East Asian Institute

Occasional Papers
1

Toward the Reconstruction of
Ancient Chinese Techniques
for the Production of
Malleable Cast Iron

East Asian Institute
University of Copenhagen
1989



East Asian Institute
Occasional Papers
4

Edited by
Saren Egerod

Donald B. Wagner

Toward the Reconstruction of
Ancient Chinese Techniques
for the Production of
Malleable Cast Iron

East Asian Institute
University of Copenhagen
1989



East Asian Institute
Occasional Papers

East Asian Institute
University of Copenhagen
Nijalsgade 80

DK-2300 Copenhagen S
Denmark

The Chairman of the Institute
is ¢x officio editor of the
Occasional Papers.

Set in 10 point Palatino using
hardware and software provided by
The Institute for Humanistic
informatics, University of
Copenhagen

I'mnted by
et Humanistiske Fakultets Repro-afdeling
v/ Willy Christensen

© Donald 8. Wagner 1959

155N 0903-5822

Toward the reconstruction of ancient Chinese
techniques for the production of malleable cast iron

Donald B. Wagner

This paper was originally ed at the Third International Con-
ference on the History o 20-25 August 1984,
Jnﬂdﬂri!ﬂt%mmmd Iv.lu:ﬁummr

conference proceedings. It now seems that the fuﬂmth!r of the pro-

cecdings has been postponed indefinitely, and I am therefore plensed

to have the opportunily to publish it fn the Easi Asian J'nmluru ez

series of occasional “;(u Minor revisions have been made
he

throughout the paper, mathematicel appendix (section 7) has
been entirely reworiften.

L. Intreduction

Cast iron is generally rather brittle, but a aca nu
high ture for a period of time Mnun%‘io-
several days) can prove its tw.llgllmu.
product Is called mall cist iron. This process rhnp

and only slightly wnmriublﬁmrfﬂltlﬂ in lr-mrl
which ordinary cast iron (at least before modern advances) is m
suiﬁﬂmt’lyitmn;nﬂlw;h

can be seen in figure 1, which shows two gads from an
anckntChineumpprr-mme It can be seen at a glance that this
type of mining implement must be subjected to extremely hard treat-
ment, being hammered into cracks in the rock. Ordinary white or grey
cast iron would surely break. Yet the heads of these m‘
cast iron; meh.'ll phic examination shows that they were tou

ened by mnelﬁ?tﬂulhmﬂ.mlﬂl: item no. }-
Emdiu Chinese meta and archaeologists in the past

three decades have shown that malleable cast iron was widely used in
China at least as early as the third B.C., and continued in use
until perhaps the sixth century A.D., after which it seems to have
fallen out of use and w It was reintroduced in China
from the West in the early century. A very useful survey of 52
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ancient Chinese malleable cast iron artifacts has been published by
Prof. Hua | (1982).!

In the West the technique is much later. It was patented in En-
gland by Prince Ruperi (Ruprecht von der Pfalz, 1619-1682) In 1670,
and was first studied systematically by René Antoine Ferchault de
Réaumur (1683-1757); Sisco and Smith (1958) have published an En-
,gl?izsg translation of Réaumur's study, which was first published in
1722

Nothing is known of what Prince Rupert intended to use his
patented for, but Réaumur's aim was primarily to soften the
surface of a casting so that it could be finished by engraving and filing;
figure 2 shows some of the types of casting he was concernied wilh.?i
was only later, perhaps in the early nineteenth century, that the possi-
bility of cheap mass-produced i Is with reasonable mechanical
pro es was exploited. Figure 3 shows some typical examples of
malleable castings produced mn California in 1884; malleable cast
irom is obviously a cheap substitute for iron worked by smiths,

The history of ble cast iron in the West has not vet been
written. Some early descriptions of contemporary malleable found
practice are given by Strickland (15626), Terhune (1871), Ront (1881),
and Guédras (1927-28). Voye (1914), Vogel (1918-20), Maurmann
(1923), and Schiiz and Stotz (1930: 1-48) give some useful historical
noles, mastly on developments in Germany. Deprez (1930) and Davis
(1898} discuss early developments in Belgium and the United States
mpuﬂwl;: It appears that the technique first became industrially
important in the carly nincteenth century, in Britain, and spread from
there to continental Europe. The period of greatest relative impor-
tance of malleable cast iron may have been about the end of the nine-

IMetallographic studies of ancient Chinese iron artifacts available In Western
languages include: Pinel ot al. 1938; Lo Da 1965 Henger 1970; Ye Jun 1975, KG
19754 JATEL WW 19768 520; WW 197810 Hif; Do Fuyen 198]; Rostoker of al

]

‘Prince Rupert's ariginal patent was granted on 6 May 1670, but apparently it was
never published. It is quoted in Patent no. 164 for 1671, with all technical details
omited. Patent no. 161 for 1670 transders the rights to this patent from Pringe
Rupert to “Hartgill Baron Edmund Hampden & Thomas Stringer™; but Patent no.
184 for 1671 assigns the same righia to the King, Charles Il Pateni no. 165 for 1671
is a grant 10 Prince Rupért and two representatives of the Crown of the right to
Admipitnr gaths af secredy o workmen emploved in the application of the original
patent These thiee patents were published at the Groat Seal Patent Ctifice, Hol-

born, 1857; 1 am graseful to Dr. Michael Salt for tracking them down for me On

other early English patents see Lohse 19100 102 Vogel 1918 [101-1102; Schubert
1957 T0-2
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Figure 1 Tow gods from the ancient copper-mine site a8 Tomglishan in Daye
Cownty, Hubei (Hsa [uesting 1982, plate 120 Tentatively dated fo the fowrth or
third cemtury BC.



Figure 2 An illustration from Rézumur's L'art de convertir le fer forgd «n
acier, ¢t Tart diadoncir b fer fondu, ou de faire des ouvrages de fer fondu aussi
finl que de for forgs. Parts 1727 1-4: door knockers; S: pavt of & fire grate; 6:
wpricht part of & candlestick, T-8y a key before and after finishing. These are all
of malleable cast iron except for the parts marked A, B, C. G. L amd M. twolich
are castin pisces of wrought iron.  The soale shows ome foot, kere equal 1o ca

125 e (Siscn & Smith 1956 4310,
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Ancient Chingse malleable castiron 9

teenth century, after which the falling cost of steel and the rising cost
of fuel made it a less attractive alternative; but malleable cast iron is
still very important in industry today. World production of malleable
castings is well over a million tons per year.

L

The

decoration is not casi-in, as is more usual in such pieces, but
incised and inlaid after a preparatery surface-decarburiza-

tion {Rein 1886, plate XVII & p. 518).

It was noted above that malleable cast iron apxears to have gone
out of use in China by about the sixth century A.D. A very similar tech-
nique, however, was used in Japan until late in the nineteenth century.
It was used, as in Réaumur's case, for surface-softening cast-iron tea
kettles and other art objects preparatory to decoration and inlaying;
two examples are shown in figures 4 and 5. ]. |. Rein's brief description
of the technique, published in 1886, is reproduced in the box on p. 10.
Whether the technique was learned from China, or reinvented in
Japan, is not clear. From the description it seems too time-consuming
for mass production of implements as in ancient China.?

A question which wi uire further research is whether the Eu-
ropean development of malleable cast iron owed anything to a
knowledge of this Japanese technique, which might for example have
been brought back by early Dutch merchants. (Prince Rupert grew up
in Holland and was educated in Leiden; see Vogel 1918: 1101-1102.)
The Japanese technique was known in Europe as early as 1734.
Emanuel Swedenborg has, in his De ferro, a very short chapter on
siderurgical techniques in “the Indies”, a term which for him includes
all of Asia. Here he writes:*

There is also a tradition that the Chinese and the Japanese know an art of
bringing iron to a high degree of softness, so that it can receive impressions of
figures as easily as lead can; and that they later can give it again its original
hardness. Becher® seems also to boast that he could do this; this is why I men-
tion the matter. In the following you will learn of the method described by the
ingenious Mr. Réaumur for softening iron.

Figuresdand 5 |apanese cast-iron vase and tea-kettle.

31t is also interesting to note a statement by Sir John Barrow, who visited China as
a member of Lord Macartney’s mission, 1793-1794: “their cast-iron wares appear
light and neat, and are annealed in heated ovens, to take off somewhat of their
brittleness...” (Barrow 1804: 299). The passage in which he states this appears
largely to be based on an account by a member of the same mission, Dr. Hugh
Gillan, of “the state of medicine, surgery and chemistry in China” (published by
Cranmer-Byng 1962: 2791f), but Gillan does not mention the annealing of cast iron.
YSwedenborg 1734: 194; translated from the Swedish translation, Sjigren 1923:
230; note also the French translation, Swedenborg 1762: 115-116.

5lohann Joachim Becher (d. ca. 1685), a German alchemist and political economist.
He mentions Prince Rupert’s invention briefly in a book entitled Nirrische Weisheit
und weise Narrheit , published in 1682 (Vogel 1918: 1101).
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J.J. Rein's description of a traditional Japanese process of
malleablizing annealing

More surprising than the inlaid work on the forged iron ermour and the
waapans, ls i direct employment on cait-iron Tetsu-bin" vases and sther
articles. As is well known, the cast iron cannot, on account of its hardness
and brittleness, be worked with the hammer, chisel and burin. The way in
which these properties are lessened by the reduction of the carboniferous
contents has been observed by Lehmann and Wagener in Kidio® ILisa
peculiar decarburising process, by which the keitle or pot recelves & struc-
ture like to that of soft iron or steel, and can then be treated in the same
way as in the Zogan®-work on forged iron.

The process ol decarburisation of the surface is called Yakeru® (1o
burn), and is performed with primltive apparaius. Old damaged rice ket-
thes out of which the bottom has been knocked serve as ovens. These are
plastered over on ihe inside with a fire clay (Oka-sald-tsuchi® and sand
rixed in equal partal, so that a cylindrical space of the size of the hole in
the bottom, remains open. The Kama! or kettle thus prepared, is rursed
over upon a thick plate or b, three or four centimeters thick, made out
of the same fire-prood material, which serves as a grate, and is perforated
like a sieve for this purpose. In order 1o give this plale greater firmness, it
is bound around with an iran band. The hales have a width of sbout 1.5
centimeters. In order (o give the air free play, several stones are laid under
the edge of the slab. Then the Tetsu-bin 1o be burned, whose outside has
been carefully cleaned beforehand from dust and sand, is placed in the
Kama, directly on the grate.

The difference in size between the Kama and ihe Tetsu-bin musi be
such that & space of at least five contimeters remains open around the lat-
ter. This open space i+ then filled with the best charooal in pieces the dize
of a nut, il the Kama is filled to the rim, when the coal is kindled

In order 10 increase ihe draught, twio or three Kamas filled k0 the
same way are sl one over the other, forming & kind of chimney. When
the coals have ceased glowing. othery are put in. and when the second in-
stalment is burned out, the Tetu-bin ane taken oul and turned
down (with the opening underneath), set sgain in the Kama snd burned
twice in this position. Under favourable drcumstances, the surface is now
sufficlently soft and tough. a8 s asceriained with a file. 1 is ofun the case
that the furnace must be heated ten times. After the cooling the decora-
tions are then carved as in forged iron. without danger of breaking the
edges, or recoil of the burin.

(Rein 1886 518-520, iransla-
tion Bein 1B8%: 44435, notes
added)

S, "iron kettle” " Kyowo BB BB Y mire EEtE | E
“keiile”, or B, “oven”

Arery Chusrier nalioablds o9 1ron 11

What vrnSWedrnburg‘s source for this information? Did it 5;#
any technical details? Could Prince Rupert have seen it before 16707
quite mhmwmhh.'dm% { mallea e B

LR o casl n Europe
myhﬁhenimﬁrﬁbyamw?ﬂmuhmudmm
-

Metallographic studies of ancient Chinese malleable cast iron
artifacts provide a basis on which it should, in principle, be possible to
say in considerable detail how any particular artifact was annealed,

lncludlnq both temperature and time. This information should be in-
teresting to historians of and to economic historians.
The rest of this paper is with the method of de-

riving such information from the metallographle data. ion 2
intrﬁum the most important technical concepts; section 3 considers
briefly the simplest case, in which the pitation of Ite is not

involved; section 4 considers the presented by the general
case, in which graphite precipitation does occur during the anneal; and
section 5 describes some preliminary i wark on these
problems.

2. Technical introduction

The following brief introduction will serve to remind metallur-
gists of some technical facts of which they are already aware. Space
considerations preclude giving a basic introduction which would be of
more use to non-métallurgists.

-
An essential fact which has wide-ranging for cast-

hunlvdmuloﬁkﬂm mﬂrhnniﬁu}ulumahld
but distinct p! . the metastable iron-cementite (FeyC)
tem and the stable iron-graphite system (see e.g. M. Hansen 1958
353-365). At low carbon contents the metastable system is stable,
and graphite is almost never found in steel, but in cast iron, with typi-
cally % carbon, both systems are important,

When molten cast iron is poured into a mould it may solidify ac-
cording 10 the metastable system, in which carbon is in combination
with iron in cementite, or according to the stable system, in which the
carbon is in the form of gnlgelﬂu The resulting castings are called
white and grey res ly; names come from the appearance of
the fracture. (An fate possibility is mottled cast iron; here
some of the carbon is in combination with iron and some is in the form

of graphite.)



Table | Chemical snalyses of some anchent Chinese cast-iron artifacts,

no. | implement provenanoy date C% |S5% |[Mn% | 5% | P® state Mo in Hua
type Jueming's table
(198 4-51
i gad-head Tonglidkan | —4th/-3rd [0.7-25] 013 | 005 | 0016 | 0108 | annealed ]
oy
1 pwsagonal hoe = e 07~ | 008 | 01 | 0006 | 010 " o
hwadd Fi ]
aerumer -head * - 43 |01y | 005 | D09 | DS & cast -
[~ Mancheng =113 405 | 0018 | D3 | ODE3 | 0217 . -
mattock-head | Tieshenggou | ~Istcentury | 198 | 016 | D4 | 0048 | 0297 | anncaled £ ]
169 | 0197 | Do | 00SS | 030
L] pig iron. - . 412 | 037 | 0125 | 0043 | 015 i caat —
7 g Guxingzhen | -lst/+2nd | 40 | 021 | 01 | 008 | 029 - -
century
B | mould kor Mianchi . 13 | 021 | 019 |0 | 038 o -
ploughshare
cap
9 | ploughshare L 2 447 | 006 | 004 |DO0XB | 024 . —
ap
10 axehead T . 087 | 069 | 0I5 | 0024 | O anncaled +
| sickle-blade Mianchi =1st/+2nd 057 | 021 | 04 |09 | OM anneabod H
century
jr anvil O =2nd/+dth | 415 | 004 | U2 | 003 | OM 4% Cakt -—
century
n mousld for * E a0 | Do | ol | o2e | 024 s -—
ploughshare-
w
M axchead . e 024 | o1& | 01 |ouon4 | 004 annealbed &
5| mould for = s3odfodth | 346 | 007 | 005 | 0028 | 028 s can) -
anehead oemiury
® axchead 5 " 087 | 005 | Owsd |0uDll | O34 annealed o
r - » - 029 | o0 | 058 | 001 | oM = L]
B . . - r.l-d-.! 01é | oS | o020 | 001 " 5
a smiall fraction of the cast-iron artifacts whose micro- No. 7 is from the Han iron site a1 Guxingzhen in
structures hﬂ"ﬂmmh"mmdm Henan & ME M & .ﬁﬂ-'—llll‘[ u
chemically. ﬁm ptﬂhhd e W h:l'-lp-hﬂp excavabed in Mianchi Couniy, Henan
I knasw' of; it seemas [ikely ﬂ:‘r these ve a teasonably L] n
representative sampling of ancient nese cast iron in
general. Sources;: Hus Jueming (1982: 4-5) lists all of these artifacts
which were found o been anneabed, and gives bried
Provenance: Nos. 1-3 are from the lmwr—mmln of the microstructunes; see the last of the
Tonglishan, Da cm:y,#.hu L E 45 1 TR Y table. Other sources are: MNoa. 1-3, Ye Jun 197% 19-21: no. 4. LI
Iﬂlﬂi}ﬁﬁ!‘ Liu Sheng !{.Miﬂl.ﬂjlnhlm 1975: B; no. 5, published by Hua Jueming only; nos &7,

Mos. 5-6 are from the site at 19780 10; nos. B-18, WW 1976.8: 51
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Cementite is extremely hard and brittle. A white iron casting
with 4% carbon consists of 54% cementite and 46% pearlite, which is
itseli rather hard; the result is that white cast iron is also hard and
brittle: it is harder than quartz. In modern industry white cast iron is
used in a few applications in which abrasion resistance is important,
but its chief use is as an intermediate stage in the production of mal-
leable castings.

Graphite, on the other hand, is close to beinf the softest mineral
known. A grey iron with 4% carbon by weight is 13% graphite by val-
ume. The graphite Is in the form of numerous micrmmﬂ:hs ina
muatrix of te {sometimes peartite), which is soft. fore groy
cast iron is soft, but it is brittle because the graphite flakes, having no
strength, act as interpal cracks from which fractures can gate,
Grey cast lron is neverthelsss an exire useful material: it is casy
1o cast (because the low dmﬁlil:f gra almost compensates for
shrinkage of the iron matrix in the mould), and it is strong enough for
a wide range of applications®

L]
Whether an iron casting solidifies white urg:r depends on nu-
merous factors, the most important of which are the cooling rate in the
mould and the silicon content of the iron. A low cooling rate, or a high
silicon content, favours the stable iron-graphite system and therefore
solidification as grey cast iron. In modern foundry practice sand
moulds give a relatively low cooling rate. Grey iron contains typically
2% silicon and white iron 1% silicon.

Table | gives chemical analyses of a selection of eighteen ancient
Chincse cast iron artifacts. One of these has 0.69% 5i; the rest have
silicon contents in the range 0.02-0.27%, Because of this extremely low
silicon content, ancient Chinese cast iron is mﬂg‘:mys white-cast.
A few grey-cast implements have been found; these may have been
cast In pre-heated massive ceramic moulds to give the slow cooling
necessary for the production of grey castings with such low silicon
conlent.

-

Malleable cast iron is made by casting the product in white cast
irom, then annealing it for an extended period. In general it has much
better mechanical properties than tron. Either or both of two in-
dependent mechanisms may be involved: decarburization and graphi-
fizamtion.

If the casting is annealed in an oxid atmosphere, carbon will
diffuse to the I:.lsrhu and there be “bu away, After a sufficlent

"Studies of the three-dimensional form of graphile in cast iron mclude: Roll 1928,
Merchant 1961; Kusakawa & Nakata 1963: Li Chasnlli ef al. 1985 Murthy ef al. 1988

Arcienl Chiness malieable ct imm. |5

time the carbon content of the casting is reduced to a sufficiently low
level that the iron is fairly and
the anneal another process may also operate; cementite
may decompose to form graphite (Fe,C —* + C). Graphite preci
Lm:dmtmntnthe state is in the form of mi npudug
which are much more rounded than the flakes precipitated in the so-
lidification of iran, and the m!ﬁmfmthnmumlentﬂm
on the mecha properties of t 3
Malleable cast iron is termed whiteheart if the most Important
eifect of the anneal is decarburization, and blackheart if the most im-
portant effect is graphitization. (Again the terms come from the usual
mﬂmmdthe fracture in older practice; see e.g. the llustrations in
1954 m}:ﬁ 1960.) dullbunriuutim takes plm
on w annealing atmosphere is izing or neu
tion takes place on the annealing time and
temperature, but especially on the ¢ | content of the iron. For
example silicon favours graphitization and sulphur retards it. Cast
iron is never (never) a simple alloy of iron and carbon. Significant
amounts of silicon, sulphur, manganese, and phosphorous are always
t. Other alloying elements will usually also be present, either
ntentionally or unintentionally. All of 1 alloying elemenis
influence the nucleation and growth of graphite, often in surprising
ways.

3. The simplest case: decarburization without graphitization

Figure 6 shows a fragment of a hoe-head from the ancient cop-
site at T in Daye, Hubel MatxHBERL, Its chemical
analysis [s given in Table L, no. 2. It is 3 mm thick. Met phic ex-
;ﬂﬁmt;}m ¢ Jun 1975) indicates that it is composed of five layers (see
gure 7}
ferrite (ca. 0 carbon) 10 mm
peartite (ca. 8% C) 02 mm
ledeburite (ca. 43% C)  O&mm
pearkine 02 mm
ferrite 10mm

The ferrite grains are columnar, growing inward from the surface.
The boundaries between layers are well-defined,

This is a remarkably tough structure: the metall who did
the examination were able to bend the artifact to an a of 90* with
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no sign of breaking except some surface cracks.” This would not have
been possible with either white or grey cast iron.

A metallurgist with some experience with such things will see
immediately that one way of producing this structure is to cast the
hoe-head in white cast-iron, then anneal it in an oxidizing atmosphere
for a period of days in the temperature range in_which ferrite and
austenite can exist together in equilibrium, 723-910°C. It turns out
that an even more precise description of the proposed anneal is possi-
ble. By my calculation the temperature should be about 750°C and the
annealing time about 12 days.

The thicknesses of the ferrite and pearlite layers, p, and R, are
given by

Fu= KT

R=KIT
where t is the annealing time in days, p, and g are in mm, and K, and
depend only on the annealing temperature and the initial carbon
content of the white iron casting. Calculated values of K , K, and
K/K, are given in Table V and plotted in figure 8. (The derivation of
the formulas and the method of calculating K and X are given in sec-
tion 7 below.) In the present case p, = 1.0 mm, g = 0.2 mm, and there-
fore K /K, = 0.2. Consulting figure 8, the annealing temperature which
corresponds to this value of K /K, is very close to 750°C. At this tem-

1
perature K, =0.057 mm/dayZ. Then

t= [%;]2 [5%]1-12@;5.

Thisis a S‘:;.lcl'grisingly long annealing time. At a higher temperature an
equally g or better structure could have been obtained in a much
shorter ime. However if the test used for satisfactory completion of
the anneal was a soft surface which for example could be ﬁlpéd easily,
then a lower temperature would have been chosen, since this gives the
fastest growth of the soft ferrite layer.

The above discussion gives one way in which the structure found
in the hoe-head fragment could have been produced, but this is not the
only way. The temperature would have varied considerably over this

"This sort of test of the gross physical properties of an ancient artifact is not usually
possible, because of the effects of corrosion; but the ancient mine shafts at
Tongliishan have provided an oxygen-free environment in which the iron
implements have been beautifully preserved with hardly a trace of corrosion.

Ancient Chinese malleable castiron 17 ‘

Figure 6 Hoe-head fragment from
the ancient copper-mine site at
Tonglishan (Ye Jun 1975: 25).

B—= AARWANREEA

Figure 7 Micrograph from the hoe-head fragment shoun in figure 6. (Li Zhong
1975, plate 1.53). Etched with nital .
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long annealing period, and at the least the statement “twelve days at
750°C" must be modified to “on the order of twelve days at a rather
low temperature”. Furthermore a somewhat similar structure can be
obtained by decarburizing first at a much higher temperature for a
shorter time, then cooling very slowly; see for example Gilbert 1954,
figures 4, 6, 8, and 10. Further theoretical and experimental work may
make it possible to distinguish the structures obtained in these two
ways,
-

The derivation of the equations given above is rather complex,
and involves some simplifying assumptions; therefore [ will not be
satisfied that the result is correct until I have had a chance to test it
empirically. Furthermore the co g:mnding calculations for the de-
carburization of a cylindrical object, for example a collection of white-
heart malleable cast iron arrowheads studied by Du Fuyun (1981), in-
volve much less tractable differential equations than those for a flat
plate. Here we may well prefer to rely on empirical data rather than
theoretical calculations. Nevertheless the point to be made here is that
the physical laws which govern diffusion of carbon in iron are well
known, because they have been the subject of much study in the past
century or more. Even if we choose to rely on empirical rather than
theoretical methods, we know with considerable certainty which fac-
tors affect the process and which do not, and the results will be rather
certain.

4. Blackheart malleable cast iron

Where graphite Erecipitation is involved the situation is much
more difficult. The physical laws which govern graphite nucleation
and growth are very poorly understood, and therefore the annealing
parameters cannot be determined by a simple calculation. Instead we
must rely on trial-and-error empirical studies: for a given artifact a set
of samples is cast with the same chemical analysis, and these are an-
nealed at various temperatures for various times until the mi-
crostructure seen in the artifact has been obtained in one of the an-
nealed samples. This is obviously an extremely time-consuming and
expensive process, but there is a more fundamental difficulty. We are
not even sure that we know all of the parameters which influence
raphitization, so we cannot be sure that an experimental study of the
Eind outlined here has taken account of all relevant parameters.
Modern foundry literature gives a great deal of empirical data on
the effects of various factors on the microstructure of malleable cast
iron, though the application orientation of most of it must be con-

Ancient Chinese malleable cast iton 21

States period city-site Yanxiadu, in
Yixian County, Hebei (Li Zhong
1975, plate 1.4).

- Figure 11 Micrograph from a hoe-
e ’ o= :’II head excavated at the late Warring
L

o | 0.2 mm |
e

Figure 12 Micrograph from a mattock-head excavated at a Han-period iron-
works site at Wafangzhuang in Nanyang, Henan (Hua Jueming 1982, plate 24a).
Etched with nital.
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stantly borne in mind. survey of the literature is Wieser 1967,
Mitrhﬂmhmcmmm following discussion.

™. ME pudlﬂh‘m as microscopic nodules with shapes that

1. Spherulites. These ane distinguished from the next by a radlating structure
which can be soen especially with crossed nicols. An example is shown in
figure 10,

1 Compact aggregates, as in figure 11.

3 More or less “sprawly” aggregates, or “nesis”, as in figure 12

Other factors being the mechanical properties of the resuliing
iron meclﬂwith;:rml};l hilr lurwﬂwll'th mtpmh:;}w
s, & ower again with Any case I Are
o «Tﬂ course much better than

ter than those of F‘Lr
those of white cast i most mﬂwry applications.
Graphitization of white cast iron can be considered to consist of
Iwo consecutive nucleation and ;mwh Each tmduhdmm
from a nucheus. number of nuclei {e.g. per mm’)
thmimhﬂyxphﬂmﬂﬁmn&hmduhmnum-dm
termined by other factors.
1t was formerly believed that the of nucleus determines the
shape of the nodule; in particular that graphite s from
Fe5 inclusions in the iron, while ot !urmt grow from other
{:nidmnﬁd} types of inclusions. It was shown long ago that this is not
the case
It has been observed that some & herulites con-
tain FeS inclusions at the centre (e.g. n!rngh 1941: 220), Some au-
thors have claimed that all grlphllt spherulites have FeS nuclel fe.g.
& Takizawa 1965). However it was shown many years ago that
the su FeS nuclel found by these authors are what we might call
an “optical illusion™:
When a graphite spherulite is sectioned away from the centre. the contral
rone of the section comsdsti of graphite cryitatiites cut parallel 10 the tacal
plane giving specular metallie reflection. This was explained by Morrogh and
Wiltiarm® who pointed out that this bright spot should not be mistaken for 2
mucleus; neveriheless a vast literature developed on the nature of this spot
and many wild theories were proposed for ithe composition of this nucleus
However, it seems that the true aatuse of this basal graphite surface is now

fairly generally recognised.
(Morrogh 1955 682)

Bin Journal of the Iron and Sterl Institute, 1947, 155 321-371.
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A pseudo-nucleus of qgsmhmhﬁgmﬂ,wmummk
iran, before annealing, inclusions were seen, and indeed none
would be lnirunulmk ion (0.03% Mn, 0.014% S).
Loper and Takizawa (1965: 526-527) to have found an FeS nu-
cleus in every spherulite examined; with the 1 method de-
stﬁbed,llﬂiﬁrﬂwqrhldhmmmm have found FeS
nuclei in only about half of the spherulites examined

It is more likely mﬂﬂwnudﬂmwhﬂulm%furhm
hﬁa‘utnﬁdtuunhlnﬂu.mlylhwnm size, in
structurd of the iron. A plausible hypothesis is thal mdldﬂduntlr!ulﬂu
are more likely to occur at or near boundaries: this would ac-
count for the fact that graphite nodules often a to have
from inclusions of FeS or Then:clnlm the graphite nueled
mguwmw hﬂhwmitﬂmm&oh
certa shape independent type of nu-
cleus, and is determined only by growth conditions. It is a peculiar and

fact that graphite tated in white cast iron in which

FeS inclusions are present is a always spherulitic. Apparently the

of FeS inclusions is normally a by other condi-
tons in the iron which favour the mmmﬁc graphite.

Growth conditions dcumhththulupeofﬂuﬁ'lphilemd
uiumditwuuoiﬂﬂrwﬂxhpu hexagonal,
with two possible growth axes called a and ¢, A ve me-oﬂmtcm
pirical fact is that flake graphite (as in cast | grows in the &
dimﬂmtp&wruﬂﬂc guplul-ynmm dhedhmmdawm
grow in both directions simultancously, Whether an aggrega ﬁmﬂ
to be compact or sprawly depends on the relative gmwﬂ-. rates in the
two directions. Many parameters influence the growth rate; some of
these are discussed below. In general these can be to affect a-
and c-axis growth differently, so that graphite shape is also affected.”

4 t Foundry practice. Nucleation of ite is affected by melti
uﬁdm Onddizi Ph condittons in tlﬂ mael o I‘ml'l.l.:ulrls
tion. A high soli tion rate in the mould is said to

Wm!ﬂmmmmmmm%phmnhw
-ﬁ&rmbrmummhmmmmmmmmmm

i1 by the experimental results of Hunter & Chadwick (1972a; 19725 and of Johnson
el al. (1974). Notwe also Ohide & Ohira 1970, It may be that it will be necessary,
before clarity on this matier can be achieved, to study the mathematics of diffusion-
imited aggregation and fractal growth for & popular introduction 10 this deep and
difficult new branch of mathematics see Sander 1987
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increase nucleation;" but note the experimental results reported in
section 5 below. The melling tem ture and the time held at
temperature before pouring pmmy also have some effect
(Schneidewind & White 1933).

Something is known of ancient Chinese foundry practice, though
not nearly as much as we should like. A many cast-iron moulds
for cast-iron implements have been found (e.g. 133" and there
is a striking correspondence between the implements which
have been to be of malleable cast iron and those for which cast
iron moulds have been found. It seems likely, therefore, that all or
most malleable cast-iron implements were cast in cast-iron moulds.
This and the fact that these implements are very thin (2-3 mm) imply
that solidification was very rapid. In addition the use of cast-iron
moulds implies that the melting temperature must have been very
mh. It is very likely that the iron was melted in a cuﬁl furmace; not

¥ t

because this is the way of melting iron, but also because
an ancient cupola furnace has in fact been excavated (KGXB 1975.1:
11-13). The a near the bottom of a cupola furnace would be
expectad to be !

The anclent Chinese use of cast-iron moulds was probably moti-
vated by a straightforward economic consideration: mass production
of mulh:d was easier and cheaper with permanent
ma It may also be, however, that it was leamned that rapid so-
lidification decreases the required annealing time, because of increased
graphite nucleation.

4.2. Special pre-annealing treatments. A wide variety of rather pecu-
liar treatrments of the casting before annealing have been rc;med o
increase graphite nucleation. These include heating to 950°C and
cooling in air (Engel 1944: B6-87); heating to a temperature
and quenching in water;"? ultrasonic vibration; and permanent cold-
deformation of the casting. (It is amazing that this last should be con-
templated for white iron castings.) None of these ireatments has been
studied in enough detail to allow an explanation of how they wark,
but it seems possible that they are all somehow related to the creation

iciluna 1926: 129-131; Boegehold 1938; 480-181; Schneldewind of al. 1547,

"m ancient Chinese cast-iron moulds for casting iron implements see FT] 1973 (in
Englishl; Zheng Shaorong 1956; 2i X 1957, Li Buging 1960; Yang Gen & Ling Yeqin
1962 Li Jinghua 1965; Zhang Zigao & Yang Gen 1973 Zhva Huo & B Baogl 1977
Mote that ceramils moulds have aleo been found for & few of the wame implement
types; see ¢, . Chen Yinggl & Li Enjia 1984 118-120.

Rchneidewind d Rewse 1949 505; M. Tilley In Schneidewind 1950: 207; Tkachenko
e Makstruk 1962
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E T

Figure 13 Tuwo-pece casi-iron mould for casting an from hoe-head like tha! shown
in figure 6. This wes fownd at 2 Werring States period site in Xinglong, Heber (Guo
Moruo 1973, plate 7).

ronge

.
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i

TIMNE

Figure 14 Typical tempersture cyele in modern anmesfing of hleckheart malloable
cast iron
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of microscopic internal cracks in the iron. Other even more exotic pre-
anneal treatments include passing an electric current through the
casting, subjecting it to an alternating magnetic field, and irradiating it
with gamma rays.

4.3. Annealing temperature cycle, The annealing cycle may in general
be supposed to be as shown in figure 14. In modern industrial practice
the annealing temperature T is generally in the vicinity of 950°C. The
warm-up time may be as 10% as 24 hours, because many tons of cast-
ings are annealed together. The first-stage anneal is on the order of 2-
4 days, and the second stage on the order of 1 day.

The warm-up time is known to have a marked influence on the
number of graphite nuclei.!* Studies have shown that the important
factor is the fime spent in a relatively narrow temperature range
somewhere in the vicinity of 400°C, and that this influence is heavily
dependent on the ratio of manganese content to sulphur content. At
Mn/S = ca. 3, several hours at 350°C can quintuple the number of nu-
clei, while the effect is negligible at Mn/S < 1 and decreases as Mn/S
increases over 3. These effects have not been investigated at the low
levels of manganese and sulphur typical of ancient Chinese cast iron.

During the first-stage anneal cementite breaks down to form
austenite and graphite (Fe;C — 3Fe + C). The graphite grows on the
nuclei which are present; if there are no nuclei, the cementite does not
break down. Each graphite nodule grows at a rate which is dependent
on the temperature and on the chemical content of the iron in its im-
mediate microscopic vicinity, which need not be the same as the gross
chemical analysis of the iron.

The temperature of the first-stage anneal affects the shape of the
graphite nodules. Aggregates are more sprawly with high tempera-
tures, more compact with lower temperatures; thus it would seem that
a-axis graphite growth is more dependent on temperature than c-axis
growth. In modern practice the annealing temperature chosen is a
compromise between cost and quality: at higher temperatures the re-
quired annealing time is shorter, and at lower temperatures the
graphite shape is superior (see e.g. Schwartz 1922: 214).

During the second-stage anneal, as the temperature falls the
maximum carbon content of the austenite decreases, and the excess
carbon precipitates as graphite on the graphite nodules produced in
the first-stage anneal. When the temperature reaches 738°C, the eu-
tectoid temperature in the stable iron-graphite system, the austenite

350e e.g. Boegehold 1938: 480-481; Schneidewind & Reese 1949; Schneidewind
1950: 204; Gamol'skaya & Rabinovich 1964; Todorov & Nikelov 1970; Tsutsumi &
Hoshibara 1975,
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has a minimum carbon content of 0.69%. In the “critical range”, 738-
723°C, austenite transforms to ferrite + graphite. At 723°C any re-
maining austenite transforms to ferrite + pearlite according to the
metastable iron-cementite system, and below this temperature there is
very little likelihood of graphite growth.'

In the second-stage anneal the most important factor is the cool-
ing rate. If the cooling is sufficiently slow, especially in the critical
temperature range, the result is graphite in a ferrite matrix. With
faster cooling rates the matrix also contains pearlite; this gives a
product which is harder, which is desirable in many applications, but
the tensile stren&:h is not necessarily improved, since this is limited by
the presence of the graphite nodules.

Most ancient Chinese blackheart malleable iron artifacts contain
some pearlite in the matrix. This may imply that the second-stage
cooling rate was rather fast, but it may also be that at low silicon lev-
els an extremely slow cooling rate is required for complete
graphitization.

4.4. Chemical composition. Within the ranges encountered in modern
practice, the following effects are well established.

Carbon: Increased carbon content increases nucleation. However
it can increase the total time required for first-stage graphitization,
s&ince with a higher carbon content there is more cementite to be broken

own.

Silicon: Nucleation increases with increased silicon content. In
one study (using iron with 2.3% C, 0.5% Mn, and 0.05% S) a silicon
content of 1.9% gave 13 times as many graphite nodules per volume as
1.1% (Wieser 1967: 48).

Sulphur and manganese:'® The actual content of these elements is
considered to be less important than their ratic. When Mn/S = 1.7,
nearly all of both elements is in the form of MnS inclusions. A slightly
higher ratio, sometimes stated to be Mn = 1.75 + 0.15%, gives a dra-
matic increase in nucleation. (But see section 4.3 above.) Still higher
ratios decrease nucleation. At ratios Mn/S < 0.7 a-axis graphite
growth appears to be suppressed. This means that total graphite
growth is very slow, but that the resultant graphite is nearly
spherulitic.

"In modern practice this description of the second-stage anneal is complicated by
the high silicon content of the iron. With high silicon content there is a temperature
range in which austenite, ferrite, and graphite can exist together in equilibrium,
and this presumably influences the rate of second-stage graphitization.

""Hultgren & Ostberg 1954; 1955; Rote et al. 1956; Stein et al. 1970.
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It is often assumed that the only way of ucing spherulitic
aphite by annealing is to use Mn/S < 0.7; however an axe-head
rom the Mianchi scrap-heap (no. 18 in Table [) contains spherulitic
aphite, but has Mn/5 = :E Clearly other factors are also involved.
Ev also the W results in section 5 below.

Boran: tion of very amounts of boron can Increase
gﬂghlte nucleation dramaticaily (see o&q‘ﬁm}rkh et al. 1967). In one
study the optimum addition was 0. ; this increased nucleation
fourfold. Smaller and larger additions gave smaller increases. The
baron is usually added by mixing borax (Na,B,0,-10H,0) into the
mclten iron before casting: only a small part of the boron in the borax
i reduced and enters the iron, but borax is cheap, and only a very
small quantity of boron is in the iron.

The use of borax as a flux a to have been known
in China as early as the Song {Wang Jlayin 1957: 54), and China
has been famous for its borax uction (see e.g. Grill 1772;
Georts 1883: 319-321). 1 do not know whether borax was known In
China as early as the Han or before, but if it was it might easily have
been tried as an addition to molten iron and been found to decrease the
necessary annealing time. No ana have been published for boron
in ancient Chinese artifacts, and it is difficult to see how the
small quantities involved could be detected without sacrificing a very
large sample of the artifact in the analysis.

Othier alloying elements: Various other alloying elements have
been shown to influence graphite nucleation and growth. Some of
these aﬁggﬁn:l:ﬂd by lf‘ﬂmil I:t!:!uﬁ: 131-:41;..WIM (1967) and by
cloment nﬂnimmﬂhwmdﬁn.mmymwrﬁ
as in the case of boron, 1o have significant effects at almost unde-
tectable levels.

L

This survey of the factors influencing graphite nucleation and

owth has been based on published "crﬂ:nul studies. Most of
im

1 studies are parrowly oriented to t mmm of modern
malleable foundry practice, and ane therefore of imited usefulness in a
study of anclent Chinese malleable cast iron artifacts. Replies to a
uestionnaire from 32 malleable foundries in the United States

(Hernandez 1967: 606, 610) indicated that the chemical composition of
mielting stock was normally within the following limits:

C 25-28%

5 115-18%

Mn 03-05%

5 005-013%

r om-0n%

Ancant Chinese malleable coiliron = 29

Comparison with Table I shows that the anclent Chinese cast iron ar-
tifacts have, in comparison with modern malleable cast iron, high car-
bon and phosphorous, low manganese and sulphur, and extremely
low silicon content.'® The difference in silicon conlent may be the most
important factor here. Very few of the published studies which I have
consulted in the above survey consider alloys with less than 1% S, and
none at all considers alloys with less than 0.5% 51 But the silicon con-
tent of the ancient Chinese cast iron artifacts is usually under 0.2%.
Some atternpts have been made to summarize the available em-

pirical studies in quantitative terms; an example is that of Schnei-
dewind (1950). The suggestion has been made to me that we have here
the only key necessary to an understanding of ancient Chirese mal-
Ieable cast iron. However the apparent of the formulas given

Wﬁﬁmu he himse hiﬂmtamﬂ&drﬂ"g
their derivation t lifying assumption is explici ¢ that t
influence u(uchhm:ihdepudm of the other m:{mmdthhh
known to be untrue. For example the carbon content of the iron influ-
ences the t¢ which the silicon content influences graphite
growth rate 1949; Schneidewind 1950: 206). Furthermore ap-
plication of Schneidewind's formulas to the ancient Chinese artifacts
would involve an implicit extrapolation far outside the limits of the
empirical data on the formulas are based,

5. Experimental results

It should be clear from section 4 above that the modern expen-
mental work which has been done on blackheart malleable cast iron
Fim some useful indications of the ways in which various parameters

nfluence graphitization, but that none of its results can be applied di-
rectly to the ancient Chinese artifacts, because of differences in chemi-
cal content and foundry practice. It is therefore clear that new experi-

“ﬁmmmumﬁd by Rostoler (1988), in which he anneals an iron
with 0.768% Si and 0. 17% 5, are irrelevant in the study of ancient Chinese malleable
cast iron artifacts.

1t may safely be said that in view of the variables mentioned and the many
paisible ones not recognized, no compulations can be made al the present time
irom which on a theoretical basis the annealing rate can be predicted. This paper
will amtempt o summanioe te quantitative knowledge of thote variables which are
fattly well understood and to list some of the problems yet to be solved before a
complete undentanding of graphitization can be achieved” (Schneidewind 1950:
202). Note also the more blunt, not to say angry. eriticism of a practical
foundryman, Milion Tilley, in Rehder 194%: 180,
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mental work, directed toward the specific characteristics of ancient
Chinese malleable cast iron, Is necessary.

| have started a series of experiments along this line. Some results
are reported below, and some of these are rather su ':ini.a‘u m
deal more work is needed; | intend to continue, but l?-:;:m at ot
will also become interested in this sort of work.

L]

The iron used was a unusual white cast iron supplied by the
Department of Mechanical Technology of the Technical University of
Denmark, with the following analysis:

c 58 Mn P 5
3B <001 <003 0015 Q0l4d

Ni ¥ Cu Ti A Cr Mo Sn Mg
0080 Q03 002 0000 000 OO0 oo 00 G0o

The first five items above are from a wel chemical analysis done at
Varde Steelworks, Varde, Denmark; the rest are from a Quantovac
analysis done at Korrosionscentralen, Copenhagen.

This iron was melted in open ceramic-graphite crucibles in a
miecium-frequency induction furnace. The melt wll{nuﬂd white-hot,
but imﬂﬂamrz was not measured. Charges of 2 kg were melted,
and ilicon with 70% Si was added to the melt to adjust the silicon
content: 3 g ferrosilicon for 0.1% Si (series 500 and 800), 6 g for 02%
series 600 and 900). The actual resulting tages, determined by
Cuantovac analysis, are shown in the tables" It will be noticed that
the actual Si content of series 500 is much fower than intended.

-

In the experiments reported in Tables II-111 the tron was cast in
bars 400 mm long with a triangular cross-section, ca. 30 mm x ca. 45
mm. An open mould of we B mm steel plate was used; this is the
amaller of the two shown in figure 15, These bars were cut into wedges
with length 20-30 mm. Samples 401-414, 501-514. and 601-614 were
cut from bars 4, 5, and & respectively

In all cases the am.\ﬁ.:g was done in annealing 5:“ made of
18/8 stainless steel pipe, inside diameter 50 mm, length 240 mm, with a
cap welded on one end. Samples wmrpacked in groy cast-iron turmn-
ings. The pots were closed with light-fitling stai steel disks and
luted with 20-30 mm refractory cement. In two cases (Table IV) parts

¥The Laboratories warn thal il is extremely difficult 1o anslvze for Mn and Si
wuch low levels, and that the results may not be a8 exact as they appear in the
tables

Ancient Chenese malloabie cast iron

Figure 15 Moulds used to casl mmples for the annealing exprrimrents

3N
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Table 11 Annealing of white cast-lron wedges as deseribed in the ext, section 5.
Mu-rp:rmmmulm if any, all samples were hold a1 400°C for 20 hours:
then transferred 1o a pre-heated oven and held for 144 hours (6 daysl: then
transferred o a pre-heated 730°C oven for 23 hours; then cooled in air

graphite | dusmesr

sample | 5% | ncann fprereratment #9500 | rodulo /| of langest L]
A s rosbule,

qrercted | cocked

i w3y s
w01 11+ v o -
403 s LS am b1 1]
Wy - b ra. 1E o Aol e
o L] W am X0
sn = L asr L]
&0 - ¥ L1 i
il oz ¥ A L]
i L L [t} 00
5] = L L] L]

normalized

as-cast 3502

‘?

1.0 mm

Figure 16 Graphile in smples 501, 502, and 503 see Table 11, Uneiched.
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ol samples were s surface-decarburized; this indicates that in
these cases the pmmnnudequmlymhd

mmammm&wu-muem“m

M:tﬂudﬁddmﬁhmmmmm-d section

I.Jlbnw either ascast or after one of two

ﬁ} ﬂﬂ'cfu hour, then cooled in air; (2) held at

in water. All were then anncaled for

mhﬂmnm 6matmmnmummmﬂ
In air.

Themnluagsumu shown in figures 16 and 17, Table 11
ves the number of nodules per mm?’ in the section examined and the
iameter of the largest seen. These are measures of the
extent of nucleation and the rate of growth of t Muhrupec
tively, The results seem to show an nl‘t]u
graphite nucleation, but it is not clear that the differences :rve
significant when the difficulties of counting nodules are considered. If
the differences noted are significant they indicate a very odd influence
nfﬂmﬂuﬂm&thﬂmdw The graphite nod-
uhummmmﬂ

In the samples w hw:m-l:dm-u
graphite was found not only but also in long “snakes” w

appeared to follow mﬂ!hﬂulmls.ln 18, This

e

densely ntu-um:lh lnthls!mmmrbe

mwuhnﬂuhmmmd!ﬂhiy,ihnﬂumu:hulluﬂlhﬁ

I.|'| cast iron. It seems odd, therefore, that this type of pre-treat-
uld be used in modern indusiry.

Gn b in this form has not, to my know , been observed in

artifacts, and it would a rummbhmdll-
ngndihnpudblliryﬂm pmuunﬁnhmmmm

-

The experiments in Table Il were intended Lo test the
effects of warm-up first-stage annealing temperature, and
ﬂimr-mmemmg;l:hiﬂmhm Some of the resulting structures are
shown in Agures 1

It s clear from the results that slow warm-up time and increased
silicon content both encourage nucleation considerably. Increased
first-stage annea lmpu-hnﬂnmmkrﬂect,ﬁmughumph

507, annealed at 1 hhmmyﬂnn.'ﬂmhmﬂrju
inwhkhh ﬁ:lﬁol:lwummdld.l and

is that IIIHII.I =
WE‘ whnfmmmﬂtrﬁlmn that mm;dulh mﬂw:r
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Tablelll Annealing of white cast iron wedges as described in the lext, section 5.
Half the samples were held at 400°C for 20 houry: then all the samples were
tranaferred to ovens pre-heated to the temperatures indicated. After 144 hours (6
days) the samples were removed from the furnaces and eooled in air.

All graphite was found to be in the form of compact aggregates.

in most samples & heavily graphitized skin was found. I thickness is
incibcated in the seventh column.

In most eamples massive cementite remained from the oviginal ledeburite.
However in samples 607, 608, 609, and 611 the original cementite was completely

Sample| 5% hh. it hrvan| graphie | duaseser rhackness of | L]
[~ worC | € uw! Larpest
men | rexhule, g |
L om a4 1000 i oo 50 B4 ol e il
A iy L) 0 Y] .t L] «© 3 ik mprrold
L - | w0 al o 40 1 mextizle eibmsrrvend
a0 |~ il = 2 = 10
di = 1000 al xn 5 12 padiales cdwervnd
Lik % L] ] - 0
413 o oo @ 0 o0 0 T nodulbis ctserved
LAl - &0 o = o
- om bl 1000 11 a0 b
s - L L] 15 xm 0
L . L L) [ 1] b el 1]
=l -] 2 = 1
sn . 1000 L& 450 50
512 r 50 o i 150 0 13 rodules clmervad
513 ! w0 @0 Ly w0 ' noduley piscrvod
514 . o - i1}
7 oxe LS oo 3 ] =0 cosmnpdete frvi-stigre
|srptizanon
fri 7 i " b | w0 1 *
i T v L] ] ] + *
- 1 B0 L% 2 X
1 i 1] m 0 =0 complete lbrie-atigo
|WI'-1
2 L =] o o
3 L] 148 0 &
ali 2 50 12 50 0
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mw umnumpwmeded far beyond the time necessary for
Com first-stage graphitization was achieved only in samples

with the silicon content. Thus first time for
m was less than 6 days, and would be considerably longer

In each sample a heavily graphitized “skin™ was observed at the
surface. Four are shown in figure 21. The thickness of each
skin is given in the table. This skin was sometimes as much as 90%
graphite by volume, and the iron directly under it was sometimes 100%
pearlite no cementite remaining from the ledebuirite.
This same phenomenon has been in white cast iron

s annealed in hy a or a vacuum (Bernstein

984). It seerns likely, that this graphite skin is always formed
d‘uﬂﬁﬂﬂumLhﬂIﬂlﬂch!iﬂlumdhmlhnwuﬂghﬂy
oxid ur'gmeﬁﬁnahluhm;r away. However the fact
that such a not mare widely noticed in the foundry literature
suggests that there may also be some more complex factors involved,
.8 in this case the very low silicon content and the high solidification
rate in the iron mould.

It seems likely that the same phenomenon would also have oc-
curudhhmlhr;afmuﬁuﬁtﬂmmﬂnﬁmmp}u-
1m:khwuldmfﬁcuyhﬂhmlun,dhr -anneal
cleaning or in the use of the implement. It is therefore le that the
decarburized layer seen in most anclent Chinese rt malleable
artifacts is in some cases caused by graphite growth in the skin rather

tmosphere.

than by an oxidizing a

-
MW in Table IV the iron was cast as a
plate, o be 400 x 100 % 3 mm. The mould used is the larger of
the two shown in figure 15; it is made of 8 mm welded steel plate, with
a very large casting head with the same dimensions as the bars de-
scribed earlier. It furned out that this is a very impractical type of
mould: the always broke into several pleces, and pouring
white-hot molten iron into the cold steel mould caused it to distort
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Table IV Annealing of irregularly-shaped pieces broken from large rectangular
white-cast iron plates, 400 = 100 = 25-4.2 mm, as described In the lext, section 5.
Sections for metallographic examination weere cul 54 the thickest and thinnest part
of sach pample.

All pamples were held at 400°C for 29 hours, then transferred to wo pre-
heated ovens at 850°C and 950°C respectively; held at bemnperature for either 68
‘honzrs (3 days) or 138 hours (6 daya); then cooled in alr.

Except in the case of sample 902, all graphite nodules wene compact aggre-
fates.

Semple| SI% |anneal- |inseal- uﬂu*ﬂ-ﬁl dlamy- | graph- oy
. o | ing | shiche — T
pevatury) B, | mea, Largent | wlie, ue
= vy . Podude,
=

BN [A+) B ] ar o - o
s o - ]
i+ - 5 3 o (1] - -}
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considerably. The samples used, broken from the cast plates, varied in
thickness from 2.5 to 4.2 mm. After annealing, sections for metallo-
graﬁ}u'c examination were cut from the thinnest and thickest part of
each sample.

.

The experiments reported in Table IV were intended to test the
effect of section thickness (and therefore solldll;cati_:n kr:te) f:?on ﬁril-
sta hitization. lrre%g:rl sha samples broken from the
casgrgnﬂ plntea described above !:vm at for 29 hours; then
at elther&ﬂ‘Cor%U‘C for either 3 or 6 days; then cooled in air. Some
of the xesulﬂ:&nsuucmru are shown in figures 22-23. Again a heavily
graphitized was observed in all sections examined, except in two
which had been “burned” by air leakage in the annealing pots.

In all but one case the extent of nucleation was less than that in
the corresponding sample in Table IIL In this one case, no. 902, a w.'r{
surprising phenomenon was observed. In both the thin and the thic
section the number of nodules was much greater than that in sample
no. 612 in Table ITI, which was annealed in the same way. In the thin
section of sample no. 902 the number of nodules was almost the largest
observed in any of the experiments. Furthermore the graphite was
almost spherulitic in the thick section and perfectly spherulitic in the
thin section; see figure 22.

To my knowledge this phenomenon has not been observed before
in scientific studies of graphite morphology in cast iron. In this iron the
Mn/S ratio is 2.15, and therefore spherulitic graphite by annealing
should not be expected (cf. section 4.4 above). Further research leading
from this observation may help toward an understanding of how
spherulitic graphite was produced in ancient Chinese blackheart mal-
leable castings.

The most obvious features of sample no. 902 are that it is the
thinnest of all the samples in the experiments, and that nucleation and
growth of spherulitic graphite were greater in the thinner section from
it. A hypothesis which may be worth consideration is that graphite nu-
cleation decreases with increasing cooling rate until some critical rate
is reached, whereafter it increases drastically; and that very high
cooling rates also b about graphite growth conditions which
favcm; c-axis growth (spherulitic graphite) and/or retard z-axis

rowth.
& It has been mentioned earlier (section 4) that different types of
nucleus can be accompanied by different growth conditions for
graphite. It is a common and apparently reasonable (but unproved)
assumption that graphite growth is influenced ord-f\;.by the annealing
temperature and the chemical content of the iron. Therefore it may be
suspected that part of a key to an understanding of the above obser-
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vation lies in an examination of the phase relations of iron, silicon,
manganese, sulphur, phosphorous, and other alloying elements. For
example, rapid cooling of the melt may lead to a non-equilibrium state
in which certain elements (e.g. Mn, S) are in solution in the iron in-
stead of in free inclusions. It may be that reactions take place during
the long warm-ulzllsl 400°C which are analogous to those involved in
the precipitation hardening of aluminium. These reactions might re-
sult in specific sub-microscopic nuclei surrounded by iron with non-
typical cal content.

In this connection attention should be drawn to a remark by the
American metallurgist H. A. Schwartz in a comment on a parer H.
Morrogh (1941: 270-271): “Carbon nodules of the ‘spherulite’ type
were habitually observed in the blackheart gralfphluzm izing process if that
E::.;ess were oondn;’c:g:l below A, [723°C) or if the white cast iron haﬂ

uenched re hitisation.” H. Morrogh disagreed wit

this shtgxlrlent, and uppargap this is where the question shll rests al-
most fifty years later. This difference in two eminent metallurgists’
observations may be related to differences in typical compositions of
American and British melting stock at the time. If it is true that pre-
anneal quenching can in some cases lead to spherulitic graphite, the
reason may perhaps be related to the reason for the observation re-
ported here.

6. Acknowledgments

The research reported here is made possible by support from the
Danish l::jsemll\l Council fC‘br the Humanities, the l‘gar sberg Foun-
dation, and the University of Copenhagen. A grant for laboratory ex-
ﬁnses was provided b}t'y Dr. Joseph ginedhagaﬂe Deparln\:nyt of

etallurgy of the Technical University of Denmark has been very
generous in allowing me the use of its facilities, and Dr. V. F. Buch-
wald, lecturer in metallurgy, hagcﬁrovided both guidance and inspi-
ration in all phases of the work. Edith Johannsen, Annelise Steffensen,
Mogens Keller, and the rest of the laboratory and workshop staff have

iven much rracucal help and advice. Dr. H. Morrogh, Director of the

ritish Cast Iron Association, kindly gave me detailed com-
ments on an earlier draft of this paper. None of the persons mentioned
has seen this revised version; errors and misunderstandings which re-
main are entirely my own responsibility. Many thanks to all.



Ancomi Chiswss malloable caat ifem. 50

7.A Calculation of the anneal for whike-
ppendix: ing parameters

heart malleable cast iron
A thick plate of white cast iron s annsaled at temperature T lor
time | in an atmosphere whose oxidation 1 is such that the

equilibrium carbon content at the surface of the iron is 0. Carbon dif-
fuses to the surface and is oxidized, but the iron is not oxddized. At any
time ¢ > 0, if the temperature is in the range 910°C < T < 1147°C, the

variation of carbon content with in the plate will be as shown in
Egmg;ﬂmfcr-:ilﬂ'c.l variation will be as shown in
In figures 24 and 25,

Cyy = muximum carbon content of ferrite at temperature T.
Cy, = minimum carbon content of austenite at temperature T.
Cp = maximum carbon content of austenite at temperature T.

C; =initial carbon content of the white cast iron plate.

Figure 34 Verigtion of carbon combent aith in @ plate of whitcheer? mal-
" 1 A I.ﬂ
hﬁ'ml'm al & temeperture in the S10C sT<17C mej.mﬂr ﬂmﬂﬂﬂﬂ“ﬁuﬂﬁﬁumﬂhuhnm
actual numerical vajues, however, these will be given as welght per-

ta
| o 26 shows how values of Gy, Cy,, and Cyy are read off
G from I.rm-urbnnshmdhpm

o+

The between the ferrite and austenite zones,
shown at x, in figure 25, is a theoretical necessity as well as an empiri-
| nllu'l.ﬂ:tshrpbuunduybﬂmtheaumihm ledeburite

zones at 1, in figures 24-25 is nof a theoretical necessity, since ledebu-

ﬁuhamo-phmhm mummhuﬂhuhunhunquxh.ﬂyﬂumu

Furmyﬁmwud
R=x -mldu-mdﬁn'luhytr
B, = xyx, = thickness of austenite layer
- as shown in figures 24-25. The object of the following is to show that
" = KT
depth B=KNT
whmwﬁ'm are functions of the temperature T and the initial car-
bon mﬁ%{;mmmhwvﬂmﬁﬂuﬂ&mﬂum

Figure 28 Variation of carbon comtent with depth in & plate of wohitehpart mal-
mﬂ-wrmanuu?-uwmmmwmr< < 210°C. perature range herest.

;

o 5 i
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For ¢ >0, 0 <x < x;, x m x,, define
Clx, t) = carbon content at depth x and time !, atoms/cm?.

We shall in the state and solve a of differen-

thal fﬂ%ﬂmd ﬂ!lqm“ﬂpuﬂ:lyutdn

to P. N. Hansen's work (1977: 32-33) on diffusion of zinc in copper.
For any time ¢ > 0 define

Q-E?Ec'-pﬂhtdmmhmlt:-ﬂ

B = nm%-mdmmhMMn:-x,
oty

h-ﬂm%:pﬂhﬂdmﬁmwhlmnr =y,
LS

h-ﬁm%- gradient of carbon content in austenite at x = x,
e

Finally define
D, = diffusion constant for carbon in ferrite at temperature T,
on?/sec

D, = diffusion constant for carbon in austenite at temperature
T, cm?/sec

These are computed by the standard formula (see e.g. Van Viack 1968
104-106):

D=0e9*
where T is in “K and

0, = 0.0079 cm?/sec

Qa = 16,100 cal/mol

0, =021 cm?/sec

Q, =33.800 cal/mol

R =197 cal/mol*K

7.1, The case 910°C s T < 1147C. When the temperature T is in the

depth at tﬁmt:ﬂhuﬂnﬂlﬁﬁwmﬂ,m =x =0
ﬂuiyﬂmd::yulﬁuihbeulﬂdhhﬂh mdl}-::-c%,‘. ;
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.

bemperature °C

b F

Figure 36 The lower beft corner of the irom-carbom plasé diagram, with indications
of CaysCoy and Copy hwo temperatured, onre in the ferrite-avstemite range
MRT<T<90°C) and one in the austemife renge (FI0C ST < IM7C).  In the
sustenite renge Cgy= Oy = 0.
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m  E.nif (Fick's Second Law)
®  FerH (rom st Law
with the boundary conditions:

k] Hm Clxtl=0
peils
@ lim CahH=Cy

&  lm =0

mﬁu
I claim that the solution of (1)=(5) is:
6) cu.n-c,,f[i]

where the function f: [0,1] = [0,1] s to be determined below, It fol-
lows from (6) that

ry

(E)

L]
Substituting 7) and (9) into (1) gives
Lat

o w#%

Then

i ll}.-n'%
Substituting w = 1 gives
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Define lgm:h that

@ g7

Integrating this and using (5} gives

1) g=KNT

This is the equation which we wish 1o prove. It has now been shown

that (13) follows from the m{ﬂ,lndﬂufdluwhqmu

show that (6] is indeed a of the equations (1
From (13} follow two useful resulis:

(e ﬁ-%
as %-ﬁ-

Substituting (12) into (11) and integrating gives, for 0w <1,

[ oot o ao
hs%%‘iy--&ﬁ;'i

(18 flw)=f'0) e =/
Integrating (16) and using (3) and (@),

10 [ 510t [ () o =1
1

O A P = ey

Integrating (16} and m;{l?}mdt&} the following expression for C
can now be arrived at:

i
Lﬂﬂ =Ry o /Ay gy

[ K% Dy gy
It is straightforward to confirm that (18) satisfies (1), (3). (4), and (5).

5

(18  Clxp= o
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qu&mmtmmmmmmm hwmmwbemed
to salve for K. Proof that K exists will complete the proof of (13).

Define
iy
(19) Ggp= m

Mlht&h.mwm]rmmumpumm T and
From (8), (16}, (17, s,

Q0 ;“-c.,,%-
Substituting (15) and (20) into (2) gives

@n x,’-zqug;

Eqmﬁmﬂi}mdﬂ!}unbﬂnhtdmmhﬂrfﬂﬁb}mﬂﬁﬁu
approximations. We solve for the dimensionless quanti

s

fmmwhﬂlﬂi:hhhlhunkuhuéi
Substituting this and (19) into (Z1) gives, after some manipulation,

@) 'x'lz% [revaw=0

It uma‘huurwud to solve this equation numerically using a pro-
pocket calculator which has a bullt-in algorithm for
mdmmmpmnmhyﬂum (1 used
a Hewlett-Packard 34C.
Thmmmhﬂﬂlhnkuhudmﬂuhmm

@) f-ﬂmsgt-w%%

In the of values in which this is used here the problem of lost
pudﬂnnzumllwmmdmmuﬁu

C; and Cy, occur in (22) only in a dimensionless ratio. Therefore,
using the standard ufmtmduﬂly.lmm
centages can be su for atomic densities with the inconvenient
dimensions atoms/am’.
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Mi,,ﬁ;mhmnhd:nﬂﬂﬂfﬁhmlmmhhultﬂnhuh?

ma sufficient accuracy for present purposes by assuming that

Whlrhuxhhﬂﬂn the known end?‘gmulﬁl at'% at
91 at% at 1147°C. This gives

@) Cop=iisr—3aa (T-729 4361 = 001257543 ath

The value of Gy calculated uﬁrgﬂnhappmduuﬂml:bﬂmhnd

4% ter than Hansen's h | curve in the entire ra
TBC ST 14TC using w. values of G, in
nngeﬂtﬂ'tsf:loﬁﬂ'\cirﬂiamthu tion of £ 10% in Gy

gives a variation never more than 7% in the calculated values of K
ammwmm:{,h

This lppm!tnuum was duivud by Wﬂt Clx.t) can be ap-
pmdmhdhynmhlrhxlwnnyu&h;rmﬂrnmumr in

rlndmhlppnmudbydtﬁﬂnsﬁnmhquﬂuﬂof]r-: -+ 0+

and as 1 -+ xy-. Two integrations and a good deal of tedious manip-
ullummnlnﬂ:ubwtm

Figure 8 shows values of ﬂlcnhudhrrhnmlmlufmm
sive approximations for temperatures and for initial carbon
content G = 4.3 wi® and 3.8 wit%. These values are also tabulated in

mumnhmmmmdummmu
fictive. Most of the physical constants which enter into the

Table V

values is
ﬂlcuh hu:mn two Values of K can
be read off Y ﬂmﬁ;‘:{h}u}ﬂdﬂﬂ for all
pucuﬂlhlmdnu'

The

ge In

TIC < T < 910°C. When the temperature T is in the

whlchbothim-humd austenite can occur, the variation of

carbon content nﬂ'nwn figure 25. The system of equations to be
solved is, for 1}. Tex, X!
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ac q,jgizc::- if0<x<ux
@ =1, 7
Dy5r ifx <x<x,
dp, -D
(26) df:l C“—C.m
dn__Dgy 4
@7 Z"}':c,-c,,‘ar

with the boundary conditions
(28) lim C(x,t) =0

=0+
(29) lim C(x,t) = Gu

bz

(30) lim C(x,t) = Cy
Tz +

G lim CxH)=Cy
i 73

(32 limpg () =0
=0+
@3)  limp®)=0

The solution of these equations follows the same general method as
for the us case, but the manipulations are much more tedious. In
the following only a few of the most important intermediate results

are given.
?claim that the solution of (25)-(33) above is
Q,f,{i—] f0<x<x,

x- :
ifx, <x<ux,

Cy + (Cp- c.,,);.,[—p—,f’

where the functions f,, £, (0,1] = [0,1] are to be determined below.
From (25), (34), (32), and (33) follow

@5 =K

(36) R= K,\rfm

where K, and K are constants dependent only on the temperature T
and the initial carbon content C;.

(34) Clx,t) =
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From the above the following can be derived:
; ¢~Xa @"/4Da
(37 fo'w) = m
¢ ~KaKyw/2Dy~K{'w 14Dy
@8 fw= |} eXakpor20-Kiw? 4Dy gy
It is stra'i;ghtfomard to integrate these functions, derive an ex-
n for C(x.t), and confirm that (25) and (28)-(33) are satisfied.

tions (26) and (27) have not yet been used. They will now be used
to solve for numerical values of andl(r Define

e—Ka' /4Dy

(39) Ga = [I E—Kuzwzhbﬂ d

1
o Cn= Ll e~ Kak ! 2DyKy/w /4Dy gy

@) Gy =Gy e KK/ H/AD
Then from (34), (37), and (38),

@) 3“=Cm%
@ gecy

@4) gn-c,,gﬂ;—f&

Substituting (42)-(44) into (26)-(27) and manipulating further gives

X _DiCa tﬁu__ DGy O
@ 2= GG K CpCa
v K.DGuCan K

27 K, C-Cp, 2
The system of equations (39)-(41), (45)-(46) can be solved numerically
by a method of successive approximations. We solve for the dimen-
sionless quantities

xu = _I_(R_

2D,

X iy
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from which it is trivial to calculate K,
Straightforward manipulation gives the following equations,
which are easier to deal with than (45)-(46):

47 x,: = S Gay + 53,6y + Sy, Gy,

=V (5Gai + 5,Gy)? + 2515,GaiGyy

=X
€  X-= S"G’;g
where
1D
S s D Tt
§ G
Sn=1 Cy—Ca
l -
S Tty

More convenient forms for (39)-(41) are:

Xu Bz e uz'foﬂ

B1)  Gp= Gy Xy X

The definite integrals in (49)-(50) are calculated using the Taylor se-
ries, (23). Cy,is approximated using (24). G, and C;, are read off from
M. Hansen'’s curves (1958: 353—3-65;

The method used to calculate X and X, for a particular temper-
ature T and initial carbon content C is as follows.
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First an initial approximation is arrived at by setting
Gay = Gy, = Gy, =1 and calculating X and X, using (47) and (48). As
can be seen from (42)—(44), this approximation is equivalent to the as-
sumption that C is approximately a linear function of x in each of the
ranges 0<x<x,and x, <x <X,

Aj ximations for Gg,, Gy,, and Gy, are then calculated using
{49)-(£§,.r:nd new values of i:(ﬂ and X are calculated using (47)-(48).
This step is repeated until each of the differences between successive
values of X_and X respectively is less than the desired precision.

The successive approximations generated by this algorithm do in
fact converge to give values of K, and K which satisfy (45)-(46), but I
have not investigated the t cal conditions for convergence. For
each T and C; the calculation of K, and K to four significant digits re-
qulireii about three minutes of computation by a programmable pocket
calculator.

Values of K, K, and K /K, for various temperatures T and two
initial carbon contents G are tabulated in table V and graphed in figure
8. Values of K/K, for the two values of C; are so close that they are
represented by a single curve in figure 8.

Once again it is to be noted that the precision of the calculated
values in table V is fictive, and that values of K, K, and K/K, can be
read off from figure 8 to a precision which is sufficient for all practical

historians’ purposes.
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Table V Calculated values of and for various wmperatures T and
initial carbon contents G ok ‘1’&

Cp= 43 wit (173 at%) Cy= 38 wi% (155 at%)
rl1 s k K& R & K&
'r | rae® e e v
70 | 0205 001201 00D 02974 001306 0049
n | 0w omz 0116 02941 000500 0119
750 07N OS2 09 02888 008148 0214
m0 | omes oomw oI 0818 00866 0318
™ | 0280 ony 0wl 0 01 040
7 | 07 0168 0400 02619 01601 0611
70 | 00 01885 0803 024 02000 0816
a0 | oxmes 0238 106 0236 02504 107
g0 | 02060 oz7e 138 ol 02 1Y
2 | 0189 oxe8 172 02012 03514 173
g0 | ozt o031y 12 01826 04099 225
o0 | o5k 0w 287 0167 0478 291
80 | 0196 05058 390 0137% 0547 395
w0 | oiss oS S0 one oss ST
o0 | oosss2 0s¥s 722 009409 06876 731
m0 | 00668 07® 106 007111 07668 108
w0 | oous omm 177 0075 085D 178
w0 | o2 0wz 389 00239 0420 33
910 0.9644 1037
0 10% 1117
90 1117 1202
%0 1200 1292
%0 1288 1388
%0 1381 1489
w0 1478 1565
0 1.552 1707
%0 1630 1826
1000 1505 1951
1010 1925 2082
1020 2081 1220
10X 1184 L6
1040 38 519
1050 L9 1679
1060 162 2847
1070 2783 3024
1080 2950 1209
1090 3126 34
L1100 RE. KL -]
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