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Abstract

In recent years, efforts to reduce CO, emissions (carbon neutrality) have accelerated worldwide. In the aluminum
manufacturing industry, CO, emissions can be reduced by switching the raw materials of choice; from virgin ingots to
recycled ingots. However, the possible characteristic change accompanying the usage of impurity-ridden recycled
ingots severely limits its applications, which also limits its potential contribution to carbon neutrality. Determining
how impurity elements present in recycled ingots can affect the function of manufactured components is a necessary
first step towards expanding the usage of recycled ingots.

In this study, we aimed to apply recycled ingots to the monolithic cylinder made of hypereutectic Al-Si alloy and
investigated how impurity elements in recycled ingots affect properties (especially seizure characteristic).

Die-cast cylinders using virgin and recycled ingots were manufactured and their properties were investigated. The
elements that increased in the recycled ingots were Zn, Mn, and Ni. The effects of these elements on the seizure
resistance were confirmed by reciprocating sliding test. In addition, we confirmed the differences in the compounds
formed from metallographic observations and discussed the relationship between these compounds and seizure

resistance using thermodynamic calculation software (Thermo-calc), among other methods.

during the manufacturing stage. The CO; emissions of

INTRODUCTION

recycled aluminum ingots produced from scrap are about

Aluminum is widely used in transportation equipment
and other applications and contributes to improved
energy efficiency and reduced CO; emissions at the usage
stage. However, the excessive amount of energy required
to manufacture virgin aluminum ingots from natural

resources means a high amount of carbon footprint
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3% of those of virgin aluminum ingots, so expanding the
use of recycled ingots can contribute to carbon

neutrality!!.

DiASil Cylinder (die-casting monolithic cylinder) is made

of hypereutectic Al-Si alloy. Primary Si particles with high
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hardness on the cylinder bore surface can improve
resistance against seizure and wear even without cast
iron sleeve, and the sleeveless design can realize excellent
heat dissipation and high strength-to-weight ratio/?/®!,
These characteristics make it an attractive choice to use
in automobile parts, like cylinder blocks for example. To
realize these special characteristics, virgin ingots with few
impurities are used instead of recycled ingots. However,
the actual effects of impurities are currently not well
understood, so clarification of these effects will lead to
the expansion of use of recycled ingots.

This study aims to evaluate the difference in material
property of DiASil Cylinder manufactured using virgin
ingots and recycled ingots (hereafter VC and RC,
respectively). We particularly focused on seizure
resistance property since it is one of the most important
specifications of cylinder blocks. The chemical
composition of each cylinder blocks is shown in Table 1.
These cylinder blocks were T5 heat treated after die-

casting.

Table 1 Chemical composition of cylinder

Chemical Composition (mass%)
Si Cu Mg Fe Zn Mn Ni Sn

VvC 17 42 03 06 0.0 0.0 0.0 0.0
RC 17 43 04 08 1.0 05 0.5 0.1

Sample

EXPERIMENTAL

2-1. Metallography

A cross section near the cylinder bore surface was
prepared and metallography was observed. To confirm
the differences in intermetallic compounds in detail,

analysis was also performed using FE-EPMA.

2-2. Seizure properties of VC and RC

Seizure properties were evaluated by using SRV tester
from Optimol Instruments Priiftechnik GmbH. Figure 1
shows the shape of test specimens. Barrel-shaped test
specimens were prepared from a continuous cast bar
used for a forged piston production. This is made of

Al-12mass%Si-4Cu alloy and given T7 heat treatment. On

Die-cast Cylinders made of Hypereutectic Al-Si Alloy

the surface, Fe-Sn plating was treated. Cylinder test
specimens were cut out of the actual cylinder as shown
in Figure 2 to remain the curved shape and cross-

hatched pattern.
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(b) Cylinder test specimen
Fig. 1 Geometry of test specimen for SRV test

i.....: Sampling position

Fig. 2 Sampling position of cylinder test specimen

A schematic illustration of SRV tester and an image of
each test specimen contact are shown in Figure 3 and 4.
The barrel-shaped test specimen and the cylinder test
specimen were installed on the upper and lower
specimen holders respectively. The lower specimen
holder was filled with oil enough to entirely immerse the
contact area between each test specimen. The setting
temperature was adjusted so that the oil temperature
could be held at 150 degrees Celsius. After initially

running for 60 seconds with a vertical load of 50N as a
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running-in period, the load was increased to 600N to
cause seizure. During the test, the vertical load, horizontal
stroke, and friction coefficient were monitored by the
equipped sensors. An example of the behavior of stroke
and friction coefficient when seizure occurs is shown in
Figure 5. Distinct peaks were observed shortly after the
60 second mark, and also around the 150 second mark.
The irregular peak at 60 seconds was thought to be
caused by the load being raised to 600N. The irregular
peaks observed at 150 seconds was thought to be the
result of mild adhesion which would eventually develop
into seizure. The seizure occurrence point was considered
to be the point wherein the sudden drop in stroke value
to almost zero and the abrupt increase in friction
coefficient was observed simultaneously. In this example,
the seizure time is 163s. Detailed test conditions are
summarized in Table 2. Each test was conducted 3 times.
(Quality of the cylinder test specimens was assumed to be
no different depending on the sampling position, and

three were used at random from the test specimens in

Load motor
Load sensor

Load axle

Figure 2)

Linear motor | Specimen

holder (Lower)

Friction
sensor |

Fig. 3 Schematic illustration of SRV test

Vertical
load

$

Oscillatio?

Contact at
the center of each test specimen

Fig. 4 Contact area between test specimens
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Fig. 5 An example of SRV test result

Table 2 Detailed condition of reciprocating slide test

Frequency 10Hz
Stroke 2mm
0il SAE 10W-40
Lubrication condition Immersion
Oil temperature 150+5 degree Celsius
Running-in 50N, 60s
Vertical load 600N
Test duration Until seizure (Max 1800s)

RESULTS.AND,DISCUSSION

3-1. Metallography

Figure 6 shows cross section optical microscopy images
of the metallography of the VC and RC. There is no

marked difference in primary Si.

Fig. 6 Metallography of (a) VC (b) RC cross sections

Figure 7 shows the results of intermetallic compounds
analysis by FE-EPMA. Two differences were observed:
first is Cu-based compounds, and second is the shape of
Fe-based compounds. As for the Cu compounds, it is
assumed that not only Al-Cu compounds (considered
CuAly) but also Al-Cu-Ni compounds were precipitated

due to the increase of Ni in the RC. As for the shape of
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the Fe-based compounds, needle-like morphology was
observed in the VC, while a more massive shape was
observed in the RC. A study conducted by Komiyama et
al. reported that the needle-like compounds are thought
to have changed to massive compounds due to the
increase of Mn", and the results of this study are similar
to his findings. Although segregation of Zn contained in
RC was observed, it was detected in both compound and
matrix phases (no blue area), so it is safe to consider that

Zn is mainly solid soluble.
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COMPO 15.0kV 128x96um

20um

(mugé% —— - ET/CH (oou&lé?o
5938 \ 2638
5375 2275
4813 1913

RAP/CH1
v

4250 ! 1850

3688 J 2 ‘ 1188

( 3125 & pe g > 825

i i EENA

L& o 1 2000 3 LA 100
2opm’ 2opm'

LIFICH4 _  (coupts) LIFICH3 _  (coupts)

620 63

530 54

440 45

350 £

260 28

170 19

A 80 10
"2opm’ NiKa 15.0kV 128x96Hm Fopm'

LiF/CH4 LIFICHA_ (cougts)

Fe Ka 15.0kV 128x96um

Mn Ka 15.0kV 128x96um

20um

(a) vC

RAP/CH1
> o G

=

S
5938
5375
4813
4250
3688

o
2638
2275
1913
1550
1188

3125
2563
2000

DA > =
DS o
Al Ka 15.0kV 128x96um

o
710
620
530
440
350
260
170
80

"2oum'
LiFICH4

Zoum'

LiF/CH4

(counts
30

Fe Ka 15.0kV 128x96um Mn Ka 15.0kV 128x96um

(b) RC

Fig. 7 FE-EPMA analysis results of intermetallic compounds

3-2. Seizure properties

The results of the comparison of seizure occurrence time
in the SRV test are shown in Figure 8. Dots indicate the
results of the three tests, bars indicate the average of the
three tests. Seizure occurrence time includes running-in
time of 60 sec. As can be seen in Figure 8, the RC tended
to take a shorter time to seizure than the VC, suggesting

that the RC may have inferior seizure resistance.
600
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400
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Seizure time (sec)

200

100

vC RC

Fig. 8 Seizure occurrence time in SRV test
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3-3. Investigation of the difference in seizure
resistance

To investigate the cause of the difference in seizure
resistance between the VC and RC, the SRV test was
stopped before seizure occurred, and the surface
conditions were compared. The test load was set at
400N, slightly lower than the value in Table 2, and the
test was stopped 10 seconds after reaching 400N. The
timing of the test stops and the behavior of the friction

coefficient for each material at that time are shown in

Figure 9.
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Fig. 9 Test stop timing and friction coefficient

SEM images and EDS mapping images of the suface
observations of barrel-shaped specimens after the test are
shown in Figure 10. Only in the RC, aluminum-based
adhesions that possibly originated from the cylinder
specimen was observed in the center of the sliding area.
Since it can be considered that the presence of this
substance affected the difference in seizure resistance, a
more detailed analysis was conducted. Firstly, quantitative
analysis of adhesion was performed using FE-EPMA. The
results are shown in Table 3. The adhesion contains not
only Al and Si from the cylinder specimen, but also a
large amount of Fe and Sn (about 10 and 6 mass%
respectively). In order to separate whether the large
amounts of Fe and Sn detected were from in the adhesion
itself or whether they originated from the plating of the
barrel-shape specimen below the adhesion, depth
profiling was performed using AES. Fig. 11 shows the
result (elements below 5% are omitted from the graph).

Focusing on the area that seems to indicate the
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composition of adhesion (below in Fig. 11), the amount of
Fe is quite large compared to the amount contained in
the cylinder, and it is inferred that the adhesion is an
alloy formed by the mixture of Al and Fe derived from
the wear debris of the cylinder and barrel-shaped
specimen. This suggests that the temperature of the
sliding surfaces reached or was close to the melting point

of the aluminum alloy.

Secondly, the results of that analysis were compared with
the original composition to consider which components
were affected. The results of the adhesion analysis
include the components of oil residues and barrel-shaped
specimens, so they cannot be simply compared as is.
Therefore, the relative ratio of the amount of each
elements against the amount of Al (how much is the ratio
when the Al content is set to 1) were calculated before
doing the comparison. Table 4 shows the results.
Components that were thought to be derived from oil
residues or barrel-shaped specimen were excluded from
the comparison. It is indicated that the adhesion has a
particularly high ratio of Cu and Ni compared to the

original composition.

From the above results, the following may be considered.
Adhesion, which are thought to affect seizure
resistance, develops from melting due to heat
generated by friction.

Al-Cu-Ni compound contained only in the RC
promote the formation of adhesion.

In other words, the results suggest that adhesion is

generated when the material reaches near the melting

point of the aluminum alloy, and the presence of Al-Cu-Ni
compound may have affected the thermodynamic

properties of the material.
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Table 4 Comparison of adhesion and original composition

The ratio when the Al content is set as 1 (a.u.)
Si Cu Mg Zn Mn Ni

Adhesion | 0.225 0.092 0.007 0.018 0.007 0.014
Original | 0.223 0.057 0.004 0.013 0.007 0.007

3-4. Discussion using thermodynamic calculation

Finally, thermodynamic calculation software (Thermo-
calc) with the TCAL8 Al-alloy database was used to

discuss the previous results. The compositions used in the

———— 300 pm ALK calculations are shown in Table 1. The calculated
(a) vC equilibrium phase at T5 temperature for each material

Fig. 10 Surface observation are shown in Table 5. The VC and RC show differences in
Al;5Si5(FeMn), (=AL15SI2M4) and Al;Cu,Ni (=AL7CU4NI),

Table 3 Chemical composition of adhesion which is consistent with the differences seen in the actual

Al Cu Si Mg Fe 7n Mn observations (Figure 7). Special attention was paid to

5136 | 470 | 1158 | 037 | 1095 | 0.93 0.36 Al;CuysNi, and the changes near the melting point of the

Ni Sn C 0 p S Ca aluminum alloy were calculated. The changes in the
074 | 610 | 682 | 462 | 050 | 062 | 0.36 liquid and Al;CusNi phases at 500-600°C are shown in
(mass%)  Figure 12(a), (b). The Al;CusNi phase of the RC

disappeared around 530-540°C, and the percentage of

100 liquid ph n incr rapidl h m
Adhesion Specimen quid phase tended to increase rapidly at the same

temperature indicated by orange arrow in Fig. 12(a).
Such a rapid increase in the liquid phase is not seen in
the VC. The rapid increase in the liquid phase may
promote the growth of larger wear debris which leads to

the considerable deterioration of seizure resistance.

Atomic concentration(%)

Taken together with the previous experimental results, it

is inferred that this rapid increase in the liquid phase

associated with the melting of Al;Cu,Ni affected the ease

T
0 30 160 90 120 150 180
! . . of adhesion generation, which may have led to the
1 Sputtering time (min)
\V} difference in the seizure resistance.
50
<40 a Table 5 Equilibrium phases at T5
5 Phase VC RC
£ 30
g FCC_Al 71.42% 69.21%
5 DIAMOND_A4 16.37% 16.25%
é AL2CU_C16 7.83% 6.61%
]
< ALIFE2SI2 2.98% 2.97%
Q_ALCUMGSI 1.24% 1.14%
ALI15SI2M4 0.08% 1.67%
0 30 60 90 AL7CU4NI - 1.95%
Sputtering time (min)
(mass%)

Fig. 11 Depth profile
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Fig. 12 The changes in (a) liquid and (b) Al;Cu,4Ni phase

CONCLUSION

In this study, the effects of impurity elements in recycled

ingots on seizure properties of hypereutectic Al-Si alloy

were investigated. The conclusions are as follows.

1. Use of recycled ingots with high Mn and Ni content
allows Al;5Siz(FeMn), and Al;CusNi compounds to
precipitate.

2. The RC may have inferior seizure resistance. Before
seizure occurred, aluminum-based adhesion was
observed only in the RC and this substance affected
the difference in seizure resistance.

3. The adhesion is an alloy formed by the mixture of Al
and Fe derived from the wear debris of the cylinder
and barrel-shaped specimen and has a particularly
high ratio of Cu and Ni compared to the original
composition. Results of Thermo-calc calculations of the
RC showed a rapid increase of percentage of liquid
phase around 530-540°C due to melting of Al;Cu,Ni
phase. Consequently, this led to the development of
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adhesion, which may have affected the seizure

resistance.

To apply recycled ingots to DiASil Cylinder, it is
considered necessary to limit the amount of Ni to prevent

the formation of Al;CusNi.
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