccan
be obtained from an alloy with the following composition:

Element I Si lFel Cul Mgl Ni lCrl Mnl Ti]Znl Srl Al

wt. % 6.96-12.85 1.55 4.90 0.460.04-0.470.14 0.45 0.19 0.460.02 Bar.

At this composition the projected tensile strength at 100°C
is 50.9*0.75 ksi with a confidence interval of 959f0.

Tensile Strength at 200°C
I -dts 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 @Yo. 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.

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

Element]Sil Fe] Cul Mgl Ni]Crl Mn lTil Zn ISrl Al

Wt. % ~2,8+l.5514.90]0.4610.47 10.1410.01-0.45]0.19]O.46-Z78 10.02] Sal.

At this composition the projected tensile strength at 200”C
is 39.9* 0.6 ksi with a confidence interval of 95Y0.

The tensile strengths of all the alloys in Table 2.5, except
Alloy 14, decrease with increasing temperature. The de”
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 10O°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
strength of Alloy 1 decreased 17’XOas the temperature in=
creased from 25°C to 100”C and 499fo as the
temperature increased from 25°C to 200°C. On the other
hand, Alloys 11 and 14 exhibit the least decrease in strength
with increasing temperature. The strength of Alloy 11 de:
creased only 19f0as 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 in”
creased from 25°C to 200°C. Results of the analysis of varianco
for different temperatures show that the capacities of the elet
ments to affect variation in tensile strength vary with
temperature, At higher levels Cu, Mg, Cr and Ti increase the
tensile strength at all the tested temperatures. At the Iowef
temperatures, Cu has the most significant effect and at tho
higher temperatures Mg becomes most significant. At higher
levels, Si, Fe, and Ni decrease the tensile strength at Iowot
temperatures, but they increase the tensile strength at highw
temperature.

Pooled ANOVA table for tensile strength 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 v F s P (%)

‘! !.. Sit% ..> “.2’.’:””:? J. ‘,--: ;“: .:: ‘ ..:’::-.: ”’: :~.’-’”” ‘ < e ,+ ’-::* >-” “’-’:- - ““:. +“:’ : f“ ‘.-’ -.,. ,

Mg 1 339.3 339.3 107.6 336.1 25.3
.,,

I ‘&Mg: ‘ \ ;s-, :- i ;“< :“”:.: ‘
,:. ,. ..,..;-::~,:;.>: . . . -.

,’ ;.-..: ... ..-s “...*. -- “$:.:-?::.>?’ “’ <’~.: .“ <: : ‘:2 . “:-:’” - 3
Fe 1 17.7 17.7 5.6 14.5 1.1

““ ,Cu”?‘ ‘;: 1 : ““ :.>’-589;7,L. :’.’ :589,7? ‘;..s-’:.’.187:0 : . - 3:5%.5.’ : -’.. -44.1.:. ~
Ni

“’: “W’.;..> ‘?’ +1-’:. “ ‘“””25.3~ ‘:”.’ : 7:-253;.,,:.,, :,,. ‘::8.0 -’: .?” ~-”’ Z-.1’- “-”>}’ ‘: m’:” :
Mn 1 17.7 17.7 14.6 1.1

:, .’Ti,.+;:{ ,<:,.<.:1:-: “.:..:/.37.8’+ = ‘.; ‘>A7z8:i~ ‘ :. ..,.+ ,> .‘“~’” :.+>!.. - ( “.’“.’14:7:’ ~“’:1:
Zn

“.1.1 -:”~>
I

Fitinki: ‘+’ :4 ‘k+: “i. .-:-’: “:;.”. :“:3”:-: !.:”: “~~’-.i “;L’: :2-- f-’-$”’ - ‘+;:’:: ““: .il” -:; :“:’” -’ “‘:

Fe.Mn 1 16.8 16.8 5,3 13.7 1.0
‘: Sr. &. + -.:,..,.q -+2 [ :-69.2 ‘- -.-:<-“’,,-69.2:Z.X’ ‘ -’:-.2 W-:~” < -’:- ‘65.0 ~- -1 ~~ -5,0- ‘~ :
Cu.Zn 1 19.0 19.0 6.0 15.9 1.2

‘, Errar:(e),) -~>:-69’- < .:>’.212’.6,[ ‘~: -.-$3.2..’ ~; ‘: =“ .3.0 -G .. 246.0-+“ -’::-<-18.5 ~ ‘~
Total 100.0
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CHAPTER 4: ANALYSIS OF ALLOY CHEMISTRY,
MICROSTRUCTURE AND PROPERTIES

I,’r/)/l,4.2,11, / )Ied ANOVA table for tens;le strength of Alloys 1 to 16 at 200”C.

Source Degree of Sum of Variance Variance Pure Sum Pur( CIIII

of Freedom Squares (Mean Squares) Ratio of Squares ConirilJllll!>ll

Variance f s v F s P (%)

Si ~ I 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 , .61.9 ‘“- “.57:30 .’ 60.8 3.5

Fe 1“ 169.2 169.2 156.63 168.1 9.7

Cu 1- 397.9 . ~ .397.9 368.33 396.8 “. 22.9

Ni 1 20,1 20.1 18.61 19.0 1.1

“cr ‘. 1 29,9 ,- ‘: 29.9 ‘ ; - ;27.72 ,, .- 28.9. 1,7

Mn

Ti 1’ 54.4”. ‘.54.4” , n :50:35. : , 53.3 ~ 3.1

Zn

FeMrr.Cr ~
. .. -

FeMn

‘ Sr
,.,. -.

Cu.Zn

Error (e) 71 76.7,, :<.“ , I.-1 ‘“” , 1.00- 85.3 4.9

Total 100.0

Aiioys 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 (0.02VO).
The microstructure of Alloys 7 and 8 are show in Figs. 3.7.5
to 3,7,8 and 3,8.5 to 3.8.8, respectively. The major difference

between the microstructure of the two alloys is in the mot
phologies of their Fe bearing phase. The Fe bearing phas
in Alloy7 is present predominantly as needles, while a Iarg
fraction of the Fe bearing phase in Alloy 8 is in the form c
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
10O°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 3.4V0, 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:

Elementl Sil Cul Fel Mnl Mgl Ni I Cr I Zn ] Ti I Sr

wt. % @8514.9011.55[0.01 10.46)3,04-0,47101H-0.15]OA7-278]~14.19 ]0-O.02

~’ this composition the projected yield strength at 100”C
is 3&oo3 ksi with a confidence internal of 95Vot

Weld 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.
Table 4,2,13 shows that, at the levels studied, magnesium has
an overwhelming effect on the 200”C yield strength of die
casting alloys contributing about 6770 of the variance.
Copper is a distant second contributing about 18% of the
variance. The rest of the elements seem to have an insignifi-

7hble

.=

.g..
cant effect on the 200°C yield strength of die casting alloys,At
higher levels, both Mg and Cu tend to enhance the 200°Cylo~.
strength of the alloys. The percent contribution due to the erro?
term in this analysis is only 6.1%,which is quite acceptable,

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

-:.

Element Si lQ]Felhln]h19 Ni I Cr Zn lTi Sr ‘

wt. % 12854.9 1.55 0.01 0.46 0.640/$70.01-0.150.46-2780.19 o“o$~a ,
-..*:

At this composition the projected yield strength 6!!!
200”C is 33.1 *0.7 ksi with a confidence interval of 95!&&

The yield strength of all the alloys shown in Table 21$<}
does not change significantly when the test temperature~
increased from 25°C to 10O°C, but they decrease signlfb$
cantly when the test temperature is raised to 200°C. Th&~
average yield strength of the sixteen al Ioys decreased on&
1% when the test temperature was raised from 25°C to 100~j..
and 7% when the test temperature was raised from 25°C 16Z
20WC. The most significant decrease in yield strength ha~~:
pens in Alloy 10 (18% drop in yield strength when the ts$(~
temperature was raised from 25°C to 200”C). The least $1($.
nificant decrease in yield strength happens in Alloy I&.
(2% drop in yield strength when the test temperature WM
raised from 25°C to 200°C). &

At higher levels Si, Cu, Fe and Mg all increase the ylol~
strength at all three test temperatures. Among the sixto~fl,
alloys of Table 2.5, Alloy 14 has the highest yield strenfj[/1~.
and Alloy 1 has the lowest yield strength at all three te@

“temperatures. The microstructure of Alloys 1 and 14 ilf,.
100”C and 200”C are not much different from their mkW
structures at 25°C. (Figs. 3.1.5to 3.1.8 and 3.14.5 to 3.14,8$

4.2.12. Pooled ANOVA table for fensile strength of Alloys 1 to 16 at 100”C.

Source Degrae of Sum of Variance Variance Pure Sum Percent
of Freedom Squares (Mean Squares.) Ratio of Squares Contribution

Variance f s v F s’ P (%)
“’213’7-’ .$.:, <213,~~:.,:”. ,.:- :390.~..+-:; ,.: :213,2 “’ :: ;,. :;, 16.%:,;,;’.;’;; Sf’ <:. ..’::.’:j“.’ ,.: ~ t,, -,.,,,--<

Mg 1 493.6 493.6 901.1 493.1 38.9

‘“‘Si.Mg.,,. ::.:’1:’1-t: “. ‘‘ ‘.”’’.’!4.0.+. :.. ~ ‘: -~+%’’;” ‘:-’ ‘%% i.’”.:’.“.-’., -J3,5 ‘-: ~ -’ ,+’:1;1.’ ‘.+-.:

Fe 1 26,5 26.5 48.4 26.0 2.0 “
., ;

;Cu,’:.”.;.. :< ‘:1.,,’:,;, .:>449.5-.,,: - ‘. ; ‘+49.5,”.. .:,’: .?20:5. ~ + :&.9 ., ‘, ..-354 A.,. .,. . . .-
Ni

“’cr; : ‘ ‘.::, “ “-~“;i%:“~’”<’.“ ‘: .:‘::~’..”‘“+ :;”~ /’” ‘ ~~:-. :---~’.- ~~~.:1 ~ -::= ‘
Mn

l-i’ .,’+:.: .’ ‘a ‘“.:: ““;“,:.’:” ‘ ‘. :’::.::::’: “: “ ~ “;: “~: -?” ‘“.” . “ - ‘ - ::’:.’’.”
Zn

FtiMm’Cr: :+ :’ ::::’”7 ‘~’:>:: ‘:. :%. .’! -“~~ ‘-$.’~ i “’”:‘~ “;: ‘ ;’: -’;::= .“’::, <’. ‘:’”. ““ .:- ‘.’’’-:’:

FeMn 1 31.4 31.4 57.4 30.9 2.4

;.’? Sr. ~?“, ..’..:,’ };: :..’1 ~‘~-s:.i’: ‘ ~:. ;-;s : ‘“:’+:;’-’- ‘~‘ ‘ ‘:’:’”‘:’..,w:<:<:z“:’; “~’:~’” “~:’: .; ‘“” ~“’~?’

Cu.Zn
‘:;: -40:0. .“. -:’,- $!s:..’;..: . .. .... -::; ::;”:’.@a3.-! , ‘: -: .3;4. ;,;””; Error(e) ‘ ‘.,”... 73”.;.“.. ,..,. .’...3,

. : y,~,.-. --

Total I 100.0
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Table 4.2.13. Pooled ANOVA table for tensile strength of Alloys 1 to 16 at 2000C.

Source Degree of Sum of Variance Variance Pure Sum Perconf
of Freedom Squares (Mean Squares) Ratio of Squaws Contrlbutlon

Variance f s v F s P (%)
. ~j+,-- , ., .,,< q..’ 71.51 ;,.:.,[,-;; .’ 71:5 “:; ...50.98 -- “ 70.1 -- 3,8

Mg 1 1224.2 1224,2 872.82 1222.8 66.8

‘- Si”Mg ~~ : ‘a” ‘ - ‘:”’““-~““” -’” -“ ““ ‘ ““ ‘

Fe 1 45.3 45.3 32.29 43.9 2.4

; .: c~””‘ ‘ ‘“ “’”l. ‘“ .? 327~~,: ; “ 327.5 ~.’ . ;, 233.46, ~~, ~ 326.1 17.8.. :’ .,’ ,.=

Ni
:>.! Cr’ . - ‘ ‘-’ ‘ ::’: “< “’’’i” “ ‘: ““ - “- “ ‘“” ‘;’ “: ‘“” ‘ ‘ “-’

Mn
f;’::fi ‘,..,> :+.;: ”;qA’“, ‘ “,. ‘29.2 ::’ ~~ .::, ‘ 29.2 ; ‘ .’.., -.. ~~20:85--- ‘ .:27.8 - , 1.5

Zn

~Fe;M”~:Cr.. :“:.,< .’ “ “; .-.’ .”: ::~,;.<-:,<’::; <.;”::’,. .::,, : ,, .;>:;’ ,-:
‘ “ ““ ‘“

FeMn 1 30.1 30.1. 21.43 28.7 1,6

.,,., f~r’:’ : . :“.’-” -“- “ ‘;”’’:~?~g! “’i : ~-’’”‘- ““ ‘~““:’”:.-’’: ”---’ -“’”- ~~ .’” :“’ “:’

Cu.Zn

~.Error (e)-’ “-: 73; : “ ‘ 102;4 .:. ‘ :- ‘:. 1’4026.:. :“- , ‘ :1:00.’. ~“ ‘- 110.8--- ~~ 6“1

Total 100.0

-.-. , -, .“, ,.. . .. . . . . . . . . . . . . .. . . . . . . . . . . ...-.’
-..“.. . . . —-r-----
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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?40to 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 8,7V0, 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 I Si Cu Fe Mn Mg Ni Cr Zn m Sr

Wto % ]6.9611.2110.65 0.0110.0410.0410.0110.46-2.78 10.01-0.19 0-0.02

At this composition the projected elongation at 100°C is

11 .3=E0,5% with a confidence interval of WWO.

Elongation at i?OO°C

Ii Jts of the pooled analysis of variance for elongation at
200”C for the alloys in Table 2.5 are shown in Table 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 vatk
ante 25.1 %, 20.3Y0, 16.0%, and 13.3% respectively. At higho{
levels all these elements decrease the elongation at 200’%
The percent contribution due to the error term in this analydtl
is only 5.99’o,which is quite acceptable.

Considering only the elements and interactions included
in Table 2.2, the maximum elongation at 200”C can be o~
tained from an alloy with the following composition:

Element Si Cu Fe Mn Mg Ni Cr Zn Ti Sr
wt.% 16.96]1.2110.65 0.01]0.0410.04]0.010.46-2.78 0.01”0.19 O-O*OZ

At this composition the projected elongation at 200°C k
18,9&0.7’% with a confidence interval of 95Y0.

The elongation of most ofthealloysshown inTable2.5 increa60s
with an increaseintemperature. Howeve~theextent of increaw”h
elongation with tempemturevaries significantlyfrom alloyto all~
The average increase in elongation of the 16 alloys is about 50%
when thetesttemperatum increasesfrom 25°Cto 100”C,and 1179$
when thetesttempemture increasesfrom 25°Cto 20&C. The elolk
gation of Alloyl increases 79% when the tempemture increwtt4
from 25°Cto IOO”C,and 231%when thetesttempemture incrww$
from 25°Cto20&C. The elongation ofAlloy12increases 57%wtWl
the temperature increasesfrom 25°Cto 100Z, and 274%when fh$
temperature increases from 25°C to 200”C. On the other ha~
Alloy 14 shows negligible change in ductil”@when the test tertF
perature increases from 25°C (0.67%) to 200”C (0.74%),

Table 4.2.14 Pooled ANOVA fable for elongation of Alloys 1 to 16 at 100 “C.

Source
of

Variance-
“;; :SiL’< ‘“

Mg

;,siwlg” ‘;
Fe

‘ :,,~’,,;; :

Ni

“ “(%’:-f:!,

Mn
,:fi ,; .:,”’

Zn

Fe.Mn
~

m
,.

Error (e)

Total -

I

“.: .,.., : :/ : ,. i -. -;.. ~,., .;.: .,, .. . . :... , ... ~ ..’. .:. ..- ‘,.’.. >“,. ,. , . .. . . . . .. ...’ ..--. ,,, ,,, . ,.,h.~-., . . . . . . . .::, ~,.<.’ .. ., ’.2.-, . ... . . ,, .. . . .
.. . . . .

j:- : - :. :’ ~ . . .,.”,,. ,.-,,..... ,..-” :.~,.s? .... ..~, - --, .
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,J>..~ ,: -, ,. ,-. .:,.. .. . . ,. ~?, ,. ;:’. :., ‘i “- .,._Y’ .,. .:’: . . .. ,,

1 10.O 10.O 10.6 9.1 1,1, ,,. =,- .- ...{ .“.: ,, r’,-.... ,K..., ,-’,. ...
-,
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Table 4.2.15. Pooled ANOVA table for YO elongation of Alloys 1 fo 16 at 200”C.

Source Degree of Sum of Variance. Variance Pure Sum
of Freedom Squares (Mean Squares) Ratio of Squares

Variance f s v F s’

Si 1 493.2 ~ 493.2 338.1.6 491.7

Mg 1 398.5 398.5 273.24 397.0

Si.Mg “ ‘1 .96.6 ~ 96.6 66.21 95.1”

Fe 1 315.1 ‘315.1 216.06 313.6

Cu “1 262.0 -262.0 179.67 ‘ ~ 260.6

Ni 1 123.5 123.5 84.67 122.0

Cr I 74.0 74.0 ‘ 50.74 - 72.5 .

Mn
~.’ 1 21.0 ~~~:“‘--2”1,0 ‘ 14.43 19.6.

Zn

‘.Fe~Mn”Cr:““”
,23.3 . :. .:,23.3- ,. -15.98 ,. 21,8

FeMn 1 51.1 51.1 35.04 49.6

Sr --”
-,. .

Cu.Zn

Error (e) “ ‘ 69 :’ 100”6 ‘ 1.5 .. 1.00. - ~ 115.2

Total

7
Percent

Contribution
p (%)

25.1

-=----l

a16,0

13.3

6,2

3.7

+

I
I

*

— ,~r,,,.v ,., .- . .. . . .. ... . :- . .. . ,~. .. . . . ,’ ., ...>!.. . . . . . . . .. . . . . . . . . . . . ,.
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Modulus of Elasticity at 100°C and 200°C ticity were inadvertently omitted. The examination of the

Results of the pooled analysis of variance for modulus of relative difference between the highest and the lowest av.

elasticity of the alloys in Table 2.5 at 100”C and 200”C are erage modulus of elasticity forthe alloys also shows that its

shown in Tables 4.2.16 (a) and (b), respectively. The analy- variation is not significant (18.6% at 100”C, and 15.7% at

sis shows that the percent contribution due to the error 200”C), So, as discussed eariierforthe modulus of elastics

term at the two temperatures is quite high, about 74% and ity at 25°C, the alloy’s chemical composition does not

72%, respectively. This may suggest that in the experiment, significantly affect the elevated temperature modulus of
some factors that significantly affect the modulus of elas- elasticity.

Table 4.2.16 (a). Pooled ANOVA table for modulus of elasticity of Alloys 1 fo 16 at 1000C.

Source Degree of Sum of Variance Variance Pure Sum
of Freedom Squares (Mean Squares) Ratio of Squares

Variance f s v F s’
.,.‘“, Si ~.+~ ““ ,:1-: ‘~: ‘:314731s’; o .-‘..:.,:31473fi1“: : “ :’,”:‘“32:6’:,”::“.“ 290~81 I~-

Mg

‘ ~i;’Mg:’ !;’ .“’ ;s!’ “;- “! ‘“”;::‘;’;’’”:’”’“‘::’i~-: :: ““; ‘; ‘“ “’:‘. ‘:: “-“ ‘ ~ ‘ ~“’;’””‘“

Fe

:’CU”’:. ‘“ ““’: ‘-’::’~“ ‘ ~ ‘:”: “~‘{~’<-;i ‘4’; ‘;: ‘: “ “’”’ <:: “’..--.”’’” ‘ ‘i ‘:”” “;

Ni

“:’”Cr ,’. ::; ~,: “;’ “ ‘>’; :’” “’‘ ‘ :“;-’’””’“;: ‘: ‘ “’..’: “’:” “ “ ‘. :.. :.

Mn

“ Ti” ~ ‘ “ “ : “ . ’~’’’’--- :“’””; ‘:””” ~:”””’ “. ‘“ -:’. -’

Zn

FeMn&l ‘“; ! ~.’‘:.:-.”’.:“ ‘ : :“$”’-L; .“>:-:::-;<T‘?: ‘~”:“ ‘i. :;’::’’<$’:.’ “~ ‘“’“’”~ -: ‘~””:

FeMn 1 4105824 . 4105824 16,8 3860795

!: .Sr$j-‘.” :.:::. ..,,:,,. .::.’-. ”’~”:” ., ‘. :’.:<;.:,”.. :’. “,, ,-. ;:...--:,.; >.’:.: :.:””:. ;. ...- . .. -.’

Cu.Zn

Error (e)’. ,. j:c77’””:;.’-;:18861303.<;.’.::;,.245029. . : ‘ “,::l.o’“ “:‘ !.’-1935?363,:
Total

Table 4.2.16 (b), Pooled ANOVA table for modulus of elasticity Alloys 1 to 16 at 2000C.

Percent
Contribution

p (%)

-11.1

,....-

.. ’,,-. . ..,.. ~.. ,-.
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,, 74.1:--~~~.
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CHAPTER 4: ANALYSIS OF ALLOY CHEMISTRY,
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4.2.4 Effect of Alloy Chemistry on Fatigue Life
An equation of the form:

Log N = & + At ● Log(SW - SO)

was used to represent the mean S/N curve. The equation
was first re-written in the form:

s = a ● N~ + SO,where a = 10mlA1and B =1/AI
Andm~en 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 well 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) [5].

Results of the pooled analysis of variance for fatigue life at
1X108cycles 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 19.4Y0.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%tothe variance.

The percent contribution duetothe error term in this analy-
sis is lessthan 3.5Y0,Giventhe 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 IX108 cycles can be
obtained from an alloy of the following composition:

Element Si I Cu Mn Zn l-i Fe Mgl Ni]Cr]Sr

wt. % l12.8514.9010.4512.7810.1910.&15510MM]0.WA71MQ14] O4.O2

At this composition the projected maximum stress at
IX108 cycles is 23.66 & 0.59 ksi with a confidence inter-
val of 99,5?40.

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 isobserv{’[1 111,11 .lI I(MJI.I , ~, it. -. I. I III

ure; i.e., lower Ihan 1o’” IyI II . .. . .III III, ll..I ... i!

1cycles-to-failure is attended by d rtll)l(l 111(11) 111 111.J. 111 IIt

stress. On the other hand, Ior llMH’ ,IIIIIY.. WI III 11,1.111,111’

I

high silicon contents (Figs. 3.!).2, :i.lo.:’, :1 I I .), I I .’2
3.13.2, 3.14.2, 3.15.2 and 3.16.2) IIIC [lrI)II III 111.I. II IIIIIT

strength with an increase in cycles 10 1,1111111”I.. I\t)I n
sharp. The alloys with lower Si conle]]ts :.111’111III ll,lv~’
transition region in the range of 10’Jto 1o’”cyi II,.. III 111111
log-normal curves, after this range the m(!iil] ( II IVI... IJO,
come flatter. The alloys with higher Si COII ICIII:. (lo 111)1
show such a clear transition range and the S1OPC:.(II lltt’tr
mean curves change gradually, as shown in FI(I:,. :1.112,
3.10.2, ... 3.16.2, This suggests that aluminum dIP [:,1:.I.

ing alloys with relatively low Si contents may exl)il)ll a
transformation from plastic to elastic deformaliol~ WIII1
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. H has been observec
from microscopic examination of the fractured surface:
of the specimens that most of the failures especially higt
cycle failures, started at pores. At high silicon content:
(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 consequent]
fatigue life is high. On the other hand, when the Si con
tent of the alloy is relatively low (about 7?40)thetendenc!
of the alloy to form scattered shrinkage porosity is rela
tively high. Hence, the probability for a crack to initiatf
at a pore is also relatively high and fatigue life is com
paratively low, The photograph in Figure 3.1.2 shows th(
fracture surface of Alloy 1 (7.15V0 Si content). This sampll
failed at a maximum stress of 16,4 ksi after 6,5x1 OGcycle:
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 6.7x10scycles and here also fracture initi
ated at a pore. A comparison of the microstructure 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 c
alloying elements on tensile properties of die castin!
aluminum alloys shown in Section 4,2.2 has shown tha
the Si content of the alloy significantly affects the alloy’
yield strength and its modulus of elasticity. Alloys wit
relatively high Si contents (about 13V0 Si) have highe
yield strengths and moduli of eiasticitythan 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 center
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 plastically
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.

Alloy Stress-life Relationships (Equations)
Calculated S.u at Fatigue Life of

se r
Ixlos 5xlo~

1
LogN=8.2727-3.51004mg(S--l4.2)

or S~=y= 227.4LYN- + 14.2 0.3095 -0.9674 15.40 14.96
,. .

; ~L&jti=6;382!&l.v.52;”ioi&&9.01 : .;‘: ‘“
,:,,. . . ....’ ‘, -, ..

..2” : ( ,;ors;’”~,r=:3939ti:NGS~’+ 19.0 ‘-. “:’%’- -’W93
.fJ.g822: ‘. ‘, lg.12 ., <19.05..

3
LogN=7.3787-M310.Log(SW-l 6.1)

or S.w = 537.60.Nmf + 16.1 0.2502 -0.9781 16.58 16.41
,.,

~ ‘~f.L&,N:+6~769-& ~8@j&&2ti2) ~ ‘ ‘;-.4::0~187’,’ ““ ‘$’ -“~: ‘ :. ‘“ -::’ : ‘:”-
.,4’. ::’: ‘ “ -:0,879? : ,“?“’ 20.47 ::.~’,:~’r s : ,=.fl 350~f@46i9 + 2(32.; :.- “. ,: 20.33, .,, ~

5
LogN=7.0114-21852Jxw(Sti-l 7.2)

or S.m= 1616.29.N44V5+ 17.2 0.6692 -0.7921 17.55 17,37
,,, ,~+.—,,..-, ,. .-

‘=7.0592-z4820.io9@L-i7jj., ~:, ii.~”’~ “ “ ‘:’ ‘:”” ‘.”’:;I;;&: :“ ‘ “ ‘1~32 :,, ~ ;; ;:-.,j.~N
... * ‘“-or:s:;, = 698.47iN~ti +“17.7:. :?’“ : ‘o”w’ :“ ‘“W3: ‘ -’ “ ‘.

LogN=7.2626-24171.kg(Sw-l 9.0)
7 or S~,x= I010.75-N44W+ 19.0 0.5779 -0.9W 19.60 19.25

‘“‘:’&N=6.487&~ti30tig(S#19.0) ; ~ “’’” ~~ “ ‘:’’,’””: ‘ :’”-”~’-‘-““
,;..’,. . -

,. ., ,.
8 . . . or..S~=4:1610:51:NW.Y3+19.0..: ‘.:’~ ‘ ;?W . ‘ -o@W ‘“. ‘ ::’”19”’8 z - ‘:”:; :’?9.?8 ‘;

LogN=12.303&6.5226.Log(Sti-l8.4)
9 or S~,y= 76.95.Nalw+ 18.4 0.4799 -0.9720 2297 21.97

‘-“.“&N=7~i6~:4%~;~ti(S&-W.6 .; ‘::?‘“ ““”” ‘ ‘ ‘:- “-’’””“’ ‘ ‘ ““;‘ ‘“ ‘2314.+0’, ,’. ~ , :OC;S;,X?I’V:GN-”+ ”E:6 ~~.’,‘“‘ +: ‘:o~7823~~ 4“M%’ , .--..23.6 .-” “’ .

LogN=10.3048-5A056.Log(Sti-l 8.3)
11 or Sm.= 80,604@la + 18.3 0.3971 -0.9707 20.97 20.28

-,, ,’
‘, ;2, .$;<j@N=7~516&3.2477-L&(S&-19.9) :: ‘!.‘:;’:’” ‘“ ‘ ““ :“ -:’ ;061:’:. .’: : .,

Orjs~#20G.23.N% +.1%9:7: “’: :0.5614 ‘ :0.979. ‘ ..,, . ‘20:33 ~<.,.-- ,:..

13
LogN=10.25734.9385,Log(Swl 8.7)

or S.m= 119.39.Nm + 18.7 ‘ 0.3162 -0.8815 21.56 20.n
. . .

,’,;4;,
; :“,.&N=6:g2g24g3igg($~_2,:g1 ;; <:; :’:.’ ‘:, ,,,,:o,86~:..,‘,;::::: &26: :“ ‘“ ;,’ ‘$””08”’,: :
‘“ ‘~:’<.or-Sm,x$, = 742.68.Na?l~+}21:9’ :-.: ~0.7g24 .. -- “--’ :“ ---

LogN=9,3630-4.3464-Lo9(stil 7.1)
15 or S~,X= 141.88-N=l + 17.1 0.5136 -0.9544 19.15 18.51

j ,:,.’ :: &N,=6i9%2-2W:96~@g(~&-?9.9) j’ “ .-”>” ‘~~.:” ‘: ~’:’-”:~: ‘ ;“2012: :.”-,,,f6 ~~, ‘:,.:.. . . ..l).~g : ‘4.9442 :- ‘...~..2O.3O ~~ ‘- ..od:s~$=<42269-N-+ 19:9. ~~’ ,-

—,. ,. ’ ,,,- ,. .,.. . ...>-
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Tnble 4.2.17 (b). Stress-life equations, standard errors of estimate (se], correlation coefficients (r), and maximum stresses for Alloys 17 to 24.

Alloy Stress-life Relationships (Equations)
Calculated S~.xat Fatigue Life of

se r
1X108 5X10B

;
LogN=?.288$~597&Log(S&- I?:y’ -‘ ““; ““ “i: -- ‘“:- :-’;1848 : ;824

47{ ‘. ,, 0:3666 :4:9620
‘or Sk= 639.82- I@%- ‘17.95 . . - .- , ‘“

LogN=8.5196-3.6030.Log(S_-l 6.14)
18 or Sm,,= 231.49. N- + 16.14 0.5331 -0,9173 17.53 17,03

,,
.,

., LogN=7i1801~2,~872.Log(SL=17.95F+’:- ~‘ ~“::’ -: ‘: ‘-” ‘- ‘: ;
.’ , .-

19’ ,
‘ ..Or<S ;-A.~O;e7~.~~1+,~~.95,. .+:. ;.’ 0.44$$$‘:’ - -0S431 ‘ ~ 18.42””” :18.20 ~. . . . .. .

20
LogN=10.4598-4.97074mg(S--14.82)

or SW.= 126.40. N- + 14.82 0.6590 -0.8848 17.94 17.07

:,.:i&N=mn”s:25&:L?9(sii19.53).. ~~~“’
, +:’ :;, ,::!::.,’-. , - 2042 , 20,07.;q ~; .;,..:

... :. ...
>. .,ors ~y= 253:90~P:+ 19.53 “ J ‘w56~ “:4’W97.”: .-

LogN=7.5496-2.7433.Log(Sm-21.72)
22 or S.w = 564.97-N-+21 .72 0.8862 -0.7659 22.41 22*1O

<.“; - -,. ’~.-;-.. ,L’~”,-~3:, : “.-, !?9P=~’+2-2A6a2.&9’(sz-19:4)’- “
- ‘:; ; :“ .< . ~

,: .or-SM==,616;53Lfle”~19.43; : - ‘;53% ‘ ‘.-0.9173 -- 20;05 19,77

24
LogN= 8,06W.1791.Log(S--2O.46)

or Sm2y= 345.14. N@l* + 20.46 0.6166 -0.9388 21.61 21,09

z

1-.
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Table 4,2.18. Pooled ANOVA for fatigue life of Alloys 1 to 16-maximum stress for cycles-to-tiilure is 5 x 1P Cycles.

Source
of

Variance
,~Si ‘:;,,.~

Mg
,., ,.. -

,Si.Mg’:;

Fe

:. cu.. ‘ :
Ni

Cu.Zn

,Errofi(e)’

Total

Degree of Sum of Variance Variance Pure Sum Percent
Freedom Squares (Mean Squares) Ratio of Squares Contribution

(s) 09 (F) (s’) P (%)
,,:::<:..+:?,: <.-~j;g::+,.: :, ,:::<,, ~~~ ‘:>.:;:,$,:?,’<- ~38;9’f;,-? ;..-::,.”. ..... :@.62.?”-’+ : ::54.74’ “’;”?<

Pooled

:::.;%’ ?:: : %.2.907.; ::.-: ~..2.907:-,:>”+::5 ~.;. %6;62. ‘.;; ,1’<~.2.732 - ‘ZC-.’.:T~’’3.59 ‘ . ;

Pooled
%,” j:::.:. . ~: :i4,94 ‘~ .i ::.’.:’”’14.94”:’ ‘“ “.: -’: “:85:39r : - ~ ‘.:. -14:76 : :; q. ‘.-19.42 :.:
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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) alsoshowthe 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 25Y0,Fe, Si, and Mg also have
significant effects contributing about 19V0,18Y0,and 11VOto
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 5,79’0,which is quite acceptable.

Considering only the elements ,111111111,.I.I. I, ~

in Table 2.2, the maximum impaci rcsl’.l.ull I-. II I . * ,
from an alloy with the following comINJ:.IIt(U,

ElementI Si ] Cu I Mn I Zn Ti FoM{INI 1, I

Wt, % 6.961.21 0.01+15 2.78 0.01-0.19 0.65 0.~4 Q.o~;o ill’ ~ Q

At this composition the projected maximum alIsI II I II u I I ‘t I

is 6,23 & 0.12 Ibf-ft with a confidence interval of 99.5%.
The variation in impact resistance with alloy chemistry 10111)wt

almost the same trend as the variation in elongation. GwIuI tIliJ
the less the total amount of added elements, the greater llw IIN
pact resistance. Among the sixteen alloys inTable 2.5,Alloy2 lli]~

the highest impact resistance with an absorbed energy 016.4:
lbf-ft. Alloy 14 hasthe lowest impact resistancewith an absorbel
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 fracturel
surfaces of Alloys2and 14at low magnification. Figures 4.2.2
(a) and (b) show the fracture surfaces of Alloys 2 and 14. It i
clear that Alloy 2 underwent a ductile fracture as evidence
by its fibrous structure. On the other hand, Alloy 14 uncle
went a brittle fracture. There is no detectable deformation
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 avemge absorbed energies in the Charpy Impact fist for Alloys 1 to 16.

Alloy 1 2 3 4 5 6 7 8

Absorbed Energy lbf-ft 5.04 6.48 1.68 1.79 3.13 2.42 1.29 1.65

St. dev.” Ibt-ft 0.43 0.57 0.26 0.24 0.36 0.29 0.20 0.19

C.V.** % 8.5 8.8 15.2 13.1 11.5 11.9 15.6 11.6

Alloy 9 10 11 12 13 14 15 16

Absorbed Energy Ibf-ft 1.95 1.83 1.64 2.03 1.47 1.26 1.65 1.97

St. dev.” lbf-ft 0.13 0.24 0.16 0.19 0.18 0.13 0.26 0.16

(-V.** % 6.6 12.9 9.6 9.5 12.2 10.2 15.5 8.3

●St. dev. - Standard deviation *’C.V. - Coefficient of Variation (= St. devJMean 100%)

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

Alloy 17 18 19’ 20 21 22 23

Absorbed Energy Ibf-ft 3.70 2.47 3.18 1.79 2.68 2.47 2.53

St. dev,** Ibt-ft 0.29 0.37 0.19 0.22 0.20 0.27 0.:10

C.V.** % 7.8 15.0 6.0 12.3 7.5 10.9 1111

?4
—

:[)1

II ,.1

1! I

,. ., ...,,, .,.,.,P7.. ,,..
.—



+

CHAPTER 4: ANALYSIS OF ALLOY CHEMISTRY, -
1: MICROSTRUCTURE AND PROPERTIES

1234567% 9 10 11 12 13 14 15 16

ALLOY

17 18 El 20 21 22 n 24

ALLOY

Fig. 4.2.21 (a), Absorbed energy of Alloys 1 to 16 in Charpy Impact test. Fig. 4.2.21 (b). Absorbed energy of Alloys 17 to 24 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.

Results 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?40.Si
has a significant effect contributing about 149’o to

the variance. Fe also has some effect contributing about 6%to
the variance. At higher levels, Mg, Fe, and Crdecrease 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 26Y0,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:

Element Si Cu Mn Zn -ri ]Fel Mgl Ni Cr Sr

wt. % pw 1214.90 lo.o14M0A6-LlaU014.1910.6510.04100W~l&ao2

Atthis composition the projected minimum volume loss is
0.3712 & 0.0132 cm3 with a confidence interval of 95Y0,

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

Volumeloss cm3 0.3883 0,4187 0.4527 0.4333 0.5256 0.4730 0.5289 0.5076

St. dev.* cm3 0.0220 0.0288 0.0370 0.0322 0,0312 0,0171 0.0204 0.0373

cmv:* % 5.7 6.9 8.2 7.4 5.9 3.6 3.9 7.3

Alloy 9 10 11 12 13 14 15 16

Volumeloss ~m3 0.3974 0.3979 0.4190 0.3833 0.4291 0.4363 0.4683 0.4871

St. dw.* cm3 0.0079 0.0159 0.0252 0.0119 0.0313 0.0283 0.0185 0.0210

c.~** % 2.0 4.0 6.0 3.1 7.3 6.0 4.0 4.3

*St. dev. - Standard deviation ‘*C.V. - Coefficient of Variation (=St. devJMean 100%)

12ble 4.2.21(b). SummaIy of avetage volume loss in the dry sand abrasive test for Alloys 17 to 24.

Alloy 17 18 19 20 21 22 23 24

Volumeloss ~m3 0!4150 0.4375 0.4213 0.4516 0.4457 0.4307 0.4086 0.3992

St. dew” ~m3 0.0330 0.0274 0.0253 0,0298 0.0301 0.0265 0.0326 0.0323

C.M** % 8.0 6.3 6.0 6.6 6.8 6.6 8.0 8.1

fible 4.2.22.Pooled ANOVA table for wear resistance of Alloys 1 to 16.

Scrurce Degree of Sum of Variance Variance Pur9 Sum Percent

of Freedom Squares (Mean Squares) Ratio of squares Contribution
Variance f s v F s’ P

.:’si~- .: ’l~:’ - .’- G.0i0296:.; .!‘::..”’0.o2%”““:-’ . . ‘.4258 +;,::5->..Qo289‘:. 13.7
Mg 0.1006 0.1005 144.75 0.0999 I 47.4

.Si.Mg:. ~,;: ; .,.:+,~“ -0.00432’‘ “ >:-ZOXJ043~~:; T ;--‘6.15 ‘-‘: ~ ‘“~0.0036-= i :-..-1,7
Fe I 1 0.0140 0.0140 20.17 0.0133 6.3

“-cu. > I “ ‘“ i’ ““ ~“’-”.’~-- ;- “’ -’ ‘“ ~~”’” ~- ““-’ -‘ ‘“’””“‘“-“”’”“““1 -
Ni

>:.,“.Cr.’; . .1., .1-: .“-l:.J 0.0047::.2 2’::’.0.0047:. ““-” : “i..:. .670: ‘-‘- :.Vmo40 . “<-I ‘ ‘. .1.9

Mn

.“. ‘:% ,: .1”-’:“:-~ “’$1:.”-’ ~:””~‘:”””’‘“:? ~’” - :? -:” “ ‘~~ - “;- 2 “’”~ ‘-’+~-” 1’ ‘
Zn

: ‘Fe.Mri.Cf l;..” al;< ‘,<:2“’::0.0068-‘:-’ ?-.’..’.EO.0058:‘:.- -&:9.81-.X-:. i“: :-o.~1-: ‘ 2.9
FeMn I

“‘-~sr---: q: ; : ~‘.”’+’‘.-’”;~~.“!....::- -w:i~- .’::;S”<“:.“’ .’” “’~~:” - “~””~ -~’ ‘“-”--~ - -:“
Cuzn

-fio~ (6)’.. ~!: -; 73-.2. :’: .:o:0507~‘ . $“.,:“3”7, ~::.:,, -.. --J ;7::,,:: .:. :.0.0549“. . 26.1 ~~
Total 79 0.2107 160+0
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Fig. 4.2.24 (a). Volume loss from Alloys 1 to 16 in the dry sand abmsive test.
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ALLnY

fig. 4.224 (b). Volume la fmm Alloys 17 to 24 in the dry sand abmsive test.
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I, 4,2.9 (a). Alloy 7 (6,92%S, 0.50%Mg, 1.63%Fe, 4.94%CU,
13%Ni, O.OI%CC 0,02%Mn, 0.01%77, 2.73%Z% and 0.022 %Sr).

I. 4,2,9 (b), Alloy 11 (12.86°/6Si, 0.04°%Mg, 1.59°10Fe,1.21010Cu8
5%Ni, O.Ol%Cc O.Ol%Mn, O.18%li, 0.49%Zn and 0.00%Sr). The
crographs sho wn are of fracture surfaces of tensile test speci-
ms tested at room temperature.
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O.4.2.11.
Fig. 4.2.10 (a). Alloy 14 (12.94%Si, 0.48%Mg, O.74%Fe, 4.779@, ~~m temp
0.50%Ni, O.O1%CG0.57%Mn, 0.01%17, 0.55%Zn and 0.00%S1), ~ Ol%Ni, O

1

I. 4.2.22.
Fig. 4.2.10 (b). Alloy 1 (7. 15Wii, 0.03%Mg, 0.68%Fe, 1.24?U& :I,rature. 1
O.Ol%Ni, O.Ol%C~ O.Ol%Mn, 0.01%17, 0.44%Zn and0.00%Sr], T& ~r50%Ni, I
microgmphs shown are of fmcfure sutiaces of tensile test $p#i+ ‘~qht:Alk
mens tested at room tempemfure. ) Ol%ccG
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L 4,2.11. Fracture surface of tensile test specimen tested at
om temperature, Alloy2 (6,99%S4 O.Ol%Mg, 0.56%Fe, 1.15YoCU,
N%Ni, 0.01%C6 0.47%Mn, 0.24%77, 2.87%Zn and 0.018%Sr).

y, 4,2,22. Fractured impact test specimens tested at room tem-
!rature. Left: Alloy 14 (12.9401&i, 0.48%Mg, O.74°hFe, 4. 77°hCu,
50%Ni, 0.01%C6 0.57%Mn, 0.01%77, 0.55%Zn and 0.00%Sr).
ght: Alloy 2 (6.999W O.Ol%Mg, 0.56%Fe, 1.15%CU, O.OIVoNi,
lll%CC 0.47%Mn, 0,24%7i, 2.87%Zn and 0.018%Sr).
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}

Fig. 4.2.23 (a). Alloy 2 (6.99%Si, O.Ol%Mg, 0.56%Fe, 1.15*
O.Ol%N~ O.O1%CG0.47%Mn, 0.24%77, 2.87%Zn and 0.01~t]5

Fig. 4.2.23 (b). Alloy 14 (12.94 %.Si, 0.48%Mg, 0.74%Fe, 4,7?’!$@.
0.50%Ni, O.O1%CG0.57%Mn, 0.01%7i, 0.55%Zn and0,007iir), 7@
micrographs shown are of fracture surfaces of impact test sp&i
mens tested at room temperature.
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4.2.7 EffectofA!Ioy Chemistryon Hardness

Testsshowthatthe hardnessofdiecast specimensincrease
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 afterthey were die cast.
The data is obtained from specimens with a 0.25’’xO.25°square
cross section, The average hardness ofthe 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)
forthetwenty-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’’xO,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’’xO.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” x0,25” 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
34Y0,Also silicon has a significant effect on hardness with a
percent contribution to the variance of about 29Y0.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 1.8Y0,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:

Element Si Cu Mn Zn ITi Fel Mgl Ni]Crl Sr

wt. % 112.8~4.9010.011 0.46-2.87 10.19]1.55]0.4610.4710 .141 0-0.02

At this composition the projected highest hardness is 87.7
& 0.7 RHB with a confidence interval of 95Y0.
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Fig. 4.2.23. Variations in hardness (RHB) with time for Alloys 1 and 14.

4.2.23 (a]. Summaty of average hardness (RHB) for Alloys 1 to 16.

Alloy
Specimen size

1 2 3 4 5 6 7 8

1/4’ x 1/4”flat die casting 29.9& 2.1 33.8& 2.1 60.9& 1.3 60.4& 1.3 51.0+ 1.2 58.2& 1.3 71.9& 0.8 67.0&.O.7

3/8”diameterdie casting 16.9A 3.7 22.5& 2.1 53.7& 2.9 52.7& 1.5 38,9& 1.3 47.9k 1.9 64.9A 3.2 58.9& 1.8

5/8”diameterdie casting 19.8~1.6 21.2& 2.1 54.1& 1.2 56.0& 0.8 46.8& 1.5 46.6& 2.2 64.3k 2.1 57.8& 1.4

Specimen size
Alloy

9 10 11 12 13 14 15 16

1/4’ xl/4” flat die casting 70,8~ 2.0 69.5& 1.7 63.7~ 1.2 58.8& 1.7 72.3&O.7 74.6&l.5 70.4&l.6 63.1& 1.0

3/8”diametercasting 60.9& 2.8 63.2& 1.4 55.1&2.3 50.0k 1.1 63.5A 1.3 66.9& 1.7 61.4& 2.6 52.8& 1.1

5/8”diameterdie casting 60.3& 1.8 61.3+ 1.7 53.7& 2.1 47.6& 1.6 84.3& 1.7 66.5& 2.3 60.7& 1.5 50.7& 1.1



CHAPTER 4: ANALYSIS OF ALLOY CHEMISTRY,
J7E MICROSTRUCTURE AND PROPERTIES

CH
Ml

fible 4.2.23 (b), Summary of average hardness (RHB) for Alloys 17 to 24.

Specimen size
Alloy

17 18 19 20 21 22 22 24 “

1/4” x 1/4”flat die casting 47.4& 1.0 54.9& 0.9 50.9& 1.3 84.4&l.o 56.5& 0.9 60.8& 1.2 58.8& 1.2 67.7& o.9

3/8”diameterdie casting 39.9& 1.4 45.4& 1.5 43.0& 1.3 57.6k. 1.4 49.1 & 1.1 55.0& 1.2 50.6& 1.7 61.1+1.1

5/8”diameterdie casting 37.3 * 2.1 45.3 k 1.3 41.0* 1.7 57.0 & 1.3 48.0 & 1.4 52.8 & 1.4 49.9 & 1.9 59.1 & 1.8

Table ?.24, poo\ed ANOVA table for hardness (RHB) measurement 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 v F s: P
.,’,-Si,., <z

; .’,.’,1i-’”’; ‘~“:7570.8.’.’- “.<.-,7570.8’::, ;’; C255&j;”, ‘~ 7567.8-:,, :- 29.2
Mg 1 4086.5 4086.5 1380.8 4083.5 15.8

!- Si.Mg~ “: -j<:i..; !;+:,!?!. ~:+1293i9.; :_-. >.;~ 1293i9 ;[. -:. 7,~:f;,43~.2;;T; “~ ;,1290.9; . :“:.’.:5.0’- ‘ ‘.
Fe 1 1964.2 1964.2 663.7 1961.2 7.6

):Cu !’.:’:: “-.’! “1;”: ,: ,.:.’:’8800:12:: :’7’ “’ .8800:1 ““’-’~.:-‘ ?2973:5~~~: [ ?’:8797;2 :’ “.. 34,()” -
Ni

.:::,~~ } .,”’,:. ” ~~~
348.7 348.7 117.8 345.7 1.3

.1:+ “. ~~‘ 650.4 - ? ‘$‘. ‘:650#l!i’ ~-’c -“--::219:8:.:--.-’- ‘:” .647;5.--.”’ - :2.5
Mn

T “ ‘;”:. ~-1.J.1..>!- :~’ ‘~ I “’;”.:. ‘ -’5380:6 ‘: “-’’”;? 1,80.63 ‘“’-”: +.;- 61;0 ~~~~~~~‘ $“:177.7i’ ~-. ‘ ‘0,7 -
Zn

JFe,Mn,Cr’ ::,, . :“- “;:? .. J-’s;;,.:“;::>.. , >,; ,>. f,::, -,,,:.;,: “: :.-. :.<.’- ““ “ , .. . .. .,.,..;.- ;. .,.

Fe.Mn 1 555.0 ‘- 555.0 187.5 552.1 2.1
~j,Sr ?b ~ “ :;:;..:. ;;-: ;,: 6: ;:, ,2: :5.; ;:>;. q.,.<‘;,-’,‘ “’: + <’ q:,:, .’, -“ .,, :’- :. ‘.. ..’ ““.,, .,

Cu.Zn
~Ef~Or(e) . ‘.,-?,35(J ; :: -$-443,9.,-’: .j..’i;- 2.9595.; :?:.: :-.. l..().%’::... -,....470.6, -“ 1.8, ~ -.

Total 159 25894.2 100.0

123456789 10 11 12 13 14 15 16

ALLOY

I ‘1
1’

70+

60I

17 18 D 20 21 23 23 24

ALIDY

Fig. 4.2,25 (a). hardness (RHB) of Alloys 1 to 16 measured on 7,”X ‘/; flat Fig. 4.2.25 (b). Hardness (RUB) of Alloys 17 to 24 measured on 1/4sx y;
die cast specimen. f7at die cast specimen.

4.:

on
-n-K
iss
the
4,2.

R
duc
Tab
afk
rek
is a
car
cor
anc
sor
the
res
the
Th(
iss
per
me

c
int(
cor
cor

Elel

K

L

:5;

me
ten
pet
wii

Ele

R.

Tab

—-
. . . . . ... .. . ... .. ~.,............ ./.,. r?=../7. ,<,. .,:.. ,-. .. . . . . . . . .. . ... .. . . . . . ...’...

~—
.-. . ,,



RY,
IE5

1

.~ 1/49

CHAPTER 4: ANALYSIS OF ALLOY CHEMISTRY,
MICROSTRUCTURE AND PROPERTIES 127

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 istitanium. Its
relative contribution to the variance in thermal conductivity
is about 23Y0.Silicon, iron, copper, and zinc also have signifi-
cant effects, contributing to the variance in thermal
conductivity about 20%, 189’0,14Y0,and 9Y0,respectively. Mg
and Cr have minor effects and the interaction of Fex Mn 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 errorterrn in this analysis
is small, about 4.6Y0,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 [Si[Cul Mnl Znl Ti[Fel Mgl Ni lCrl Sr

wt. % l6.96ll.2llO.OllO.46]O.OllO.65]O.O4~.O4-O.47lO.l4l 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
95Y0. 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 alloy
with the following composition:

Element I Si lCu]Mnl Znl Til Fel Mgl Ni lCrl Sr

At this composition the projected room temperature
thermal conductivity is 89.3 & 1.6 W/m.Kat 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 to 3.1.8 and 3.15.5 to 3.15.8 show
the microstructure 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 A1-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 interracial 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 interracial area with the alloy
matrix, and consequently it affects thermal conductivity
more than the other morphologies. Mn and Cr additions
can transform the Fe-rich needles to Chinese script or
polyhedral crystals, and so, the Fex Mn interaction plays
a role in affecting the thermal conductivity. The lowest
thermal conductivity should be obtained at higher level
of Fe and lower level of Mn, but not both at higher levels.
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.

Wt. % l12.85]4.9010.0112.87 10.1911.5510.461O.O4-O.47lO.Oll 0-0.02

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

Alloy 11”2 “;: ’3” t 4 .,.52 ./ ~ : T; : *

Thermal W/m.K @3:l : 115.5 ;.;ll%q:: 108.4 ?“:126.0. 119.9 -:105:6 108.6
Conductivity

. .
;, .-,.,.- .. :., -“. “.

St.dev,* W/m.K ,: q.o .’< 1.1 _’0;6”:,:- 0.8 .-. 1,0,. 2.4 + 0.4 1.4,., . .
C.V.** % - “o:7~:’..1 1.0 ,.0:5’:-. f 0.8 ‘“0.8~ 2.0 ‘“”0.4” 1.3

Alloy
.<-.xi,.’:” fo .;-,::+ “-; ., 12?:>. . : :13 “ 14 . 15.’” 16., -. . .. .. .

Thermal W/m.K :,llt?”: ( 110.6 ; ::l,q:+; .1OZ2 113.0 -~;~.9 116.1
Conductivity

....-...’.... .,,.~,>. s,:.,.<::.;. ;,, Y .’. :,=:.. . ,..
St.dev,’ W/rn.K ,::. ;0:4.4,:, 1,3 ‘,’, 1.4 .=;.0.8;. - 0.2 ::-’~ : 1.1, ,+:3 i,<

C.V.** % ..’ “0.45’-’ 1.2 . .Q.;’l 1,2 “’ .07 ‘ ] 0.2 : ‘2.2 ““ 0.9

●St. &v. - Standard deviation ●*CV - Coefficient of Variation (= St. devJhlean 100%]
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72b/e 4.2.25 (b), Summary of average thermal conductivity for Alloys 17 to 24.

Alloy 17 18 19 20 21 22 23 24

Thermal
Conductivity W/m-K 122.1 119.1 121.0 111.0 113.8 119.2 113.8 111.6

St. dev,** W/m-K 1.0 1.8 0.4 0.4 2.6 0.7 2.5 1.5

C,V.**
0/0 “ 0.8 1.5 0.3 0.4 2.2 0.6 2.2 1.3

12345678 9 10 11 12 L? 14 15 16

ALLnY

4.2.26(a). Thermal conductivity for Alloys 1 to 16.

~ 4.2.26.

.-
17 18 19 20 22 22 23 24

.uLoY

Fig. 4.2.26(b). Thermal conductivity of A1/oys 17t024.

ledANOVA table for thermal conductivity measurement 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
,,,’,~ ,, ~ ,’I:J:.-II”.’JFc‘. ,,.

v F s’ P

~1634:7‘.-.. .’:. ~,’!l 634.7,’--;::; ‘:-...;408.4’’.:,.>.;? :::1630.7;. . “~ ‘ .20.0. 2.
Mg 1 292.9 292.9 73.2 288.9 3.6

.>~i,~g.~$’:.>;.’+>:;:?[.:’;::::-:’;:,;: >’:.,;,::+:::.’:..::,.+’j’::<’-.;.+..;;’’:’$-‘ .-.‘,.:,’::..:.

Fe 1 1426.6 1426.6 356.4 1422.5 17.5

.Y-cu “<’$’ -:~~’ 1:.:’-{ ~ ~-l176J ; :~-::-4176.7 G?’-’ “ 2944P;.” ~; ‘{1?72.7-.; ~>.-..-14:4 ..-
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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 46Y0, Copper and titanium have significant effects,
contributing to the variance in electrical conductivity about
q5y0and ISL)/0, 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?40 to the variance. The percent contribution dueto the
error term in this analysis is small, about 3.6Y0,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 Si I Cu Mn Zn I 11 Fe Mg I Ni I Cr I Sr

wt. % 6.96 1.21 0.01 0.46 0.01 0.65 0.040.044.47 0.01-0.140.02

At this composition the projected room temperature elec-
trical conductivity is 31.1 & 0.4 %IACS at a confidence level
of 959’0,It is also useful to note that, considering only the

elements in Table 2.2 and their interactions, the III IIIIIWfI”
room temperature electrical conductivity (i.e., maximum rocm’
temperature electrical resistivity) can be obtained I rom nt
alloy with the following composition:

Element Si Cu Mn Zn Ti Fe Mg Ni Cr Sr

wt. % 112.85 4.90 0.01 2.87 0.19 1.55 0.46 0.04-0.47 I 0.01-0.14 4
-~

At this composition the projected room temperature elec~
trical conductivity is 16.5 & 0.4 %IACS at a confidence level
of 95Y0.

As in heat transfer, the larger grain boundary areas and
larger intetfacial 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 com
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 (30.71 &
0.19 YoIACS). Alloy 11 has the lowest room temperature elec.
trical conductivity (19,425 0.19 %IACS) among these alloys.
This is because it has a high Si content, is grain refined, and ii
also has a high Fe and low Mn and Cr contents, which give th~
alloy large amounts of Fe bearing needles. The needle phas~
has the largest surface:volume ratio and therefor it has the
largest interracial area with the alloy matrix, and consequent)
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 YoIACS) as low as Alloyl 1. The grain structure:
and microstructure of Alloys 1 and 15 are shown in Figs
4.1.1 (a) and (b), 4.1.3 (a) and (b), 3.1.5 to 3.1,8 and 3.15.5 tc
3.15.8, respectively, and were discussed earlier.

~ble 4.2.27 (a). Summary of average electrical conductivity for Alloys 1 to 16.

Alloy 1 2 3 4 5 6 7 8

Electrical
Conducthity ?lolACS 30.71 26.21 26.60 22.56 26.99 25.41 22.16 23.51

St. dev.** YolACS 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 11 12 13 14 15 16

Electrical
Conductivity ?401ACS 21.28 20.31 19.42 23.55 20.44 21.65 20.19 24.53

St. dsv.’ ?folACS 0.30 0.06 0.19 0.11 0.04 0.11 0.58 0.49

c.~** % 1.4 0.3 1.0 0.5 0.2 0.5 2.9 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.

Alloy 17 18 19 20 21 22 23 24
Electrical

Conductivity VOIACS 26.12 24.00 24.34 22.13 21,56 23.21 22.70 21,64

St. dev.* VOIACS 0.38 0.14 0.25 0.09 0.24 0.45 0.62 0,09

C.M** % 1.5 0.6 1.0 0,4 1.1 2.0 2.7 0.4

/

12

I 2.27 (a).

%ble 4.2.28. PC

456789 10 11 1213141516

ALuw

:trical conductivity of Alloys 1 to 16.

—
17 18 19 20 21 22 23 24

ALLOY

Fig. 4.2.27 (b). Electrical conductivity of Alloys 17t024.
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4.3 Chemistry—Properfy 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 propetty 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 forAlloys 1through 24. In each case,
the “goodness of the fit”, as described by the r2valuel, is given,
It must be well understood that these equations were obtained
using a very limited number of data points (25 alloy composi-
tions). Fora robust statistical analysis where 10factors (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
properly predictors in the design of die cast parts and compo-
nents, but rather as trend indicators.
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TREND EQUATION r P
PI = 44.93 -O.45Si +0.67CU-O.I 8Fe+0.76Mg-O.l 3Mn+0.23Ni +0.1 6Cr+0.33Zn+0.20Ti +0.35Sr 0.899 0.808

P2 = 34.93-0.13Si +0.88Cu+0.02Fe+ 0.87 Mg+0.l OMn+O.1 6Ni+0.27Cr-0.04Zn-0.0511 +0.31 Sr 0.851 0.725

P3 = 18.07+ 0.1 6Si+0.60Cu+0.26 Fe+0.60Mg+0.l 6Mn+0.1 3Ni+0.1 1Cr-0.42Zn-0.03Ti +0.06Sr 0.756 0.571

P4 = 12.56+0.31 Si+O.75Cu+0.l 2Fe+0.77Mg+0.08 Mn+0.WNi+0.14Cr-0.36Zn +O.l2~+O.O3Sr 0.820 0.672

P5 = 12.62 +0.37Si+0.80Cu.+ 0.12Fe+0.75Mg+0. O9Mn+O.O7Ni+O.l 5Cr-0.42Zn+0.06Ti +0.01Sr 0.824 0.679

P6 = 12.98 +0.17 Si+0.59Cu+0.14Fe+ 0.52 Mg+0.l 5Mn+0.05Ni+0.l 9Cr-0.47Zn+0.03Ti +0.03Sr 0.691 0.478

P7 = 10.62-0.61 Si-0.50Cu-0.46Fe-0.57 Mg-0.21 Mn-0.07Ni+0.06Cr+ 0.25Zn+0.08Ti +0.07Sr 0.938 0.880

P8 = 17.39-0.61Si-0.53 Cu-O.45F-O.62Mg-O.fi 9Mn-0.09Ni+0.02Cr+ 0.20Zn+0.OETi+O.08Sr O.*I 0.885

P9 = 25.34-0.44Si-0.51 Cu-0.39Fe-0.52Mg-0.26 Mn-O.l 8Ni-O.l OCr+0.22Zn+0.01 Sr 0.855 0.731 ‘

Plo = 11.52+ 0.67Si+0.54Cu-0. 04Fe+0.56Mg-0.008 Ni+0.33Cr+0.0~n +O.22~-O.l 2Sr 0.852 0.725 !

PI 1 = 7.55-0.39Si-0.44Cu-0.44 Fe-O.75Mg-O.31 Mn-0.14Nii-0.04Cr+ 0.02Zn+0.lTi+O.04Sr 0.905 0.819 ‘

PI 2 = 10.49 +0,52Si+0.63Cu+ 0.27 Fe+0.81 Mg+O.1 6Mn+0.1 3Ni+0.03Cr-0.08Zn-0.03Sr 0.901 0.812

PI 3 = 148.50-O.47Si-O.l 9Cu-0.46Fe-0.60 Mg-0.02Mn+0.02Ni +0.02Cr-O.25Zn-O.38Ti +0.22Sr 0.820 0.673

PI 4 = 36.44-0.72Si-0.26Cu-0.32 Fe-0.63 Mg-0.08Mn+0.01 Ni +0.02Cr-0.36Zn-0.2Tl_i +0.31Sr 0.890 0.792

P15 = 2.71 -0.40Si +0.74Cu+0.30Fe+ 0.87 Mg+0.09Mn+0.06Cr+ 0.51 Zn+0.5~ 0.980 0.961

PI is room temperature ultimate tensile strength in ksi.
P2 is ultimate tensile strength at 100”C in ksi.
P3 is ultimate tensile sttrength at 20VC in ksi.
P4 is room temperature yield strength in ksi.
P5 is yield strength at 700°C in ksi.
P6 is yield strength at 200”C in ksi.
P7 is room temperature elongation.
P8 is elongation at IOO”C.
P9 is elongation at ZOO*C.
P1O is maximum stress for a fatigue life of 100,000,000 cycles in ksi.
PI 1 is impact resistance in lb, ● ft.
P12 is hardness (RHB).
P13 is thermal conductivity in W/mK. t @is the coefficientof determination, where r is the correlationcoeft7cient.For t
P14 is electrical conductivity in %IACS. petiectfit, f= 1,signi~ing that the curveexplains 100% of the variability of th(
P15 is specific gravity. data.?= Osignifiesthot the curvedoesnot representthe date.
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