Delhi Iron Pillar

INTRODUCTION

The Delhi lran Pillar (Fig 1] is testimony to the high level of
skill achieved by the ancient Indian ironsmiths in Ihe extraction
and processing of fron. It has attracted the allention of
archaeologist and corrosion
technalogists as it has
withstood carresion for the
last 1800 years. It is
singularly featured on the
emblems of several Indian
institutions (lor example, lhe
Maticnal Melallurgical
Laboratory, The Indian
Institute of Matals), therehy
signifying its prime [dentity as
the country's metallurgical
gricle and herilage. Hadfield!
undertook the first systemalic
scienlific sludy of the Dalhi
iron pillar, Ever since, thera
have haen a growing number
of studies where several
aspects of the DIP have boen
discussed. In the centenary
yvear of the Archasological
Survey of India in 1981, tha
Celhi iron pillar was studied
in dalail with the co-oparation
of the Mational Metallurgical

|aboratary (ML) The buried

=

Fig 1 : The Delhi Iron Pillar. underground region of the
Notice the iron grill cage pillar was examined by
f*;:r“dm;"‘e b:::l"” rg:;m[; archacological excavalion.
Eanstiticted. Moreaver, a relatively large

iran sample was ablainad

fram the pillar and subjected to several metallurgical analyses
at the NML. The results of these scienlilic sludies hava baan
summarized in a spacial ssua of the MW Techrical Joumal
iVolurme 5, 1983), These studies provide the firm foundation
on which future sclentific studies of the pillar were based. A
review of the pillars corrosion resistance appeared later in
19704 and recently,  Prof Anantharaman® has published lhe
known scientific Tacts abaul the Delbi iran pillar in the form af
a book. Balasubramaniam® has compilad sevaral new
insights an the hislorical, scientiic and lechnical aspects of
tha Dathi iron pillarin a recent book, The present review paper
will focls attention an the new rescarch insights obtained on
the Delbl iran plllar,

HISTORY
ldentity of Chandra

Amaong the several inscriptions on Lhe pillar, the oldest {and
also the largast) is a three-slanza six-ling Sansknt inscrpkion
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{Fig 2), al & leval af about 7' from the stone platform. This
inscription records that the pillar was set up by Chandra

: S i"having In falth
fixed his mind
upan Vishnii) as a
standard of Vishnu
[ Vishruarehichvaiah)
at a  location
dascribad as
Vishnupadagiri
(meaning “Vishnu-
faot-hlll"). The
monarch' s
conguests have

Fig 2 The oldesl Sanskrit also been
inscription in the Brahml script.

MWetlee that the first line is L} o E..L[; .'a ! lh\"f
sharter than the other five lines : ES?“_E il
and that the I|etters exhibit inscription. It musl

minimal corrosion damage. L neted thal threaes

directions are referred to in the inscription (i &, aasl, south
and west) and also Vishnu's name appears three limes in
the inscription, althaugh in different contexts. The theories
that have been proposed to identify Chandra have been
critically reviewed elsewhers®, Based on the nature of the
Brahmi characters, the inscription must be dated to between
400 and 450 AD, Theratore, tha iron pillar was constructed
during the rute of Ihe rmperial Guptas in ancient India (32040
SO0AD). The imporlanl imperal Gupla monarchs were
Chandragupla |, Samudragupla, Chandragupta |11,
Kurnaragupta | and Skandagupla.

In arder to ldentity Chandra, numismatic evidence would be
prasented. The inscription specifically mentions that the king's
name was Chandra and this is the most Important clue to
detarming his identity. There are several gold coln-types In
which Chandragupta Il Vikramaditya's shart name of Chandra
is inscribed, This line of argument has already been stated
by many commantators, but this argument alone is not
sulflicient. The additional crucial argument for the
unambiguous idenlificalion of Chandra from nomismatic
sources is presented below. The mast popular gald coin typa
which was issued by the Gupla manarcha fram lhe time of
Samudragupta was the archer type gold coin. In facl, the
archer coin type seems to have been the only issue of same
of the later Gupta monarchs, The obverse in these coins depict
the king with a bow and a short name of the issuing king
{Fig 3). The most interasting aspect about the archer coin
type is that tha king's shart name is inscribed In the obverse
field (i &, region of tha figura) with the full name and title of the
monarch provided in the circular legend. In the case of
Samudragupta’s archer coins, Samudra is found below his
left arm clear of the bow. In aif the diffarant types of archer gold
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coins of Chandragupta | Vikramaditya, the short name of the
king is inscribed as Chandra while the king's complete title

and name s
providad in the
circular legend.

Tharetara, it is
amply clear Lhal
Chandragupta |l
Vikramaditya was
called in short as
Chandra and this
i5 atleslsd firmly by
his most popular
coin-lypa. In the
archar coins of
Kumaragupla |, tha
king's name
provided in the
obversa fiald is
Kumara or Ku or
absenl in some,
but appearing as
Humaragupta in
the circular legend,

Fig 3 :

Archar-type gold coin of
Chandragupta Il Vikramadilya. In

the obverse, the short name
(Chandra} of the king s
provided below his leftl arm
while his full name appears in
the circular legend. Photograph
courtesy © Ellen M. Raven.

Kumaragupla's successor was Skandagupla, who also
imsued the archer coin-type in which his name appears in the
field as Skanda and his full name is provided in the legend in
the obverse. The dates of the Gupta monarchs atter
Skandagupta and their line of successian are not known with
certainty and, therefore, we shall not provide the dates,
However, the existence of the later Gupla manarchs and rivals
is provided from the archer coln types of the laler Guplas®,
One of the known rivals of Skandagupla by the name of
Purugupta issued archer lype coin with his name in the
obwverse field mentioned as Pury. The rebellious san of
Kumaragupta |, Ghatotkackagupta issued an archar type coin
with hHis name Ghato on the obverse fisld. Skandagupta was
succeeded by Marasimhbagupta | Baladitya with his short
name was pravided as Nara and then he was lolfowad by
Kurnaragupta | Kramaditya (with the shorl name Ko and the
legand Kramaditya (“progress-sun®) in the reversa, He was
succeded by Budhagupta Vikramaditya whose archer coin
type spells his name as Budha. Vainyagupla Ovadasaditya
sucteeded Budhagupta and his archer coins have hls name
Vafinlya. The lasl known imperial Gupta ruler was
Vishnugupla Chandraditya whose archer lype gald coins
provides his name as Vishnw in the obvarse fiald, Thereforg,
analysis of the archer coin type of the imperial Guptas provides
conclusive evidence that Chandra was the short name for
Chandragupta Il Vikramaditya®. Therelore, the age of the
pillar Is at least 1600 years.

Location of Vishnupadsgiri

The Delhiiron pillar i currently located in the courtyard of tha
Quwwal-ul-lalam mosgue In New Delhi. Howevar, this was
nat the original erection site of the pillar. The original location
of the pillar, Vistmupadagin, has been identified as modern
Udayagiri*®, in the close vicinity of Besnagar, Vidisha and
Sanchi. These towns are localed about 50 km east of Bhopal,
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in cenlral India. Literary, archagclogical, numismatic and
geographlc evidences lor the idemtification of modern
Udayagiri as anciant Wshnupadagii have been discussed in
detail elsewhere'. Il lhere was one location that
Chandragupts 1| Vikramaditya was personally assaciated with,
it must have boen Udayagin because it is here that we find
two databls inscriptions specifically mentioning Ghandragupta
I, and, moreover, 12 of the 20 cava temples at this location
are from his reign. The antiquity of pada {i e, foal) warship is
well established In the region near Udayagini as indicated by
several evidences® warship of Inseribed Vishnupads (laal ot
Vishnuy at a place called Charan Thirth situated at the
confluence of rivars Bes and Betwa, the presence at
Helindoraus pillar at Besnagar, worship of the tenth Jain
Thirthankara Sheetalnath's tootmarks in Cave 20 in Udayagiri
{daled by an inscription in this cave lo 423 Al and the
discavery of a Kushan-pariod brick with partial marking of a
fool al Udayagin. A later-day inscription from 1038 AD in cave
18 specifically idenlilies Chandragupta |l having buill the
lernples at Udayagir’®, In order to further emphasize Udayagiri's
positive identilicalion as Vishnupadagir, and hence the
original lacation of the iron pillar, Dass® provided several
evidences for iron-making tradition in the Udayagin-Vidistea-
Besnagar-Sanchi region {iron wedges from Sanchi and
Hellodorous pillars, iron slags from several sites near Vidisha,
remains of iron-making furnaces, names of nearby places
like Lohangi and Lohapura, slc),

The astronomical significance and imporance of Udayagiri,
i e, Vishnupadagii during the Gupla pericd, has also bean
established, far tha first time, from several archaeological
evidences by Dass®. The mast significant aspect of Lhe
lncation of Udayagin is thal il is situated at 23°31" latitude,
almost an the Tropic of Cancer, Thers are several evidences
lo show that Udayagiri was an important center for
astroncimical observations during the Gupta periad’. The
complete layoul of Udayagiriis pravided in Fig 4a. The genaral
obsensation of the ovarall hill site is that it is shaped like a

o
NARASIMHA SILA

BES RIVER

ANCIENT
AETROMICAL
OBSERYATCRY

GUFTA-PERIGD

SOUTH HILL SURYA TEMPLE

NORTH HILL
ANCIENT
ELEPHANT PATH

PASEAGE WAY

Fig 4a ; The layeut of Udayagiri hill.

fool. A saddle connects lhe norhem and sauthern hills. &
spacially cut passageway is localed at the place whers the
northern hill meets the saddle. The Gupta period
embellishmant, modification and construction at Udayaqiri
were concentrated around this passage (shown halchad in
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Fig, 4a). Tha passage is very impartant hacausa it is tha only
path leading Lo the wesl of the hill and itis lhe main approach
to the temple on the noherm hilllop and remains en-route to
it. The discovery of an ancient elephant path {see Fig 4a)
further reinforces the importance of the passageway. Most of
the cave temples are located around the passageway, Thea
locations af the cave lemples around the passage are
provided in Fig 4b, which is the detailed map of the hatched

To saddle and anoicnt
elephant path

HH »

VARAHA PANEL &
PROPOSED IROM PILLAR LOCATION

10m

Fig 4b : The layout of the important caves around
the passageway.

region in Fig 4a. All the carvings and the caves are cut into tha
soulh wall-aof this passage and alsa an lhe eas) face abulling
it (Fig 4l2). In this figure, the cave temples have been numbered
within circles as per the existing classification systerm and
tha mast impartanl ones arg he
VYaraha panel in cave 5 and
Anantasayin Vishnu panel in cave 13,
The astronomical aspecls of Lhe
iconography of images that appear at
Udayagiri have besn addressed and
analysed in detail elsewhera’.

As  the  Udayagirl site was
astronomically significant, the iron
pillar must have been located at a
calculated position with respect to the
impartant caves. |1 has been shown
elsewhere® that the decorative bell
capital of tha Celhi iron pillar was
ariginally lopped with a chafira image
(Fig 5). The iron pillar, therefore, alluded
to the weapons of Vishnu, namaly the
gada (i e, mace) and chakra {i &,
discus), The main body of the pillar
symbalically raprazsantad gada while
the chakia emblem, the discus. This
is also in tune with the Iron pillar
Fig s : Reconstruction INSCriptian that the pillar was meant to
of Dedhilron Fillareopital D€ the  standard  of  Vishnu
with the Chakralmage (Ufshnuﬂm’hf'dhvajah}, IanrBstingI}r, thie
alop the capital. image of the Delhi iren pillar capital's
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box pedestal along with the ehakra image s dapicted in one
of the Vishnu panels in cave & at Udayagiri itsell {Fig &) and
this is the most forceful-argument for the chakra image atop
the Delhl fran pillar capital. The circular disc is also in tune
with the cut that is seen on the top surface of the capltal and
thiz will be addrassed later,

I'he astronomical aspact of
the jron pillar's erection site
needs to be addressed in
detall. Based on the
hierarchy of Inscriptions at
Udayagiri, it was concluded
that the pillar was locatled
in front of cave 7 in front of
the passage’”. The original
location of the pillar has
bren teniatively marked
with a dot in Flg. 4b. The
pillar must have been
prignted such thal he
Sanskrit inscription faced
aasl bacausa this s the
antrance direction to the
complex in Udayagiri. If the
iren pillar was locatad in
front of cave 7, then several

Fig 6 : High magnification
view af the chakra of
Vishnru of rcave & al
Udayagiri. Phaotograph
courtasy : Ellen M. Raven.

facts regarding the shadow of the pillar during early morning
sunlighl on significant astranomical perieds in the year can
be deduced based on detailed solar ocbsarvations at
Udayagir®, The summer solstice is significant because the
sun rises in dirgcl alignment wilth the passageway’.
Therefare, the eatly marning iron pillar shadow fall on tha
AnantasayinVishnu panel in cave 13 only In the time preceding
and following the summer solstice. The significance of the
solstice and its turther relevance to the Udayagin sila hava
been elaborated elsewhere”. Therefare, the positioning of
the iran pillar additionally served Lo highlight the astronomical
intelligence, knowledge and advancements pravalant during
Chandragupta I Vikramaditya's time.

Later History

The Dalhi iron pillar was re-located fo ils current location in
Mew Delhl in the courtyard of the Quwwat-ul-lslam mosguea
(near the Qulub Minar arcund 1233 AD by lltutmish® The
history of movemant of tha iron pillar from s ariginal erection
slte at Udayagir to its current location has been discussad in
detail elsewhere.

ENGINEERING DESIGN OF THE PILLAR

The current burlal level of the pillar was not the eriginal burial
level of the pillar when it was erected at Udayagiri. Hammer-
marked cavities that are still visibla on the surface of the pillar
in the reugh region just below the smaath surface-finish ragion
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{Fig 7). The rough
portion of the pillarwas
“orginally buried in lbe
ground and later lail
exposed outside when
the iron pillar was
displaced from s
priginal position. The
stone plattorm arcund
the basze ol the iron
pillar was constructed
in the last century by
Deglar®, Sketches™ and
pHrlier published
photographs of the
pillar taken before"™
ifar example,
Fig 8") attest to this. A
crilical analysis of lhe
dimensions ol the
main body of the pilar

Fig 7 : Baottom regien of the lren
Piliar. The rough perlion Wwas
arlginally buried in the ground.

provides canclusive
gvidence for the
original burial lsvel of
the pillar and also an
appracialion of the
pillar's symmetrical
design®. If the start
of the. smoath
surface saclion is
taken as he original
burial level, the
relative dimensions
cf the plllar are a3
provided in Fig 8. The
raugh surface
occupies one-fourth
(gol)  and the
smooth  surface
three-fourths (180U}
ol the pillar's main
baody length,
excluding the
decarative top. The
burial of tha pillar

Fig 8 ; Ona of the oldest published

pholegraphs of the Delhi Iron
Plilar’. Motice the absence of the
body to one-fourtn of - stone  platiorm around the base of
its height wouid the pillar.

have provided the necessary stability o the structure, The
decorative bell capital' is again a symmetrical object and ils
relative dimensions are providad in Fig 10, The chakra image
atop the capital would hava been approximately 20U in length
thereby providing the total length of the decorative top as G0LL
The langth of the decaralive capital (60U) wauld now be exacily
cne-fourth of the tolal pillar height exposed above the ground
level (240U). Theralorg, itis reasonable ta slale that the dapth
of burial helow ground level was equal Lo the height of the
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decorative capital, indicative of the engineering design of the
pifiar, The unit is equal to 1 inch (1 angeiam).

— 8 —>

Bmoath Surface

TH

Rough Surface

Ry

e
b

Fig 9 : Aelative dimensions of the Delhi lron Pillac. The
unit U measures 1% and is equal to 1 angulam.

Original Burial Level

Current Eurlal Lewal

|"l— o240

o

IRON OF THE DELHI PILLAR

The underlying melal of the Dalhi iren pillar would be
discussed bricfly in order lo clucidate ils characteristic
faatures. Incidentally, these faalures arc also characteristic
ol ancient Indian irans.

Composition

Several analyses of the Delhi pillar iran's campaosition are
available cver sinca Lhe first analysis was publishad by
Hadfield! in 1912, The published chemical analyses' =" of
the Dalhi pillar iron are presented in Table 1 fram which the
variation In the iro's composition can be noted. Hadfield
stressad thal the composition of ran, in his analysis, was
determined by analysis and not by the difference, A sample of
Delli pillar iron was alsa subjected to microprabe analysis in
arder to determina the composition of the elements M, Gr,
Oy and M in the near surtace redions and it was found that
the camposition of Gu (0.05%]), NI (0.05%:), Mn {0.07%) and
Cr (Nil}y was unifarm through saveral millimetres into the
sample from tha surface™. Wranglen® utilised the available
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Fe

Olhers
Specific
granity

0. 720
0,248
781

frace  0.008
02807 0.436-0.48
il il

0.0085

Lxin

TGTE-T.FAT

7.8

* 0100 Axed and 0180 sohd solution B

compasitions (excluding that of Lal'™ and estimated the
averdge composition of the Dalhi pillar iron as 0.15%0C,

0.25%F, 0.0058% 5, 0.05%:5i, 0.02% N, 0.05%: Mn, 0.03% Cu,

Fig 10 :

16u=8

fe—— 12u——p|

fet— Bu—3
20 e E...:_ _:..E =l
[-:q—awu—p:.-[
@l6u
i @12u
o 1hu

Relative dimensions of

capital of tha Delhl Iran Plllar.
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the decorative bell

0.05% MNi and balance Fe. The high P content of the Dalhi

pillar iron must be noted,

Microstructure

Some imparlant aspects of the undarlying microstruciure of
the Cethi pillar iron would be initially discussed as these
have a bearing on Its corrasion behaviour. The intimate
relalinnship betwaen structure and propartias s well

c. = 023
Mn = NIL

S = TRACE
P = 0180
Si = 00866
Ny = 0.0065

SAMPLES

Fig 11

Microstructure of the
Delhi lran Pillar {aftar Ghosh™).

established in
materials
engineering.
The Delhi pillar
iron posscsses
a non-uniform
g erilaig] an
slructure!&l8
(Fig 11}). In the
un-egltched
condition, the
SpeEcimeaens
showed slag
inclusions
irregularly
distributed in the
microstructure.,
The elched
speclmens
revenled

medium to
coarse
polyhedral

grains of ferrite
with slip bands
in some grains
near the surfaca,
The  surface
regions  weare

free from
pearlite which
seemed to

increase
lowards the
interior'™. Many
slip bands were
geen in  tha
surface ferrite
grains

Elongated slag
parlicles and
oxide parlicles
wara also seen
in the deformed
structure
in the near
surface regions.
Lahiri &t alt
also conducted

metallographic examination of the Delhi pillar iron and the
irregular distribution of pearlite was also noted, The absenca
of a uniform distribution of pearlita is indicative of sagregalion
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of P hecause, in such areas of P segregation, C diffuses aut
and the material becomes poarar in G content. The inlerior
portions were comparatively rich in C™ 6 Therefere, a wide
variation in struclure is exhibited by the Delhi pillar iron and
thiz is & characterlstic featurs of ancient Indian iron. The non-
uniform structure could be the reasan for the difference in the
chemical analyses of the Delhi pillar fran's composition as
determined hy several investigaiors (Table 1).

The Delni plllar iron was characterized by & relatively high
propartion af slag inclusions and the microstructura near the
slags showed wide varialions (including narmalised and
anncaled structures)'s, Moreaver, microstructures containing
07% lo 0.2% C were prasent next to the slag particles, in
addition ta carbon-free grains. As a result of slag particles in
tha structure, the specitic gravity of Delhi pillar iron is lower
than that for tha purest form of Fe (Table 1}, Note also thal the
spacific gravity is not unifarm which [s indicative of the non-
uniform distributian of the slag parficles in the microstructure.
The nan-uniform nature of tha slag particles in the Delhi pillar
iron can be claarly seen in the microstructures provided by
Ghosh's, and Bardget and Stanners'®, The slag present irn
lhe Delhl fran Pillar is generally microscopic in nature with a
fawr of them in larger sizes. In several locations, the slag coats
the grain boundaries and this occurs whenever tha grairn
houndaries are located naar the entrapped slag inclusions
(Fig 12). Slag
resulls in the
microstructure
dug to  the
processing
method
employad 1o
ahtain iron. Tron
was praduced in
anciant India by
solid stata
reduction of high
quality Iron ore
using chargoal’, Onca the reduction was complete, the Iron
lumps produced were hammered in arder to rerove part of
tha liquid slag formed during the extraction process
{Fig 13). Somae of the slag invariably ramained in the bulk of
the material and this is the origin of the entrapped slag
inclusions, Moreover, ancient Indian iron also shows the

R

an T SOWEERET R
B A

Fig 12 :
Dalhl lren Pillar™

Mlcrostruclure of the

fran ars Charcoal
£k

Blonm M‘ - e Pancake
— R > EE Y
Fumaor Romuval ol entropped
Tequid slags
Handling

Fancake

— ZZZ2
itiaiin

Ruheating

Furnnan
Horizontal forge welding

Fig 13 : Iron extraction In ancient bloomery furnaces.
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presence of a small amount of unreduced iron azides,
Generally, silica iImpuntias in the ore combined with unraeduced
iron oxide resull in the slag fayalite Fe,SiO,, The ancienl Indian
ironmakers specifically selected silica-containing ores
because of the need to maintain liguid fayaltic slags al the
relatively low operating temperatures (1100°C 1o 1300°C) in
ihe anclent bloamery furnaces®. Microstructural invesligations
on iron praduced during the Gupta period showed that fayalite
and Iron oxides were present in the entrapped slag inclusions
in iron®2. Some of lhe iron oxides also contained carbion,
presumably due to charcoal used in iron extraction®®, The
prasence of carbon in lhese unreducad oxides would render
these oxides calhodic in nature wilh respect ta the surraunding
madrix.

It musi be also noticed that the slag particles in the Delhi
pillar iron are in fine microscopic farm distributed unevenly in
the micrastructure. Had the slag enclosed the individual iran
lurnps that were farge welded (in order ta produce the |aroge
dimension of the pillar), it would have resulted in poor Solid
state fusion of the iron lumps. The pillar is & solid body™ with
good machanical strength {yiald strength Y3 of 23.5 lons per
s in, Ultimate tensile strength UTS of 23.9 lons per &g in and
55 elongatian ®). The relatively high strength and the similarity
of ¥S and UTS ara indicative of the composite structure af the
DIF iron, In facl, a cannon ball fired at the Delni pillar iron in
the 18th century (either by Nadir Shah in 1739 AD or Ghulam
Quadir in 1787 failed to break lhe pillar also sungesting that
slag does not coat the individual lumps that were forge walded.

A very interesting featurs concerning the prasence of slag
particles in ancient Indian iron is that they can be surrounded
by a refatively higher fraction of pearlite compared to regions
far removed from the slags. This is particularly the case when
the anmient Indian phosphoric irons also contain carbon. This
i« observed in tha microstructures of Delhi pillar fron™ and
Eran iron®™. An example of the same is provided In
Fig 14. The paarfite volume fraction is relatively greatar near
the slag
particles. The
presence of a
larger amount
of pearlite near
the slayg
inciusions s
indicativa of P
deplation in
lhese regions,
Chemical
analysis of the
F content in
Delhi pillar iron
has revealed
that the major

Fig 14 : Microstructure of the partion of P
Dhar ren Pillar. Molice the content rnllhe
signliicant pearlita volume Delht  pillar
fraction near the entrappad slag iron is in solid
particle. solution while

a smaller
amount occurs in the slags. Oul of 0.28% P in the material,
0.10% P was in tha fixed state (i 8, in slags) with the rest
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Leing in solid salution in the metal®. The presence of P was
also confirmed, by electran microprobe analysis, in the
entrapped slags of the Gupta pariod iron®#, In the near vicinity
of slag inclusions, the ragions are depleted in P and these
are the reglons whera C will concentrate. Therefore, this s
the reason tor the presence of a larger fraction of pearfite
naar the slag-melal interfaces. The prosence of peariite near
the slag inclusions has an important implication as regards
understanding potential cathodie sites in ancient Indian iron
(i &, slag regions would act as cathodic reaction sites due lo
the large volume fraction ol cementita present al lhese
loealions).

Origin for P in Metal

[t will be shown latar thal the presence of P is crucial to the
corrosion resistance of Delhi iron pillar. As the Deihi pillar
iron conlamns & larger amount of P than modern-day iron
producad in the blast furnaces), the reason for the high P
contanls in the iron is briefly addressed. Interestingly, in nearly
all published ancient Indian iron compositions, a ralatively
large percentage of P (compared to madern irons) can be
noted (Table 1), Modern steels cannot tolerale such high P
content as they would be susceptible to cracking during the
process of cold warking due 1o segregalion of P at the grain
boundaries (the phenamenon being termed cold sherness),
While it was earlier believed that [ in ancient steels comes

fram slag inclusions™, recent developments in slag chemistry
help in underslanding the probable reason. The relativaly
highar P cantent in ancient iron s related to the kind of slag
that was created in the extraction process by solid slate
reduction. Lime was not added in the ancient Indian furnaces,
unlike in today's blast furmaces and, therefore, the slag that
formad in these ancient Indian furnaces were essentially
fayalitic slags (| e, consisting of iron orhosilicales Fe,Si0,).
This is also cotroborated by available compositions of anclent
iran-rmaking stags from archaeological excavation sites™. The
slags do nat contain lime". The removal of P from the matal
into the slag is facilitated by the basic components (for
example, FeC and Ca0) in tha slag. The efficiency of removal
of P fram metal is much higher for Cal compared to Fel in
the slag. These facls are well established in slag chamistry®.
Therelore, the absence of CaQ in the slags |leads 1o a lower
efficiency for remaval of P from tha malal, which invardably
resulted in higher P contants in ancient Indlan frons.
Thermadynamic analysis of P removal from fron in ihe
ahsence of CaQ in the slag also provides the same answer™,
As the entrapped slag seen in tha ancienl Indian iron s
generally fayalitic without any Ca0, thermodynamics dictates
that a higher amaunt of P should remain In solid solutian in
Fa. This must be ane of the reasons far the prasence of higher
7 in ancient Indian iron.

(T ke continued In the nexf issug)

J. Mayo, 2003 MRS President.

consular officers should watch for

could claim the same.

“pMeterials Science is a very, very dangerous profession”, says Merrilea

It is hard to think of myself as a clanger to anyone. But, post-9/11, technical knowledge is
considered a dangerous thing by many U.5. citizens, The Technical Alert List, which is used by
consular offices o screen visa applicants, includes the following "critical fields of study™ that

w Advanced metals and alloys, s Nanocompaosite ceramic materials, s Ceramic, cermel,
organic and caroon materials, s Polymeric matenials, Synthetic fluids, s Hot isostatic pressing,
e Densification, i Intermetallic compounds/alloys, e Crganometals, we Liguid and solid
Woricants, e Magnetic metals, s Chernical absorption, s Quantum wells, Resonant tunneling,
g Superconductivity, s Advanced optoelectronics, e Aerospace thermal (such as

superalloys) and high-performance structures, Spray or drum-drying technclogy, s Milling
equipment or technology intended for the production of micren-sized particles,

According to this list, | am either a national treasure or a national threat because | knowy at least
a little bit about each of these areas. Probakaly any member of the Materials Research Society

(Courtesi Braf G & Uoadhaya, T Kanpuarl
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Delhi lron Pillar

{Continuad from April 2004 jssue}

MANUFACTURING METHODOLOGY

Tha manufacturing methodology of the main body af the pillar
will be addressed initially*? and later the dacorative boll capilal's
design™ would be explained, The section finally deals with
the connection of the decorative bell capital to the main body.
It should be neted that the starting material is, of course, iron
lump and. the mathod used to fuse the lumps together was
forge welding. The individual iron lumps obtained from the
metal extraclion process had to be joined in order to producea
large objects. This was accomplished by forge welding. Forge
wielding is an oparation in which iron lumps are Joined togethar
by forging them in the hot state such that fusion is obtained
between them. This pracess initially involves heating of the
lumps to a relatively high tempsrature in a bed of charcoal in
arder 1o make tham soft and amenable for deformation. One
iren lump is then placed on lop of another and force is appliad
in order to weld them in the solid state. As tha faroe s dynamic
is nature, it is called forge welding.

Main Body

The likely mathad by which the Delhi iron pillar could have
besn manutactured is briefly described to provide an overview
of the process. This is based on the critical analysis of the
various aspects concerning the manufacturing methodology
like hammering method, heating mathod, farging method,
usa of inserts, use of dies and ease of handling™. The heatod
iron lumps wera placed on the side surface of the pillar and
hammered on to the same by the use of hand-held hammers
{Figure 15). Tha addition of metal would have been sideways

Fig 15 : Horizontal forge welding technigque for manulacturing
the pillar's main body
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A. Balasubramaniam

with the pillar in the horizontal direction. The pillar's vertical
and horizontal movements would have been aided by handling
clamps provided on the surface of the pillar, the protruding
partion of which must have been chisslad away during the
surface finishing operations. Visual proof for the presence of
these clamps is available at two locations an the gillar. The
first location is the previously-polished surface whara the
presence of
a rectangular
insart 15 seen
{Figure 18). The
region where the
insert is located
was praviously
brightly paolished
due to visitors
clasping  their
hands around the
pillar, before the
eanstruction of the
iron cege araund
the pillar recently.
A close-up view of

Fig 16 : Evidence for a rectangular
inserl {arrowed) In the previousl
brightly palished region of the pillar,
cloge-up view of the same, when the
reglon appeared brighily polished, has

been provided in Figure 8 in

Balasubramaniam®. 4 the sama, when
the roegion

appeared brightly polished, is provided

in Figure B . in
Balasubramaniam®, Thig
insert {originally containing
the holding clamp) appears
to have bean inserted onto
the surace of the pillar and
this i= indicated by tha
prasence of cracks
amanating from the insert
periphery  anto  the
surrounding lumps of Iron.
The second location where
a handling clamp could
hava hbeen present is
siluated approximataly
about one fourth of the
helght from the top of the
main body af the pillar.
There iz a horizontal
rectangular object currently
misaing from the surface at
thiz location (Figure 17).
Close observation of this
reglan reveals that this
rectangular slotis exactly of

Fig 17

Missing clamp
located et a vertical distance
af about B feet abave the
ingert seen in Figure 16

the same dimansions as that of the rectangular insert (i g, the
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ramnant of the handling elamp) seen in the bright polished
ragion, Moreover, ' prelrs exacthy in line with the bottam ingelt
(e, it iz aligned with respect 1o the bottom rectangular insert).
The location of these inserts with respect tao the pillar body
dimensions should also be appreciated. The location of the
top missing inscrt appears at a distance of approximately
60" trom the top of the pillar rrain body (i &, exchuding the
decorative capital). The rectangular insert sean in the bright
polished region appears at a distance of 150" from the 0p of
tha pillar main body and, sharetare, 90" from the baltom of the
pillar, The distance balween these two Inserls is 90", These
dimensions should be camparcd to the overall dimensions
of the pillar which has been analyzed In datail earlier. The
body would have becn rotated with the aid of rotaling pegs
inserted in the holes provided an the surface for this purpose.
Thess holding supports would have aidad heating the surface
to be forged and then fringing this heated surlace on top af
an anvil. The anvil would have served additionally as a die.
The hot lump 1o be forgad is placed on Lop of this side section
and then lorged with Lhe ald of hand-held hammers. Once a
certain length of the pillar was manutaclured,
the pillar must have become more tedious and, thersfore, Lo
aid this procass, handling clamps must have bean provided
on the surlace of the pillar at regular intervals. The protruding
portion of the inserl was protably chiseled off leaving behind
the remnant of the insart in the form of a rectangular block an
the surface of the material, Finally, the surface of the pillar
{that was supposed to be exposed) must have hean
srmaathened by chiseling and burnishing the surface of the
pillar and, thareby, providing it & smouoth taparad cylindrical
appearance, Finally, the Sanskril inscriptions were inscribed
onta the surfane of the piltar. Cold dies must have been used
for inscribing the writings on the melal surfaca, possibly after
local heating before inscribing. The decorative bell capital
must have been finally fited onto the top portion of the Delhi
iron pillar and than the whala pillar erected at Udayagiri.

Decorative Bell Capital

The decorative bell capital of the Delhi iron pillar has been
described in great detail by Balasubramaniam'™, The
main features of the capital will be summarized. The

. decorative bell
capital consists of
geven distinet parts
(Figures 18a & b}.
The hottom-most
part is the readad
bell structure
which has been
manufactured by
utilizing iron rods of
uniform  diamater
the Delhi lron pillar @ (&} (Figure 19}. Alop this
and (b} top comas the slanted
vod structure {Figure 20). Notice the presance of a black filling
in between the joints. Thare are sevaral evidences al the joinis
betwasn these two members ta indicate thal lead solders
were utillzed for joining the pieces together®™#, The next three
members are roundad structures, with the tap one being only

‘Fig 18 : Decorative bell capital of

pltam
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the handling af

half rounded (Figure 21) because

T

Fig 19 : Detalla of the bottom
region of lhe reeded-bell
component of the decorative
capital

different animal figures, depandin

Fig 20 : Detalls of the slanted
rod structure above Lhe
recded-bell structure. Naotica
tha presenca of & “black
filling in between the joints.

.r-

Fig 21 ; Half-rounded cnmpnﬁent
of tha decorative bell capital

The ecylinder would also have
halped handing of the pillar and
also for joiming the capital with
the main body by the aid of
inserts. 1t is interesting lo note
the cross marking in Figure 19.

Another such marking Is
geen in the halt roundad
disc. These markings
could be related to tha
alignment  of the
individual components,
allhough they are nol
strictly aligned with each
gther in the overall
context of the decorativa
bell capital.

g 23

when the pillar is viewed
from the battom, this part
would appear curved
when viewed in
perspective from the
bottam, A round disc
comes above this and
finally the box pedestal is
placed on tha lop of tha
capital (Figure 22). The
box capital contains holes
that are empty at the four
corners™ and these could
have hean originally
utilized for holding
g upon the season of the
yeart, The top of the pillar
prasantly contains a
hollow slot (Figure 23) in
which the chakra Imaga
must have beean originally
filted. The fitting
methodology of the
yarious components is
ilustratad in Figure 24,
where the individual
gomponents are shown
shiunk fit around a hollow
cylinder. Evidence for this
kind of fiting methad has
been presented sarlisr'.

T

Fig 22 : Top box pedestal
of the capital

Fi : The top of tha pillar
Frescn‘tl',r contains a hollow slot
n which an image of Chakra must
haye been originally present”.
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CORROSION RESISTANCE

Review of Corrosion Resistance Theories

Savaral theories that have been proposed to explain the
pillar's superior corrosion resislance can be broadly classified
into fwo categories: the environmental and material thearies.

Thess theories have baen
iy critically reviewed by
Balasubramaniam?®9,

Hallow The proponents at tha
Cylindar i

anvironment theory state

i that the mild climate of

A Delhi is responsible for the

Inset carresion resistance of the

Celhi iron pillar as he
relative humidity at Delhi
does not excesd 70% for
significant pericds of me
in the yaar, which, therefore,
results in very mild
corasion of the pillar, It is
known that atmospheric
rusting of iron is not
significant for humidity
levels less than 70%.
Interestingly, the dala
provided an the
atmospheric conditions at
Delhi by Wranglen® wara
callactad over a perlod of
20 years between 1930
and 1960, On tha other
hand, several investigators
have  stressed  the
imporance of the material
of construction as the
primary eause for its corrosion resistance. The ideas
proposed in this regard are tha ralatively pure composition of
tha iron used, presence of phosphorus and absence of Sin
in the Iron, its slag enveloped metal grain struclure, passivily
enhancement in the presence of slag parficles and formation
of phosphata film, Other theories to explain the corrosion
resistance are also 1o be found in tha itaratura lika the mass
metal effect, initial exposure to an alkaling and ammoniacal
envircnment, residual stresses resulting from the surface
finishing {hammering] operation, freedom from sulphur
contamination bolh in he metal and in the air, presence of
layers of cinder In the metal thereby not allowing corrosion Lo
proceed beyond Lhe layver (cinder theory) and surace coatings
provided to the pillar after manufacture (treating the surface
wilh sleam and slag coating) and during use (coating with
clarified butter). That the material of construction may ba the
impaortant factor in determining the corrosion resistance of
ancient Indian iron iz allesled by lthe prasence of anciant
massive iron objects located in areas where the relative
humidity is high for significant periods in the year (far example,
tha iron baams In the Surya temple at Konarak in coastal
Orissa and the fron pillar at Mookambika temple at Kollur
situatad in the Kedachadr Hills on the westemn coast). It is,
therefore, cbvious that thae ancient Indians, especially from

Fig 24

Shrink
methadology of the Delhi iron
pillar decorative capltal round a
hollow cylinder, Notice that the

fitting

decarative bell capital is
allached io the plllar's maln
body by means of an inserl.
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the lime of the Guptas (300-500AD), produced ron that was
capable of withstanding corrosion. This is primarily due to
the high P conlent of tha iron produced during ancient times.

Beneficial Role of Slag Particles in the Passivation Process

The method of extraction af iron lumps used In constructing
the Delhi iron plllar resulted in the presence of fine slag
particles and unreduced ora in the microstructure of the fron.
The presence of these second phase particles in the
microstructure would resull in the creation of mini-galvanic
corrosion cells when the iron Is exposed to the environment.
The metal In the matrix {which is almost pure iron™) would act
as the anode and the second phase particles (slag and
unreduced iron oxides) as sites for cathodic reactions. This
is reasonahble as the unreduced iron oxides contain carbon
and the slag particles are surrounded by a large volume
fraction of cementita, Initially, the cathodic reactions (that occur
on thess cathodic reduction aites) provide the sink for the
glectrons liberated by the corrasion of the metal to its ions.
The slag particles would, therelore, aceelarate corrosion on
exposure to the envirenment. Relatively high corrosion rates
were observed experimentally in the inilial exposure perind of
Eran iron compared to mild steel of similar © content®?,
Therefore, it Is anticipated that the lwo-phase structure of the
Delhi pillar iron should corrode at a faster rate as compared
ta iron of similar composition, as the Delhi pillar iron is
essentially a composite. structure,

In erder to explain the anomaly of the compasite structure of
Delhi pillar iren exhibiting excellent corrosion resistance, the
oxidation and reduction processes occurring on the Dalhi
pillar iran were analysed using the mixed potential theony2e2,
The analysis is brigfly summarised by considering the Evan's
diagram prasanted in Figure 25. The anodic polarisation
behaviour of iron has been shown to exhibit active-passive
behaviour as it Is well known that rust layar(s) torm an
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Flg 25 : Mixed potential theary analysis for passivity Induclion
in the presence of slag inclusions in the Delhi pillar iren

atmaospheric corrosion of iron. Mareover, lhe pillar iron contains
a ralatively largar weight fraction of P (average composition
0.25%) which will aid In inducing passivity in iron®. The
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tormation of insoluble phosphates is thermodynamically
lavoured, even for P contents as low as 0.24%F
Potentiodynamic polarisation studies conducted on
phosphated steels reveal that the critical current densily for
the formation of the phosphata layar can be higher by more
than three arders of magnitude as compared Lo that for steel
without P, Therelore, itis valid to indicate that the Delhi pillar
iron will exhibit active-passive behaviaur on anodic
polarisation. It is important to stress that the exact nature of
the passive film need not be known far this theoratical analysis
and only the formation of a passive film is raguired whils
considering the mixed potential analysis.

In casa the Delhi pillar ircn did not contain slag particles, the
cathodic activalion polarisation line would have intersected
the anodic polarisation curve In the active region. This is
reasonable as relatively large currents are nasdad to induce
passivity in iron containing P, as the critical current density for
passivation is ralativaly large in iron containing P%, However,
in the presence of slag particles, 1he sxchange current of the
cathodic reactian(s) would be higher than in the case when
there were no slag particles and the cathodic activation
polarisation line would shift to the right as shown In Figure 25,
Motice that current Is depicted in the X-axis and nol currernl
density because this representation is useful in elucidaling
the effect of second phase particles in inducing passivity on
the Dalhi pillar ron. A similar representation is alse employed
in Evan's diagrams o understand area effects in galvanic
corrosion using the mixed potential analysis. Therefore, in
the presence of second phase particles, the higher current
demand of the cathodic reaction{s) will need a higher corrasion
current and, in the process, the crilical current density for
farmation of tha passive film should be allained. Cnce this is
achiaved, tha passive film covers the surface and the corrasion
rate i3 reduced o low rates, Therefore, the presence of slag
particles may be indirectly bencficial in the case of the Delhi
pillar iron as it helps in the induction of passivity on tha surtaca,
The above mixed potantial analysis was experimentally
validatad hy potentiodynamic polarisation sludies using
ancient Indian iron of different slag contents®®, The mixed
potential theory analysis establishes that passivity can also
be induced on the Delhi pillar iron dug to the presence of
second phase paricles in the microstructure, The carrosion
resistance of the Delhi iron pillar, therefore, has theoratical
support,

Although the above discussion clearly eslablishes that the
sgcond phase parlicles in the Delhi pillar fron may be
beneficial in inducing passivity, it should be borne in mind that
alternate wetting and drying conditions are implied while
considering atmospheric corrosion, As shall be presented
later, this is a very important fastor In formation of the protactiva
film at the metal-metaloxide Interface, In case iron with such
second phase paricles (slags and oxides) is exposed lo A
more sevare environment, for example, complele immersion
i acidic or alkaling solution, rapid localised attack occurs at
lhe second phase-matrix interfaces, and the material corrodes
at a much faster rate than normal mild stesl. This has also
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been experimentally validated for ancient Indian iran by
constant immersion corrosion testing and microstroctural
gxamination using # scanning eleclran microscope®™™, In
the case of Delbi pillar iron, the importance of alternate wetting
and drying conditions for its corrosion resistance can be
gleaned by analysing the avallable corrosion rate data.

A kinetle maodel far the growth of the (protective and non-
protactiva} rust on the Delhi iron pillar has been recently
praposed®, bazed on the known nature and structure of the
rust an Delhiiron pillar and other corrgsion resistant ancient
Indian irons. The initial fast rate of corrosion is aided by the
entrapped slag inclusions and this leads to enrichment of P
at the metal-scale Interface. The presence of P at the matal-
seale Interface promotes protective film farmation processes
(catalytic formation of &-FeQOH and phosphates). Once the
protective passive film forms on the surface at the metal-
scale interface, the corrosion rate reduces drastically
(Figure 26). Growth rates have been roughly estimated for
thesa two regions based on availabla Delhi iron pillar rust
thickness measurements™
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Filg 26 : Proposed kinetics of proleclive passive film growth
on the Delhi iron pillar

Delhi lron Pillar Rust Characterization

Rust samples wera characterised by XHD, Fourigr Trans(om
Infrared (FTIR) spectrascopy and Massbauer spactroscopy™,
The salient results of the characterisation studies are
summarised below. 11 musl again be emphasised that the
rust samples were obtained from the region just below the
decorative bell capital and, therefore, this must be the oldest
rust on the pillar a5 the area from where the rust was collected
i inaccessible to the public.

The significant rasult of the XAD analysis of the DIF rust was
the identification of iron hydrogen phosphala hydrate in the
crystalline form (Flgure 27). The FTIR spectroscopic study of
the DIP rust clearly established that, in addition to iron
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Fig 27 : X-ray diffraction pattern of the Delhi iron pillar rust
showing the intensities in the region 20 = 10° to A0~

hydrogen phosphate hydrate, the scale also consisted of
1-FeQOH (lepidocrocite), o-FeQOH {goethite), &-FeQOH

{misawite), magnatite and phosphates (Figure 28). The
hydrated nature of these products was also indicated. It was
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Fig 29 . Mdssbauer specirum obiained from the sacond Delhi
iron pillar rust sample

and Méssbauer speclroscopy proved the presence of
magnatite and several oxyhydroxides in the amorphous faorm,
Results of rust characterization of the 950-yaar-old Dhar iron
pllar are also available.

In order to understarud the prasence of the identifled corrosion
products in tha Delhi iron pillar rust, the stabilities of these
campaunds were compared. The free energy of formation of
the axides and oxyhydroxides of iron, iron phosphate and
phospharic acid are provided in Table 2%, Among the
compounds listed in the table, the phosphatas are very stable
based on their relalively largs nagative values of free energy
of formation. This has also been verified by noting in the temary
phasa diagram of the Fe-P-O phase diagram that tha
tormation of phosphate is favorable even when only 0.24% P
is present.

g0l UI ' | | | | | Table 2 : Free Energy of Formation of Gompounds at 298K
I p i s o = ! e
aal = ! St o v-Fe,0, hamatite
il A6OT 3000 e ETT R} B E30 E E
Wavenumbers {em-1) 8, 450 Wilstite
; : ; FeQ stoichiometric
Fig 28 : Fourier transform Infrarad (FTIR} spectrum from the ~ -
Delhl iron pillar rust Fe 0, magnetite -1014.2
s i H 490,
also seen in tha XRD pattern that there was a very small |- L) gm?thite . 490.4
amount of iron oxidefoxyhydroxides present In the crystalline | 1-F8C2H lepidacrocite -471.4
form. The Identification of the oxidefoxyhydroxides of iron by 5-FeDOH misawite -
FTIR clearly established that they are present in the FePQ,.2H,0 . strongite <1657.5
j.!!murphuus form. T}:'Ie FTIR study also ;.‘Inrn*-'lded that phosphate H,PO, (aquaous) 11458
ions were present in the rust, confirming the results of XRD, alling) 1-119 2
The Méssbauer spectroscopic study of the Delhi iron pillar {l:lrys Sing -1119.
rust samples proved conclusively that the oxyhydroxides and {liquid) - 1111.7

magnetite were present in the amorphous form, and also
that iron in the phosphate was in the +3 oxidation state
(Figure 29). In summary, while XRD analysis proved the
existence of erystalling iron hydrogen phosphate hydrate, FTIR
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Process of Protective Rust Formation

The process of prolective film formation on the exposed
surface of the Oelhi iron pillar can be oullined, bazed on the

[2]
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detailed characterization of Delhi iron gillar rust, it must be
rememberad lhal alternate wetting and drying conditions are
implicit in the following discussian an almospheric corrasion.

Initially, the cormosion of the matrix is relatively fast due o the
presence of second phase parlicles in the microstructure
I'he ususl corrosion products that are chearved in the case of
mild steels (exposed lo almosphere containing no chloride
ions) are generated. 1t is well known Lhal the corrosion
products that form on fron on atmospheric exposure are
g-FeOOH (goathite), v-FeQOH (lepidocrocite), Fe, O,
{rmagnetite) and X-ray amerphous matter™ . |n case of
exposure in marine envirenmenls {i e, where chloride ions
are present). the farmation of B-FeQOH (akaganeite) is
favoured. In tha case of Delhi pillar iron, the formation of
lspidocrocite and gosthite was confirmed by XRD analysis of
1.5 year ald rust from the Delhi iron pillar surface by Lahiri et
al™, 1t is also likely that the sample analysed by them could
have contained amorphous & -Fa00OH as the formation of
lhis phase during the initial corrasion of iron has been shown
by Misawa and co-workers™> utilising F TIR spectroscopy.

The Initial enhanced corrosion of the matrix leads o the
enrichment of P concentration at the metal-scale interface. In
the presence of P at the interface between the metal and rust,
the formation of a compact layer of amorphous G-FeQOH layer
next to the metal-metaloxide interface should be favoured like
thal chserved in the case of P-containing weathering steels
Morsavar, experiments have shown that HLPO " ions prevent
crystal growth of the corrasion products. The formation of
amorphous 8-FeO0OH confers the initial corrosion resistance
to the DIP iron. The 8-FeQOH phase forms in a discontinuous
manner in normal mild steels while il forms as a compact
layer next to the metal-metaloxide interface in the case of P-
or Cu-cantaining weathering steals due lo catalytic action,
The superior carrosion resistance of P- and Cu-conlaining
weathering steels has heen allributed to this compact a-
FeOOH layer naxt to lhe metal surface, which is also enriched
with the element(s) added to provide weathering resistance
(i & Cu and P). Conversion of amarphous §-FeQOH to
nanocrystalling goethite is indicaled on longer exposure
times®, While the a-Fa0OH and v-FeOOH could be identified
by X-ray diffraction, it is generally not possible lo identify the &
FeOOH phase by this characterisation technigue.

It is important 1o note that the oxyhydraxides and magnetite
present in the old Delhi iron pillar rust are nanocyrstalline/
amorphous in nature and not crystalline. As it is known that
the initial oxide and axyhydroxdes that form on the Delhi pillar
iron are crystalline in nature™®, the long-term conversion of the
crystalline forms of these axyhydroxides to the amarphous
farm is indicated. The crystalline exidefoxyhydroxides of iron
are converted to the amarphous state due to process of
alternats wetling and drying, as has been shown in P-
containing weathering staal”

The enrichment af P in the 8-FeQOH layer continues with
prolonged exposure and this has been ohserved in P-
containing weathering steels™*. Enrichment of P has also
peen datermined in the rust of ancient Indian won and this
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tollows the mesoscopic variation of P in tha matrix®®. This
enrichment should be responsible for the precipitation of the
insoluble phosphate identified by XRD. The process of
formation of crystalling iran hydrogen phosphate hydrate
would be understood based on the vast literatura availabla
on phosphating of steels!’. This exercise would also be useful
in further understanding the reason for the Delhi iron pillar's
excellent corrosion resistance,

Phosphating af iron is a commercially important coaling
melhod which involves the farmation of relatively insolubla,
electrically non-conducting thin films of metallic phosphates
an tha surface, It is known that the formation of a protective
layer on Fe surface invalves Lhe following four steps®. In the
first step, electrochemical attack of iron by arlhophosphoric
acid occurs ovar a wide range of concentration and
tamparature. In the case of Delhi pillar iron, the formation of
orthophospharie acid naxt to the melal surface has to be first
understond. The enrichment of P at this location was earlier
established due to the initial corrosion of matrix. However, it
iz also impartant lo note that the concentration of P is relatively
higher near the surface regions of the Delhi pillar iron than in
the bulk™. It was earlier noted that the surface regions of
Dethi iron pillar contain a higher amount of ferrite (i e, depleted
of carbon), which 1s due to the final surface finishing oparalion
provided Lo the pillar during its manufacture. |Lis known that P
diffuses and concentrates in regions where C is deplated
and, tharefore, concentration of P is relatively higher near the
surface regions of the pillar. Therefore, enrichment of P in tha
surface layer is expected,

This P enrichment has been experimentally determined by
GGhosh®, who menticned that the P content in the Delhi iron
pillar rust was 0.35% whareas the P content in the DIF iron
was 0.18%, The enrichment of P in the rust would initially
rasult in the formation of phosphoric acid at the metal-
metaloxide interface due to the presence of P at this location
and also as free energy consideration favours ils formation.
The maisture for phospharic acid formation is obtained from
alternate wetting and drying cycles. In contact with phosphoric
acid, lhe dissolution potential of iran becomes less noble
and It causes the dissolution of Fe to sparingly soluble
dihydrogen phosphate according to

2H,PC, + Fe — Fe(H FO,), + H,

The transient oxides of iron (in which Feis In the +2 oxidation
state) will also be corroded by phosphoric acid Lo provide
Fa({H.PO,), according to

2H,PO, + FeQ — Fe(H,PO), + H,O
Among the ahave two reactions, the first one mainly occu refh,

In the second stage, the contact of the melal shifts the
equilibrium in such a way that massive precipitatian of
manohydrogen phosphate FeHPO, and tribasic iron
phosphate Fe,(PO,), occurs. The precipitation reactions are

3Fe(H,PQ.}, —+ Fe (PO, + 4H,PO,
Fe(H,P0,), & FeHPO, + H,PO,.
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Itis interesting to notice that iron is in the +2 oxidation state in
these phosphates. Both these phosphates are insoluble n
nature. Moreover, these phosphates are also amorphous in
nature-and this is well corroborated by experiments! evidencs.

In normal phosphating processes, the phosphating reactions
generally discussed are up to the sequence of events
provided above. In normal practice, olher cations such a8 7n
or Mn are also added io phosphoric acid, In some cases,
axidising agents are sdded so that iron may appear in the
coaling as ferric phasphata. This has been proved to be more
beneficial to corrosion resistance as the crystal resrganisation
of the amorphous phosphates to ferric phosphates resulis
in & large reduction In the porosity of the phosphate and
subsequently, much improved prolectiva proparies

The pxidation ot iron {o ferric phoephate can also be achieved
by alternate wetling and drying eycles, The H PO, ions
accelerate the alr oxidation of Fe® to Fe™ under allemale
wetting and drying cycles and also prevent the crystal growth
of tha corresion products, Over time, Fe, (PO, )y is oxidised by
atmospheric oxygen and H,PO, 1o iron h}r{!r:}gﬂn phosphata
hydrale secording o

2Fa (PO,), + BH,PO, + (3/2) O, + 2H,0
=8 (FaP0O, H I:'ﬂ a4 [‘JJ

In this compound, Iron s in the +3 state and this can be
understood if one considars the above reaction In parts as
Tollonaes

2Fe,(PO,),+ 2H,PO, + (3/2) 0, + 9H,0 = 6 (Fal0, 2H.0)
FaPO,.2H,0 + H,PO, + 2H,0 = FePO, H,PO,_4H,0

The dissalution and reprecipilation reaction also leads 1o a
changa in the pkl of the metal-solution Interface, which lzads
to a crystalling reorganisation and followed, most importantly,
by & large decrease in porosity. The crystalling recrganisation
Is a very deep-sealed reaclion (at the metal-phosphate
interface) becausa it maodifies the porosity of the passive layer
and decreases markedly the exposed metallic surface®
Therefore, the formation of the crystalline modification of iron
hydrogen phosphate hydrate from the amorphous phosphate
is impartant in providing excellent protection agalnst further
ingress of moisiure and oxygen lo the meial suriace

The crystalling iron hydrogen phosphate hydrate (formed at
the metal-metaloxide interface) is, therslore, responsible for
the superior corrasion resistance of the Delhi iron pillar.
Ghosh anticipated this mechanism in his excallent study of
the Delhi pillar iron™. He stated that *P accumulates in 2 new
phase at the base of the main oxide laysr in the oxide form in
combination with iron” and “sa long as the new phase at the
base of the main oxide film was not formed, the maial
behaviour was similar to that of exposurs surface of ordinary
irans”. Ghosh performed some simple expenments with the
CIP iron piece to assess the Influence of P on rusting. The
sample was polished and allowed o rust. When a ihin and
unequally distrihuted film of rust was formed, it was
photographed and slightly polished to remove the rust from
the surface, This surface was treated with Stead's solution to
observe the distribution of P on lhe surfece. It was found that
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P was generally low in the areas whers rust appeared more
intensaly

Itis important 1o also note that the erystalline modification of
iron hydrogen phosphale hydrate was abtained In the XRD
analysis™, thus indicating that the phosphate in the rust is
relatively old. This validates tha statement that lhe analysed
Dethi iron pillar rust must be- the oldest rust an the pillar as it
was oblained from a region inaccassible to the public (i g, the
region just balow the decorativae bell capital)

Alternate welling and drying conditions play an impartant role
in the case of atmospheric corrosion of the Delhi iran plllar
becausa they accelerate the precipitation of protective
crystalline phosphate and the amarphization of the Delhl iron
pillar rust. The amorphization of rust Is elso aided by the
presence of H,PO, lons. The Iron pillar's weight is eslimaled
to be approximately 8 tonnes and, therefors, the large mass
of Ihe malal plays a contributory role in aiding the allemale
welting and drying process, Sanyal and Preston™ and, later,
Bardgett and Stanners'® proposed that the large mass of the
pillar implias a larga heat capacity for the Iron and, therefore,
the pillar will heat up fasier or cool down taster than the
surroundings, This provides the right conditions of allernats
welling and drying of the iran pillar surface. The Intensity of
wetling and subsequent diying would be much more In the
case of Delhi iron pillar iron because of the large mass of lha
pillar.

In summary, the protective passive film theory can explain the
superior atmospheric corosion rasistanca of the Delhl Iron
pillar The canclusion drawn is unambiguous as il has strang
experimental suppart from actual Delhl iron pillar rust
characterization.

DIFFEF.ENCE WITH CORROSION OF STEEL
AND WEATHERING STEELS

The protective passive film that fermed an the Delhi iran pillar
would be conirasted with the films forming en mild and
weathering steel on atmospheric exposure, Structure-related
issues of the rusts ar: discussed as the compaositional
faclors have already hean outlined earller.

The rusting of normal mild stesl and weathering stesl is first
addressed. VWhen iron is exposed to the environment, the first
oides that form are the oryhydroxides of Fe which are oxidised
from Fe(ll} complexes®. Although several different allatropic
maodifications of the oxyhydroxides have been proposed (o
form on the surface of iron on nitial exposure to the
envirenment, there are firm evidences in the literature to
zuggesi and prove that the first oxyhydroxide Lo farm is
lepidocroite (y-FeOOH). After this forms, a part.of it bagins to
transform te anather allotropic modification gosthite
(2-Fe00H) and tha rust at later times is composed of both
these oxyhydroxides. Bolh these oxyhydroxides are not
proiective against corroslon and they readily crack allowing
for ingress of axygen and maoisture to reach the metal surface
and cause further comosion. However, with lime, & parl of tha
FeOOH formed transforms to magnetic oxides of iron, which
are much more protective than thesa oxyhydroxides. Thera |s
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also debate on the exacl nature of the magnetic axide that
form on exposure of the iran o the environment. This is
because the diffraction peaks of magnetite (Fe,0,) and
maghemite (v-Fe,0,) occur al the same location, However,
Méssbauer studies of rust formed on steel exposed lo the
environment does indicate that Fe, O, (more precisely to be
called Fe, 0,) forms first and this is later converted to
v-Fe,0,. The formation of this magnetic oxide results in
protection and the oxidation {corrosion) rates decrease onca
thesa oxides form on the surface from the oxyhydroxides. In
addition to - and v-FeQOH, there can be another oxyhydroxide
of amarphous nature §-FeQOH, which can form on
atmospharic exposure of iron, |t is interesting to note thal as
5-FeQ0H is generally amarphous in nature, ne diffraction
peaks would be observed from this phase®. In ordinary mild
steels, this phase does hot form as a continuous layer bul
rather in a discontinuaus manner (Figure 20) as it results due
to dehydration-axidation of the Fe(ll} complexes. Therefore,
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Fig 30 : Schematle comparisen of the rust structure formed
an mild =teel, weathering steel and Delhi iron pillar

the amorphous §-Fe0OH that forms in ordinary mild steels is
not protective in nature for these reasons. Howawar, it ik
possible for this amarphous 5-FeQOH to form next ta the
metal surface as a continuous layer in which case lhe steel
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abtains corresion resistance (Figure 30}, as tha oxyhydroxide
is mlso amarphous in nature. The farmation of amorphous §-
FeDOH as a continuous layer next 1o the metal surface is
catalysed by the presence of P and Cu in the material™,
Moreover, the amarphous f-FeDOH is enriched with P and
Cu elements that are added Tor improving atmospheric
corrosion®. The presence of this amarphaus layar is the
roason for the excellent corrasion resistance of the wealhering
staels allhough the time required far forming the protective
layer is determined by the exposure condilions. Several
schames for the formation af rust on steels as a function of
pH and environmental factars are availabls™,

I the case of Daelhiiran pillarn, the process of protective rust
farmation has been oullined in great detail earlier. The
structurz of the passive fllm on the Delhi iron pillar i3
schamatically also provided in Figure 30 far comparison with
the films that form on mild and weathering sleels. Cross
sectianal microstructural analysis of Delhi iron pillar rust
confirms the structure of rust presanted®!.

CONCLUSIONS

Mew Insights on the Delli iron pillar have been discussed in
this communicalion. The identity of Chandra and
Vishmupadagii of the oldest Sanskrit inscription on the pillar
has been analyzed to show that Chandra should be identified
with Chandragupta || Vikramaditya whils Vishnupadagirf
should be identificd with modern Udayagir. The astronemical
significance of the Delhi iron pillar has been addressed by a
discussion of its ariginal ereclion site at Udayagiri and tha
identification of the chakra image that was originally atop the
iron pillar capital. The engineering design of tha pillar was
discusead naxt, paving the way for Understanding of the
manutacturing methadelogy for the main body of the pillar
and the decorative bell capital. The natura of Delhi pillar iron
and the possible reason for its relatively high P content have
been discussed, The nature of the proleclive passive layer
on the corrosion resistant Delhi iron pillar has been
addressed based on a detailed charactedzation of its rust.
The rust was composad of iron hydrogen phosphate hydrate
{FePC, H,PO, 4H,0) in the crystalline form in addition to
goethlte [41 FelOH), lapidacrocite (y-FeQOH), 8-FeDOH and
magnetite, all in amorphous form. The process of protective
rust formation on Delhi pillar iron has been outlined based
on tha rusl analysis. The passive film formation on the Delhi
iron pillar has been contrasted with rusting of normal and
waatharing steels. The critical factor aiding the superior
corrosion resistance of the Delhi iron pillar is the formation
of crystalline iron hydrogen phosphate hydrate, which
drastically lowers the rate of carrosion. The process of
protective passive film formation is aided by altemate wetting
and drying cycles, which is an impertant contribution of the
atmosphere to the pillar's corrosion resistance. Thersfare,
ihe corrosion resistance of the Delhi iron plllar is due to both
Delhi {with tha ervirenmeant providing alternate wetting and
drying conditions) and iron (with its high P eontent conferring
protaction by the formation of a protective passive film).
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