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Automotive Materials at MS&T’07
A sampling of automotive materials papers to be presented in Detroit,
Mich,, during Materials Science & Technology 2007, September 16-20.
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Ancient Chinese Bronze Casting

Lisa Reiner

By 1100 BC. a high level of artistic and technical mastery in bronze casting
had been achieved by early Chinese metallurgists.

Corrosion-Resistant Nickel Alloys — Part 3
Paul Crook
‘Ternary nickel alloys provide levels of corrosion resistance not possible

with other alloys. This is part three of a four-part series.

Digital Imaging in the Lab

Ross Baille

Digital imaging and image analysis are now industry standards because
they allow a greater range of options than conventional photography.

Instrument Combines SEM and Fatigue Testing
Adriana Romero

Large-chamber scanning electron microscope can accommodate samples
up to 1 min diameter ... or a servo-hydraulic fatigue testing machine.

Making Med Devices
ASM's 2007 Materials & Processes for Medical Devices (MPMD)
Conference/Expo (September 23-25, Palm Desert, Calif.) is previewed.

Motown Welcomes MS&T’07

Exhibitor products are featured in this preview of the Materials Science &
Technology 2007 Conference and Exhibition (Detroit, Mich., September
16-20). MS&T'07 is co-located with the 24th ASM Heat Treating Socicty
Conference & Exposition (September 17-19).

International Thermal Spray & Surface Engineering
iTSSeis the Official Newsletter of the ASM Thermal Spray Society (TSS).
The quarterly supplement focuses on thermal spray and related surface
engineering technologies. Its table of contents is on page 71
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Fig. 1— This mask is an example of the bold
exaggeration and distortion that sets most of the
Chinese bronzes apart from European bronzes.
Human mask, late Shang, has height of 40.3 cm,
width of 60.5 cm, thickness of 0.6 cm, and weight
0f13.4 kg. It was excavated from Sanxingdui Pit
11 (Sichuan Province), and is the largest intact
mask of Hhis type found. Tewenty masks of a sim-
ilar style, characterized by the U-shaped structure
when viewed from above, were found in this pit.
The ears are pierced for earrings. Close examina-
tion by archaeologists led to the conclusion that
the mask was completed in a single casting with
‘molds possibly divided vertically at the earsl®-3,

The Chinese had demonstrated proficiency in
hard, thin-walled ceramics by the end of the
Neolithic period, and took advant
skills to develop casting proces
simple and complex pi
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Casting techniques

The Chinese worked pottery during
the Neolithic Period (8000 to 1700 BC),
the pottery kilns found near Xi‘an could
maintain temperatures at 1400°C as early
as the 6th millennium BC, more than
enough to melt copper. They developed
the piece mold technique and lost wax
method for casting bronze during the
Shang dynasty (1700 to 1100 BC). The
Shang metallurgical tradition appears to
have progressed at a rapid pace, as
demonstrated by the detailed and elab-
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Fig. 2— This Taotie pattern block was made from baked
clay. It was excavated at the Houma Foundry in Shanxi
Province, 18 x 42 cm, (c. 453 BC) 7.

orate decoration on the ritual bronzes (Fig. 1). As
well, there s little evidence of an extended tran-
sitional phase between the Neolithic and Bronze
periods.

Chinese techniques sharply contrasted with
those of the contemporary Middle Eastern and
European bronze technology, which relied on an-
nealing, cold working and hammering '3l. The
Chinese used simple and composite piece mold
techniques for most of their history, while Euro-
peans had developed the lost wax bronze casting
as far back as 3500 BC B, These differing tech-
niques are indications that the bronze industry in
China developed independently from Europe .

Chinese bronze alloys

Bronze is produced when copper combines
with tin in various proportions. Many other ele-
ments (lead, zinc, aluminum) can be added to
create different bronze alloys with specific char-
acteristics and mechanical properties ¥, The Chi-
nese became more sophisticated bronze metallur-
gists due to this preference for casting; attention to
the metallurgy became the primary means of con-
trolling the metal behavior. Bronzealloys were used
almost to the exclusion of any other alloy for nearly
1000 years in China. Even after the introduction of
iron, bronze remained the metal of choice for
weapons, vessels, coins, and statuary 12|

In most European or Middle Eastern cultures,
metalworking began with native copper, gold, or
electrum (an alloy of silver and gold); these were
soft metals that could be shaped into sheet.
Smelted metal, to the contrary, was not so easily
worked into desirable shapes.

The early Chinese took a different approach;
instead of the conventional metalworking they
cast the copper ores in clay molds. Bronze
artifacts initially were rough copies of clay
objects I'7:8], As casting technology improved,
the cast objects became increasingly sophisti-
cated. Access to superior ceramic technology
undoubtedly played a major influence in
forming the delicate inscriptions, the ability
to properly fit molds together, and preventing
them from cracking during the pour!!l

Fig. 4— This Zun (wine ves
at Anyang. Height is 26.5

el), was cast during the Zhou dynasty, during the 5% century BC,
con, widtl is 20.0 cm, and weiglht is 2.5
zoomorphic creature resembling a bird appears to be cast in a two-picce, four-division mold
assembly, with a mold joint down the center of the breast and back. The legs were precast with a
clay core, and the body was cast to them. The head is removable with a locking mechanism. The
entire body s finely cast with detailed feathers. The delails are believed to have been done with
stamps carved with all the décor elements (similar to pattern blocks) M.
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Fig.3— (@)
This is part of @
clay mold for
casting a fang
vi, around 1100
BC. Decorative
plates could be
interchanged
within a mold to
provide more
wariety [1]. (b)
Fang-yi, Zhou
dynasty, 1
century BC.
Height is
35.6cm, width is
24.7cm, and
weight is 9.92
kg. The Fang yi
first appeared as
adistinctive
wessel type in
the Shang
dynasty and
continued to be
made into the
early Spring
and Autumn
period (770
476) BC [10].

Several industrial advances may
also have encouraged rapid
casting development, including
progress in process planning,
extracting, and refining. The
evolution of foundry prac- 4
tices and the skills required
for ceramics, mold making,
metal refining, finishing,
and machining all led to
improved understanding
and better castings. Continued

. This extraordinary
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Alloy variations

When compared with the consistency of Euro-
pean alloys, Chinese bronzes show huge variety.
The percentage of tin could vary significantly,
with other elements randomly included as
well [+, Throughout the Bronze Age in China,
both binary (copper-tin or copper-lead) and ter-
nary (copper-tin-lead) alloys are commonly found.
Elemental analyses have been reported for a con-
siderable number of bronzes with a provenance
provided by archacological documentation. The
analyses show a wide range of compositions
among objects from region to region, from a single
site, even within a single tomb. This is not really
surprising, even assuming an unrestricted supply
of metals, since alloy composition s very difficult
to control, and no ancient founder would have
bothered to purify the metals and mix them in
specific proportions.

For weapons, where mechanical properties are
important, alloy control might have been at-
tempted (though analytical data show little evi-
dence of this). For vessels and statuary, however,
all that was needed was an alloy that would cast
well, and this was not a severe constraint. More
important was the need to recycle the valuable
bronze material; the founder who recycled mis-
cellaneous artifacts (for instance, captured bronze
weapons) sacrificed control of composition. It
seems likely that the only control exercised came
at the stage when the bronze was molten; if the

color or viscosity of
the  molten
metal did not
seem right, the
founder added copper, tin,
or lead to achieve a look that
appeared consistent with pre-
vious melts 141,

Color range
One reason for
the prevalence
of bronze may
have been the color
range that could be
achieved by varying the
alloy composition. For ex-
ample, a polished bronze
surface could take on a light
pink hue, a light yellow
tone, various shades of grey,
ora copper-red shade, just
by varying the percentage of

Fig. 5— This Si Yang Fang Zun, a
bronze wine container with four ran
is an ambitious display of bron:
casting technology. Ram heads emer
as three-dimensional sculptures, while
their chests and front legs appear in
relicf amid a dense sea of spirals and
scroll patterns. Incised birds with tall,
scrolled crests cover the ram body.
Three-dimensional snail-like horned
dragons project outwvard from each side
of the ram’s head.
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copper, tin and lead. From the
available evidence it appears
that the ancient Chinese formu-
lated their alloys, at least in
some cases, with color in mind.
The copper-tin-lead system
exhibits a great range of
physical properties that de-
pend on composition as well;
hardness varies with tin (and
lead) content.

The most useful property of the copper-tin-lead
system, however, is that it could be used for
casting. The highest copper alloys (more than 97-
98% copper) were difficult to cast due to high gas
absorption and medium fluidity. The Chinese
learned over time that tin acted as a deoxidizer,
reducing gas absorption and promoting fluidity.

Alloys with more than 6 to 7% tin tended to cast
well, and those with 10% tin or more were highly
fluid with very good casting properties. Lead (up
to 3%) increased the fluidity of the melt, and in
any amount, lead improved the surface finish of
the solidified casting Y. For the most part, the al-
loys represented in a copper-tin-lead ternary
phase diagram are not easily hot-worked or cold-
worked in the solid state: They are difficult or im-
possible to shape by hammering.

However, alloys with high copper and low lead
content, with tin less than 10%, can be hammered
out to sheet, with frequent annealing. Bronzes
with a tin content higher than 20%, and no lead,
can be hot forged or quenched from a tempera-
ture above 550°C and cold-worked 1%l. But if lead
is present, these high tin bronzes are unworkable
1. Over the whole field of the copper-tin-lead ter-
nary phase diagram, lead in amounts more than

1% makes the alloy difficult to work. Some of the
earlier artifacts from Gansu province are made of
lead and copper alloys with very little tin. Lead
persisted as an alloy constituent throughout the
pre-Han period (Han period: 206BC-200AD).

Casting methods

The ancient Chinese developed the piece mold
process in which surfaces could be decorated by
carving into the mold (for raised relief) or into the
model (for recessed designs). A model of the
item to be cast in bronze was sculpted out of clay
and decorated with patterns and inscriptions.
Early bronze vessels were cast with only one pour.
Composite casting, a subgroup of piece mold
casting, appeared during the Shang dynasty.

The technique was used to attach smail ap-
pendages such as handles, to a larger vessel. Ap-
pendages were cast first, and then placed within
the mold of the uncast larger vessel. Alloys were
prepared in crucibles over a charcoal fire, and the
molten material was then poured into the primary
clay mold where it anchored the pieces in place
11, The technique enabled the production of larger
vessels and also facilitated the sculpting of many
animated appendages.

During the Erligang period, when the foundries
were greatly complicating mold making with
elaborate decorations, many mold part a
blies were needed. From the scientific excavations
atAnyang and later at Zhengzhou (both in Henan
Province) where molds of grey fired clay were dis-
covered, it was confirmed that the Shang used the
direct casting (piece mold) method.

Large scale bronze metallurgy was seen at Er-
litou in the Henan Province as early as 1500 BC 141,
Its bronze industry centered on the production of
ritual vessels cast in clay section molds of two
or more parts (Fig. 2-6) 1l. The bronzes found at
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Sanxingdui looked dramatically different
than the ritual vessels, yet were cast by the
same techniques !l. Heavy reliance on casting
and on section mold casting in particular is a
distinguishing characteristic for the bronze
industry of the Erlitou, Erligang, and Sanx-
ingdui cultures.

Chinese bronzes ornamented with ogres,
dragons, and faotie beasts were distinguished
by their disregard for realism in favor of bold
exaggeration and distortion. The Chinese aris-

such bronze ritual vessels with their religious
and cultural ceremonies. The vessels also
symbolized social status and power for the
owner. The number and variety of vessel
forms increased over time, and so did the
1 of d ionand ing
techniques. Developments of increasing so-
phistication occurred alongside imp:
ments in casting technology. The evolution
of foundry practices and the craftwork re-
quired for ceramics, mold making, metal re-
fining, finishing and machining are respon-

Fig. 6 — Si Mu Wi fang ding is a cooking vessel from the late Shang dynasty. Un-
carthed in 1939 in Anyang, it weighs 875 kg (1935 [b). An interior inscription is
seen to the left, and decorati s are showwn on the hanle (right) [1]. This i th

largest metal casting from Chinese antiquity. It is 133 cmt (4.4 f) high, 110 cmi (3.6 t)

sible for the development of casting
technology and the incredible discoveries that
have been excavated. L 4

For more information: Lisa Reiner is the Material Sci-
enceand Corrosion Laboratories managerat California
State University Northridge, College of Engineering,
18111 Nordhoff Street, Northridge, CA 91330-8332; tel:
818/677-7746; lisa.r.reiner@csun edu; www.csun.edu/~
mscl.
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