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ABSTRACT

High pressure die casting material was devel oped for the use of pistonsin various mass-produced, small, general-purpose
engines. This new material enables a significant reduction in casting tact time, allows a continuous line through the casting
and machining processes, which is impossible to achieve by the permanent mold gravity die casting method (GDC), and
contributes to production cost reduction. This material provides a material hardness of HRB65, which is equivalent to the
material used in conventional methods, dueto the high speed filling of the molten metal into the diesand the quick solidification
of it. Thematerial also accomplishesthe high temperature durability requirements after undergoing ashort T5 process. For the
stabilization of the material propertiesin mass production, various aloy prototypeswere produced and evaluated on strength,
residual stress, seizure, microstructure, and actual engine durability in order to determine the optimal alloy composition.

1. Introduction

Small, general-purpose engines are now used in many
different applications. In Japan, 6 to 7 million units are
produced annually, and accompanying this growth, the
manufacturers are exhaustively studying and implementing
measures for reducing product costs. Honda released GC
engines® and Mini 4-Stroke engine series® in 1997 and we
have continued to supply high-performance, low-priced
engines. In respect to specific engine components, we have
developed a single cam resin gear, an integrated cylinder
head and block, and a FCD crankshaft among other
components in an effort to reduce costs while maintaining
function.

Theuseof auminum aloy for piston materialsisalready
common practice for reducing the weight. The production
of general-purpose engine pistonsat Hondais primarily done
by permanent mold gravity die-casting (GDC). Recently,
however, the small-displacement engines (22-50 cc)
manufactured by Honda and other firms® have begun to
use pistons made by high-pressure die-casting (DC). Cost
reductionsfrom the shape of general -purpose engine pistons
can dready be said to have about reached their limit. On
the other hand, when considering cost reductions from the
manufacturing process used by Hondafor multi-type, large-
volume production (4 million units/year), the greatest
opportunity lies within the use of a continuous production
linethat incorporates casting, heat treatment, machining and
other operations of the process.

*Asakahigashi R & D Center

Themost critical technical issueto be solved for realizing
a continuous production line involving casting, heat
treatment and machining is the time required for the heat
treatment process; this processtakes much longer than other
processes, thereby inhibiting the application of efficient,
continuous production throughout the processes. Thecurrent
requirements for heat treatment time are:

» 5106 hoursfor the T7 heat treatment of GDC pistons,

and

4105 hoursfor the T5 heat treatment of DC pistons.
Thereis no possihility of realizing a continuous production
line unlessthistimeisshortened to about 30 minutes at most.

This paper describes the course of development of the
piston material that combinesthe advantage of short process
time inherent to the DC production method with rapid
solidification. The results of this materia’s evaluation are
also presented.

2. Objectives

Themajor objective of changing the casting processfrom
the conventional GDC method to the DC method was to
create a continuous production line for the manufacturing
process by synchronizing the casting and heat treatment
processes with the machining processasthiswould result in
a considerable improvement in production efficiency. A
further objective of applying the DC method wasto achieve
thefollowing by taking advantage of therapid solidification
and materia characteristics inherent to this method:
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and material characteristics inherent to this method:
* Omission of the solution heat treatment
« Significant reduction in the casting tact time
e Minimization of the amount of machining by
improving the dimensional accuracy of the as-cast
product
The development of amaterial suitablefor the new rapid
heat treatment had the following aims:
 Providing mechanical characteristics such as high-
temperature tensile strength and fatigue strength
e Providing physical characteristics such as high
dimensional stability and thermal conductivity

3. Experimental method

3.1 Test Materials

The GDC casting material, AC8H, with 0.8wt.% of iron
added to protect the mold was used for the tests to identify
differences in the casting methods. This alloy was named
DC8H, and its chemical composition aong with that of
ACB8H are shown in Table 1. Alloys DC8Z/#1-#10 were
used to examinethe alloy composition. Thesewere prepared
for use in testing in the form of aloys exclusively for DC
casting by adding various amounts of Si, Cu and Mg to the
HD2 base metal, HDS. Table 2 shows the target
compositions of the alloys examined, together with the
melting point (mp) measured just before casting. Melting
point was measured with a recorder specially designed for
(AE Meter), which allowed the measurement of liquidus
temperature through solidus temperature of each Al aloy
sample as shown in Fig. 1-a, and the cartridge shell cup for
AE meter shown in Fig. 1-b.

Each test material for apiston with adiameter of 68 mm
wasmelted in agraphite crucible and cast from molten metal
maintained at a temperature of 700°C with a 350-ton cold
chamber die-casting machine. Varioustest pieceswerethen

cut from each cast piston. The shapes of the test pieces used
inthetensile strength test and fatigue strength test are shown
in Figs. 2-a and 2-b, respectively.

3.2 Mechanical and physical properties

The tensile strength test was conducted with an Instron
universal testing machine at a strain rate of 0.3%/min up to
0.2% proof strength, and at a cross-head rate of 3 mm/min
after reaching 0.2% proof strength. The test temperatures

b. Cartridge shell cup for aluminum alloy

Fig. 1 Recording thermometer for molten metal

Table 1 Chemical compositions

Composition| Cu % Si % Mg % Zn % Fe % Mn % Ni % mp °C

AC8H 3.0 11.2 0.9 0.08 0.35 0.09 0.03 569

DC8H 3.0 11.3 0.9 0.07 0.82 0.08 0.03 569

Table 2 Chemical compositions for alloy designing
Composition| Cu % Si % Mg % Zn % Fe % Mn % Ni % mp °C
2.5 10.5 0.8
AC8H ~ ~ ~ <0.10 <0.40 <0.10 <0.05 569
3.5 115 1.4

DC8Z/#1 5.0 14.0 2.0 <25 <11 <0.5 <0.5 550
DC8Z/#2 4.0 14.0 2.0 <25 <1.1 <05 <05 549
DC8Z/#3 3.3 14.0 2.0 <25 <11 <05 <05 552
DC8Z/#4 3.3 14.0 15 <25 <11 <05 <0.5 553
DC8Z/#5 3.3 13.0 15 <25 <11 <05 <0.5 555
DC8Z/#6 3.3 11.5 1.5 <25 <1.1 <05 <0.5 549
DC8Z/#7 3.3 13.0 1.0 <25 <1.1 <05 <05 553
DC8Z/#8 3.3 13.0 2.0 <25 <11 <05 <05 547
DC8Z/#9 3.3 14.0 1.2 <25 <11 <0.5 <0.5 558
DC8Z/#10| 3.5 13.0 1.4 <25 <1.1 <05 <05 554
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Fig. 2 Tensile and fatigue strength test piece under
high temperature

were 200°C and 300°C, and the tensile strength test was
performed after soaking the test piece at each temperature
for 15 minutes. The fatigue strength test was conducted
with an electro-hydraulic servo type fatigue strength tester
with acapacity of £1 tf. Test conditionsapplied wereasine
waveform for the applied load, a stress ratio of -1, a test
frequency of 5 Hz to 17 Hz, and 1.00 x 107 test cycles.
Testing was conducted under these conditionswith test piece
temperatures of 200°C and 300°C.

The hardness test and measurement were based on the
Rockwell hardnesstesting method (JIS 22245). Thethermal
expansion coefficient was measured over a range of 20-
400°C by the TMA method, thermal conductivity was
measured according to the laser flash method, and density
was measured according to the Archimedes method.

4. Results

4.1 Effects of the different casting methods and heat

treatments on the dimensional stability of the piston

In order to assess the necessity of heat treatment due to
the change from the GDC method to the DC method, the
effects of the thermal load on the dimensions and residual
stress of the AC8H-T7 (GDC) and DC8H-F (DC) piston
materials are shown in Table 1. In addition, the effects of
changes in heat treatment conditions on the dimensional
stability and residual stress of the DC8H material were also
investigated.

4.1.1 Dimensional stability and internal residual stress
of the DC material without any heat treatment

The change in piston diameter, which is used as an
indicator of dimensiona stability, was determined from the
dimensional difference before and after evenly heating in
an oven to a temperature that ssimulated the thermal 1oad
during actual engine operation. A machined piston towhich
no heat treatment had been applied was measured, before
being placed in the uniform heating oven at 230°C for 10
hours. The piston was then removed from the oven and
allowed to cool down to room temperature, after which the
dimensions were measured again.

Theresidua stresswas measured after drilling ahole of
30 mmindiameter inthe center of the piston crown to reduce
itsrigidity and attaching strain gauges at the | ocations shown
in Fig. 3. After leaving the strain gauges attached to the
piston for at least 10 hours, they were connected to a data
logger and zero-balanced. The piston was cut at the
centerline between the strain gauges (section x-x in Fig. 3)
to release theresidua stress. The strain was measured after
cutting, and then converted to the internal residual stress.
Two mass-produced AC8H-T7 and two prototype DC8H
pistonswere tested to eval uate the dimensional changesand
internal residual stress, and strict precautions were taken to
avoid measurement error, such as loading the pistons into
the heating oven simultaneously.

The change in diameter in the thrust direction (major
diameter) and the piston pin direction (minor diameter)
before and after thermal |oad testsfor each of the AC8H-T7
and DC8H-F pistons are shown in Figs. 4-a and 4-b. The
results of measuring the internal residual stress are shown
in Fig. 5. Compared to the AC8H-T7 piston, which
increased in diameter only about 20um, the DC8H-F piston
increase by nearly three times that amount (about 60um).
In addition, since the measured stress values during parting
were positive, the residual stress was determined to be in
the centripetal direction thus compressing the piston. In
comparative terms, the DC8H-F piston exhibited valuesfor
the residual stress about one to six times greater than those
for the AC8H-T7 piston.

On the basis of these experimental results, DC pistons
without heat treatment were found to be difficult to achieve
dimensional stability and internal residual stress equivalent
to those of GDC pistons.

Fig. 3 Measurement points for residual stress
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4.1.2 Heat treatment conditions and dimensional
stability of the DC8H material and piston
The measured changesin diameter and internal residual
GDC | 06 | S — |GDC| 0.2 stress of the pistons made of the DC8H materia and heat
bC | 02 .\IL ‘I’ , |IPC_| 35 treated at temperatures of 190°C, 225°C, 250°C and 275°C
~a 4 = for 10, 20 and 30 minutes are shown in Figs. 6-a and 6-b.
GDC | 0.5 0 GDC | 0.4 The thermal load test conditions were as that described in
DC | 03 il DC | 45 section 4.1.1; that is, the parts were heated for 10 hours at
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: || O : thetemperature of heat treatment increased, the time needed
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and internal residual stress equivalent to those of the AC8H-
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Influence of heat treatment condition, temperature and time, on major diameter and residual stress
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Fig. 7 Influence of heat treatment time on diameter and residual stress changes at 250°C

from anincreased heat treatment duration at 250°C are shown
inFigs. 7-a and 7-b. The graphs show that piston diameter
and internal residual stress changes comparable to those of
the AC8H-T7 piston could be achieved with aheat treatment
duration of about 2 minutes.

Since the AC8H piston is subjected to the T7 heat
treatment, the internal residual stress during casting is
considered to be negligible. Thus, the cause of the internal
residual stress and dimensional changes that occurred is
presumed to be strain resulting from machining. Inaddition,
the cause of the large dimensional change exhibited by the
DC8H pistonisbelieved to betherelease of both theinternal
residual stress resulting from being subjected to high-
pressure solidification during casting and the strain resulting
from machining.

4.2 DC piston alloy composition

Theresultsof aninvestigation of thedimensional stability
associated with the DC method have been described in the
previous section. In this section, experimental results are
presented of the basic characteristics required of materias
in consideration of the control rangefor thealloy composition
when using DC cast alloy materials DC8Z/#1-#10 shownin
Table 2. The casting (molten metal) temperature was the
regular setting standard of 130-150°C above the melting
point, based on the measured melting points of these alloys,
and casting was carried out at 700°C.

4.2.1 Material hardness after casting

The molten metal temperature from the start of casting
up to 100 shots, and the temperature of the piston crown
immediately after removing it from the mold (referred to as
the work temperature) are shown in Fig. 8 for each alloy.
The molten metal temperature could be reliably controlled
to 700+10°C throughout the compl ete casting test, while the
work temperature could bereliably controlled to 380+20°C,
after increasing during the first 20 casting shots while the
mold warmed up.

The work temperature and hardness (HRB) of the as-
cast black skin during the first 10 casting shots for the 10
types of alloy are shown in Fig. 9. The hardness of the as-
cast black skin material was measured after cooling with

work temperature
molten metal temperature

800

700

600

500

400

Temperature (°C)

300

200

0 20 40 60 80 100
Casting shot number

Fig. 8 Changes of molten metal and piston-top
temperature after casting with the increase
of casting shot number

water following the DC process. The first shot, having a
low work temperature, was the hardest. As the work
temperature subsequently stabilized, the hardness of the as-
cast black skin material also became stabilized. Alloy #6
exhibited considerable variations in initial hardness, while
alloy #9 exhibited adecrease in initial hardness as the work
temperatureincreased, thusindicating that these alloyswould
not be suitable for practical use. An evaluation of the
relationship between the added amounts of Mg, Si and Cu
and the initial material hardness for the 10 types of alloy
showed that the target hardness of HRB 65 or higher could
be achieved with minimum contents of 1.4% Mg, 13% Si
and 3.3% Cu.
4.2.2 Heat degradation characteristics

The effects of temperature and soaking time on the
hardness of test piecesDC8Z2/#5-T5 and AC8H-T7 after their
heat treatment (250°C, 30 minutes, T5) are shown in Figs.
10-a and 10-b. In this experiment, the test pieces were
reheated after the heat treatment and then allowed to cool to
room temperature, before the hardness was measured.

The decrease in hardness at each soak temperature
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The decrease in hardness at each soak temperature
exhibited by the DC8Z/#5-T5 material was smaller compared
to the AC8H-T7 material. The results reflect the study of
Fukai et al. with AC8A and B materials.® The difference
in softening is thought to be due to the following: 1) the
increasing fineness of the crystal grain size dueto the rapid
solidification characteristics of the DC process; and 2) the
fine undissolved intermetal lic compounds resulted from not
performing asolution treatment were maintained in aevenly
dispersed state, and these compounds act to resist movement
of thedidocation line. Thereby the decreasein hardness after
heating was reduced.

4.2.3 Selection of the optimum alloy composition and
heat treatment conditions

Since the change in piston diameter was stabilized by
heat treating at 225°C for at least 10 minutes asdescribed in
section 4.1.2, the change in hardness due to age hardening
of each alloy when using the temporary T5 heat treatment
conditions of 250°C for 30 minutes was evaluated as shown
inFigs. 11-a and 11-b. If thetarget initial hardnessis set
to be a minimum of 65 (HRB), the average vaue for the
GDC piston (AC8H-T7), aloys#7 and #10 are not suitable.
In addition, since the test piece for aloy #1 occasionally
exhibited brittle failure during machining, it was also
excluded for the poor machinability.

After evaluating the 10 types of aloy (DC82) according
to various criteria, DC8Z/#2, #3, #4, #5 and #8 were
determined to have desirable mechanical and physical
propertiesasapiston aloy. A new aloy based ontherange
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Fig. 11 Relationship between hardness and heat

treatment time at 250°C

of these compositions was designated as HAS14C4. The
upper, middle, and lower limits of this alloy composition
are shown in Table 3. Table 4 shows the mechanical and
physical properties of HAS14C4 following a T5 heat
treatment (250°C for 30 minutes) in comparison with those
of AC8H-T7. In comparison with AC8H-T7, the thermal
conductivity is about 25% lower, while the other physica
properties are similar. However, the mechanical properties
such as the hardness, tensile strength and fatigue strength
have all improved. The thermal conductivity of HAS14C4
is equivalent to 0.256, the value for a high-performance
engine piston material (A351), and the difference from
ACB8H-T7isconsidered to bewithinthepractically allowable
range.

Photographs of the microstructures of AC8H-T7 and the
upper and lower limit compositions of HAS14C4 are shown
in Figs. 12-a, -b, and -c. The structure after solidification
of the ACBH-T7 material contains white crystal grains of
soft o -Al over abroad range, and large acerous crystals of
eutectic Si isvisible. On the other hand, the structure after
solidification of the HAS14C4 material exhibits the
distribution of extremely fine o-Al, Mg Si, eutectic Si and
so forth. In addition, primary crystal of Si appearing in a
planar form in the microstructure is distributed in larger
numbers and moreuniformly than inthe AC8H-T7 material.
This microstructure is believed to be responsible for the
mechanical properties being equal to or better than those of
the AC8H-T7 material.

Table 3 Chemical composition of HAS14C4

Cu%]| Si% |Mg%|[Zn%|Fe % [Mn%]| Ni% | Al
Upper| 40 [140[ 20 [<25[<11[<05[<05] Bal.
Middle| 3.8 | 135 | 1.7 |<25|<1.1|<05|<05 | Bal
Lower| 35 | 13.0 | 1.4 |<25|<1.1[<05|<05] Bal

Table 4 Physical & mechanical property of HAS14C4

. -, HAS14C4
Physical property |Test condition| AC8H-T7 250°C x 20 min.
Thermal expansion | Room temp.~
coefficient 100°C
(x 10%) Room temp.~ 19.2~20.8 | 19.4~20.3
(°Cch 200°C
Thermal conductivity
(x 10%) Room temp. | 135~ 142 100 ~ 105*
(W/m-°C)
Modulus of
longitudinal elasticity | Room temp. | 735~ 775 745
(MPa)

Density — 2.68~2.74 | 2.68~2.79
Hardness (HRB) — 64 ~ 68 66 ~ 68
Tensile strength 200°C 2.12~2.60 | 2.30~2.80

(MPa) 300°C 0.74 1.29~1.42
0.2% proof strength 200°C 1.98~2.05 | 1.89~240
(MPa) 300°C 0.57 1.00~1.19
Fatigue strength 200°C 0.74~0.78 | 0.83~0.88
107 cycle
(MPa) 300°C 0.33 0.41

* Since the thermal conductivity of A351 is 107 which is almost
equivalent to that of HAS14C4, this result is considered to be

acceptable.
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Fig. 12 Comparison of microstructures with AC8H-T7, HAS14C4/upper limit and HAS14C4/lower limit composition

4.3 Compatibility test
4.3.1 High-temperature piston fatigue strength test

A diagram of the high-temperature piston fatigue tester
isshownin Fig. 13. The results of tests on an HAS14C4-
T5 piston made by the DC process and on an AC8H-T7
piston made by the GDC process are shown in Fig. 14.
Piston failure in the high-temperature fatigue strength test
began with the formation of cracksfrom the pin hole which
propagated toward the top of the piston pin boss in both
pistons. Fig. 14 showsthe change in safety factor with the
number of fatigue cycles based on the maximum combustion
pressure, and demonstrates that HA S14C4-T5 was superior

Thermostatic chamber

Actuator Rod
/
2
] Y]
1 = =1 N
* 'L —Servo
valve
Back pressure Ll
control unit Pressure sensor [_] oil pressu‘re
control unit

Fig. 13 Diagram of high-temperature piston fatigue
tester

to AC8H-T7. Thisresult is consistent with the results for
heat degradation characteristics described in section 4.2.3.
4.3.2 Seizure limit test

(1) Piston test

The experiment on seizure limit, using a test piece cut
from the piston, was performed with the chip-on-disk friction
tester shown in Fig. 15. After attaching the test piece (6 x

2.2
-4

1.8 —O

1.6 B—C

OHAS14C4-T5 ||
B AC8H-T7

14
12
1

0.8 :
1.0 x 10°
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Fig. 14 Fatigue strength indicated by safety factor.
Safety factor 1 equals to maximum cylinder

pressure.
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4 _Stand
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Load cell to |
measure pressure -
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Drive shaft
“ Radial & thrust
bearing

Shaft holder

Test piece

holding unit _~
Test
piece chip

Fig. 15 Diagram and photograph of friction tester
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17 mm) to the holding unit on the tester, aload was applied
by the holding unit that pressed the test piece against a
rotating disk made of FC250, a material equivalent to that
of the cylinder liner. The rotating disk was rotated at a
constant peripheral speed of 16 m/sec against the static test
piece. After providing abreak-in period of 3 minuteswith a
selected load, during which oil was dripped on to the test
piece at the rate of 240 cc/min, the supply of oil was
discontinued. The time till seizure was then measured. If
seizure did not occur within 20 minutes, the test was
terminated after 1 x 107 cyclesinthe samemanner asatypical
fatigue test, and the load at that time was determined to be
the “seizure limit.”

30 :
® AC8H-T7
25 O HAS14C4 upper-T5 H
RS A HAS14C4 lower-T5
% 20 A Seizure limit
7—‘.": 15 pressure 1
7 .A_%_J)é;
@ 10
B
o »
5 >
0
10 100 1000 10000
Time (sec)
Fig. 16 Result of seizure test by friction tester
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g 160 &S A HAS14C4-T5 []
(3]
E 120 Y
]
o 80
g A
£ 40 A
: 1
0
0 10 20 30 40 50 60
Clearance of cylinder and piston (um)
Fig. 17 Comparison of time to seizer between

AC8H-T7 and HAS14C4-T5 under the dry
seizure engine test

A comparison of the seizurelimit for materialswith upper
and lower limit alloy HAS14C4-T5 compositions and
AC8H-T7 is shown in Fig. 16. The newly developed
material demonstrated a seizure limit superior to that of
AC8H-T7. The comparison of the solidified metal
microstructures described above indicates that soft a-Al
crystals, which are responsible for seizure, constitute only a
small proportion of the surface area of the HAS14C4-T5
material. Moreover, the microstructure of HAS14C4-T5
contains a uniform dispersion of intermetallic compounds
and primary crystal of Si that contribute to the reduction of
frictional resistance. These factors can be considered to be
responsiblefor the higher seizurelimit of this new material.

(2) Engine test

4-stroke general-purpose engines are often started
without being filled with oil or supplied with engine oil
because 2-stroke engines are more commonly used today as
general-purpose engines. The resistance to seizure was
evaluated by a dry seizure test assuming the first case, and
by awet seizure test assuming the second case. The engine
for the dry seizure eval uation test was prepared by degreasing
the cylinder bore during assembly and applying asingle drop
of ail. Testing was conducted by starting the engine without
engine oil, immediately running the engine at 3600 rpm in
the no-load state and measuring the time until seizure
occurred. The test was conducted with six different values
for clearance between the piston and cylinder.

The results of the dry seizure evaluation test for the
ACB8H-T7 and HAS14C4-T5 pistons are shown in Fig. 17.
The HAS14C4-T5 piston tended to show higher seizure
resistance than the AC8H-T7 piston. Photographs of the
piston surface following the seizure test are shown in Fig.
18. The seizure marks on the AC8H-T7 piston were wider
than those of the HAS14C4-T5 piston, and the marks from
melting tended to be larger.

The engine used in the wet seizure evaluation test was
assembled after applying the usual amount of oil to the
cylinder bore andfilling oil to the lower limit of the oil level
gauge. After initially running the engine for 10 minutes at
therated load, the oil wasgradually drained from the engine,
and the engine was run until it stopped because of seizure.
The amount of oil remaining in the engine was measured,
and the appearance of the piston was observed after the
engine had seized. Theremaining oil intheengineat seizure
was 70 cc for the AC8H-T7 piston and 58 cc for the
HAS14C4-T5 piston. Photographs of the external
appearance of these pistons are shown in Fig. 19. A
comparison of the effects of seizure on the piston surface

HAS14C4-T5

HAS14C4-T5

AC8H-T7

Fig. 18 Pistons after the dry seizure engine test

Fig. 19 Pistons after the wet seizure engine test
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yielded results similar to those of the dry seizure evaluation,
and the seizure resistance of the HAS14C4-T5 piston was
again confirmed to be superior to that of the AC8H-T7 piston.

5. Conclusion

Wehave devel oped anew piston alloy by the DC process
that offersaconsiderably shorter casting and heat treatment
time than the conventiona process to alow the use of a
continuous productionline. Thispiston alloy hasmechanical
propertiesthat are equal to or better than conventional alloys
used with the GDC process, under heat treatment conditions
of 250°C for 30 minutes, and in seizure resistance tests it
demonstrated the performanceis also equal to or better than
that of existing alloys.

Continuous production lines for the manufacture of
general-purpose pistons are likely to beinstalled in the near
future to enhance productivity considerably. Therearegreat
expectations for the results of research into new materias
with enhanced properties and their application to
manufacturing lines to improve productivity.
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