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The Technigues of the Luristan Smith!

From the nomad graves of Luristan in
western Iran come many iron or, rather,
steel objects that are of considerably
greater interest from a technical stand-
point than the aesthetically superb and
hence more famous bronzes with which
they are associated. The bronzes were
made by techniques that had been in use
for more than a millennium, whereas the
iron objects—bracelets, maces, and espe-
cially swords—have some unique technical
features. for their rugged elaborateness
derives directly from the process of manu-
facture and reveals both high skill and un-
expected ignorance.

The Luristan iron and steel objects were
made for a people who had not learned to
appreciate the shapes that arise naturally
under the hammer, and many of the de-
signs emulate more complicated shapes
easily possible in a casting. The smith,
therefore, who had not yet learned how to
hammer-weld, devised a technique for
assembling preshaped pieces by mechani-
cal joining.

Although a number of technical studies of
the swords have been published in the
past (the most important of which are
listed in the references at the end of this
chapter), they have mainly involved mu-
seum objects that could not be damaged
in the examination. The objects used in
the present study were purchased specifi-
cally for the purpose. Moreover, they were
heavily corroded, and it was therefore pos-
sible to cut out substantial samples for
chemical analysis and metallographic stud-
ies without aesthetic loss.

Figures 2.1 to 2.5 show the genéral ap-
pearance of eight of the objects used for
the present study, some of them both be-
fore and after electrolytic cleaning to re-
move the heavy layers of rust.2 The prove-
nance of the objects, listed in Table 2.1,
is not certainly known. They were pur-
chased as Luristan material from dealers
in Tehran in 1961, 1962, and 1967, but
only the most interesting sword (No. 105)
and the maces uniquely conform stylisti-

!Paper presented at the Fifth International Con-
ference on Iranian Studies. Tehran, April 1868,
and the A.C.S. Symposium on Archaeological
Chemistry, Atlantic City. September 1968.

2Cleaning was done by electrolyzing in 5 per-
cent aqueous sodium hydroxide solution, the
specimen being cathodic and the current den-
sity about 40 mA per square cm. The action
was continued for about 4 days by which time
all loose oxide had been reduced or had fallen
away without effect on the solid metal. The ob-
jects were then removed, washed, scoured with
a steel wire brush, warmed. and coated with
wax. Such cleaning destroys whatever evidence
might lie in the corrosion products and is gen-
erally to be discouraged except for objects in-
tended for exhibition or those believed to contain
internal chlorides

Cyril Stanley Smith
Massachusetts Institute of Technology

cally to Luristan.? Except for No. 102;
which is much later, the other pieces
were approximately contemporary with the
Luristan irons (ninth to seventh centuries
B.C.) and are metallurgically similar al-
though they probably originated in other
parts of Iran.

Chemical analyses were made at the Ap-
plied Research Laboratory of the United
States Steel Corporation, through the
courtesy of Dr. Max Lightner. The results
are reported in Table 2.1. The mace head
No. 106 contained nickel. and the dagger
No. 102 (of late origin) contained phos-
phorus, but otherwise the steels are all .
free from significant amounts of any kind
of alloying element except carbon and ni-
trogen.* Sulfur is low in all the samples,
as would be expected with charcoal-
smelted ores.

The carbon content of the steel is highly
variable from place to place within one
object, and the average analyses given are
locally without meaning. The Luristan
smith clearly operated his smelting fire
under conditions that were frequently
highly carburizing; he made true steel.
There are zones with as much as 1 per-
cent carbon (estimated from the amount
of iron carbide seen in the microstructure)
but carbon-free areas are to be found ad-
jacent to them in the same piece, and
everything in between, with no special re-
lationship between location and carbon
content. Probably the smith was unaware
of these local differences; certainly he did
not (as later smiths have done) select and
use the harder metal in areas where
strength was needed or a softer metal for
decorative parts.

The silicon is. presumably, mainly in non-
metallic form in the inclusions, which, as
in all ancient iron. are numerous. Figures
2.7 to 2.11 show the sppearance under
the microscope of four different types of
inclusions that have frequently been en-
countered. The mixed wistite (FeQ), fayal-
ite (2 FeO - Si0,). and glassy silicate
inclusions are perhaps simply residual
from the ore, the silica having been fluxed
by unreduced oxide. The wdistite content
is highly variable from place to place and

3The author is grateful to Dr. Peter Carlmeyer,
Munich, for help in identification

*The presence of nitrogen was not always
shown in the chemical analysis for it was dis-
tributed with extreme irregularity. Microscopic
examination, however, left no doubt that there
were considerable quantities in some areas for it
was revealed, especially in low carbon zones, as
tiny crystallographically oriented plates (needles
in section) characteristic of the nitride Fe,N. and
the more profuse precipitation of FegN. Figure
2.6 shows the richest field that was encoun-
tered in any specimen. The structure is com-
parable to published photomicrographs of iron
containing about 0.05 percent nitrogen.

The Steel




[able 2.1

dentification and

composition of

Dbjects Studied”

Wit Type of Object Location of Sample Chemical Composition (percent by weight)
designations and Presumed Provenance for Analysis c Mn P g Cu Ni Co N
101 Dagger (Fig. 2.10. 2.2D) Section of blade 4 to
Medean western Iran. 10 cm from hilt 0.57 0.025 0.007
seventh century B C
103 Dagger (Fig. 2.1B, 2.2B). Section of blade 6 to
Talish or Giyan area. ninth 10 cm from hilt 0.089 <001 0028 <004 0.02 0.05 0.004
or eighth century B.C.
|04 Dagger (Fig. 2.1A, 2.24A). Square portion of handle
Talish or Giyan area, ninth 2 to 8 cm below
or eighth century 8.c. “bobbin” 0.23 < 0.01 0.003
106 Short sword (Fig. 2.3). Section of blade 2 to |
Luristan ca. eighth 10 cm below ricasso 063 0.02 <«<0.01 0.02 <0.01 oo 001 0.002 |
century B.C.
Section through lion
head attached to ricasso 0.39.. 0.04 <0.01 0.08, <0.01 0.01 0.03 0.003
017
106 Mace (Fig. 2 4B, 2 5B). Section through square
Luristan ca. eighth handle 22 to 29 cm
century B.C. from top end of head 0.063 0.02 0.031 0.03, 0.02 048, 0.25 0.005
0.14 0.58
107 Mace head (Fig. 2.4A) Equatorial section normal |
Luristan, ca. eighth to hole 0.23 < 0.01 0.006
century B C.
13 Mace head (Fig, 2.5A). Equatorial section normal
Luristan, ca. eighth to hole 0.10 <003 0.023 0.006
century B.C.
|02 Dagger (Fig. 2.1C. 2.2C). Section of blade 4 to
Uncertain, ca. ninth 10 cm from hilt 0.098 <0.01 024 < 0.01 0.05 005 003 0004

century A.D.. perhaps
European.

! Note Additional elements analyzed for. but not detected in any sample. were sulfur in all cases less than 0.01 percent; tin less than 0.002 percent. columbium, molybdenum.
litamum and vanadium all less than 0.005 percent. The silicon is present mainly in the form of silicate inclusions.
Analyses made in the Applied Research Laboratory, U.S. Steel Corporation. courtesy M. W. Lightner. The analyses for carbon, phosphorous. and nitrogen were made
chemically on millings cut transversally from the entire cross section. The other determinations were done by emission spectroscopy on areas ground parallel to the widest
surface of the piece. avoiding the areas richest in slag inclusions. A blank means element not determined. The accuracy of the determination (apart from sampling errors)
15 =2 on the last digit stated.
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2.1

Daggers in condition as
received. (A) No. 104,
Talish or Giyan area.
ninth or eighth century
B.C., (B) No. 103,
Same Provenance as a,
(C) No. 102, Uncertain
provenance. perhaps
Abbasid. ninth century
AD., (D) No. 101,
Medean, westarn Iran,
seventh century " ¢.

2.2

Daggers 101, 102,
103, and 104 after elec-
trolytic cleaning. See
Figure 1 foridentification.
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Jo. 105 Short sword
)f classic Luristan type.
ja. eighth century B.C.
ifterelectrolyticcleaning.

T

g o 15 cm,

4

A) Mace head, No.
07, and (B) Mace,

lo. 106. Luristan, Ca.
ighth century B.C. Elec-
olytically cleaned.

.5

i) Mace head. No.

13. (B) Mace head,

0. 106 (Cf. Figure 4),
i) Mace head of uncer-
In provenance, proba-
l Luristan, eighth cen-
Iry. (A and C, un-
eaned; B after electro-
tic cleaning.)
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hment, No, 105,
ywing low-carbon

a with heavy precipi-
on of iron nitrides.
hed. 580X. (Note:

5 and all subsequent
ytomicrographs are
jpecimens metallog-
hically polished and
hed with a 2 percent
Jtion of nitric acid in
ohol)
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g inclusions in dag-
, No. 103. Spherical
ticles of wistite

i0) partly surrounded
silicate in matrix of
bon-free ferrite grains
thed, 580X.
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ig inclusions in a high-
tbon area in No

I5. The silicate slag

¢ been first elongated
1en plastic (perhaps
uid) and subsequently
sken by deformation

a lower temperature.
ched, 230X.

jlumn 2

9

ringer of transparent
3ssy slag in center of
immel, No. 104. Lon-
wdinal section. Etched,
J0X.

10

rge slag inclusion in
3. 104, showing well
rmed dendrites of
astite in glassy silicate
atrix. Etched, 580X.

1

ymplex crystalline slag
tlusion in No. 102.
ote, this dagger is

ler and the steel less
ire than the Luristan
aterial.) Etched,

30X

is roughly in inverse amount to the carbon
content, as would be expected since
wiistite cannot exist under highly reducing
conditions. Compare Figure 2.7, showing
mainly wistite (perhaps residual particles
of partly reduced unmelted oxide from the
ore) surrounded with a little glassy slag in
a carbon-free area, with Figure 2.8 which
shows a wistite-free silicate slag in a zone
having high carbon content. Most of the
inclusions had been deformed in a plastic
(probably liquid) state, but quite frequently
well-elongated stringers of slag had been
later broken up mechanically when solid,
with the fragments unchanged in shape
by either spheroidization or deformation
and separated by metal forced between
them (Figures 2.8 and 2.9). The metal,
therefore, must have been first worked at
a high temperature and subsequently ex-
tensively deformed when much colder.
The two stages probably correspond to
the initial reduction and consolidation of
the iron sponge and to the final shaping
operations, respectively.

Many of the slag inclusions have the
glassy transparent character that denotes
high silica content. Figure 2.9 shows
such slag in No. 104. In Figure 2.8, the
smallest stringers are glassy while the
larger ones have partially crystallized—-
more likely as a result of nucleation than
of differences in composition. Many an-
cient irons contain minute spherical parti-
cles (about 1 to 10p diameter) of a clear
glassy material, seemingly different from
the larger inclusions. Their origin is ob-
scure—they may represent small isolated
silica inclusions in the ore that were
fluxed and later reduced while entirely
surrounded by metal, or they may be re-
sidual ash from charcoal fragments that
became incorporated in the metal and
were subsequently deprived of carbon by
diffusion.

It is more common for the slag to have
one or more phases in a dendritic or
crystalline shape that could only form
from the liquid state. {See Figures 2.10
and 2.11 and also Figures 47 to 51 in
Smith, Reference 12.) Figure 2.11 is of
the dagger No. 102, of a much later date
than the others, and shows in the slag
three distinctly different crystalline phases
which have not yet been identified posi-
tively.

Slag inclusions carry with them much evi-
dence regarding the details of metallurgi-
cal processing and their analysis is to be
the next stage of this research. But what-
ever the composition and structure of the
slag. its distribution, like that of the car-
bon, provides an index of local metal flow
and gives clues to the deformational his-
tory of the metal which, in turn, reveals
much about the smith’s practice in making
the objects (see Figures 2.12 to 2.17,
2.32. and passim). Though one cannot
rule out the possibility that several differ-

ent pieces of sponge iron were combined
together to give a big enough bloom to
forge these objects, or even the possibility
that scrap from previous operations was
faggoted into the new metal at this stage.
there has been no later welding. Except
for mechanical attachments each of the
objects, with its blade, handle, pommel.
and decoration, is a single piece, metal-
lurgically intact. Although the long seams
of high and low carbon metal do rather
suggest the welding together of pieces of
different but more cr less uniform com-
position, the stringers of slag are not re-
lated to the boundaries between areas of
different carbon contents. The general
heterogeneity is entirely of the type that
could have originated in the original
spongy bloom of iron as it left the reduc-
tion hearth or furnace, modified with the
subsequent shaping of the entire piece
and some diffusion of carbon. In the
Luristan sword examined by Maxwell-
Hyslop and Bird in collaboration with
Hodges (References 7 and 1), the hilt had
been composed by hammering a stack of
irregular flat strips into a compact mass:
this had obviously been done hot but at a
forging heat not at the much higher tem-
perature needed for welding.

The carbon content in the swords is not
related to the position in the weapon, that
is, the cutting edges vary just as much in
carbon content as do the decorative parts.
There is no evidence whatever of super-
ficial or local carburization of the finished
piece. and, surprisingly. very little evidence
of surface decarburization during forging.

The objects examined were so heavily
corroded that no fine surface detail was
visible. The decorative heads on the Luri-
stan short swords illustrated by Lefferts
(Reference 5) and Ternbach (Reference 13)
seem to have been finished by both
chiseling and chasing and perhaps by
some use of abrasive, but in general the
objects owe their shape entirely to the
simple percussive tools of the smith. The
general symmetry and surface charac-
teristics of the Luristan steel objects make
it almost certain that some kind of round
or flat swages were used rather than free
hammer work, and perhaps large shaped:
sets. Sections through the length of the
blades (Figures 2.12 to 2.15) show the
metal flow, and the cross sections of the
blades (Figure 2.16) show—excepting
again No. 102—an irregularity of structure
that comes from simple forging without
any major laminations or welds.

The ends of several of the pieces had
been transversely cut to shape by the use
of a saw or, more likely, by grinding. not
with the blacksmith’s cold chisel. This is
gasily seen particularly in Figure 2.17, the
head of the short sword No. 105. Both
the main handle itself, which is integral
with the blade, and the decorative heads
have slag lines terminating abruptly at the

General Shaping
Techniques
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2.12

Axial section through
handle in No. 104. The
flow of the metal during
forging is revealed by
the distribution of the
slag streaks and zones
of higher carbon (dark
etching) metal. Etched,
90% of actual size.

213

Section through shoui-
der of blade, No. 104.
Etched, 3.9X.
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2.14

Microstructure showing
surface deformation and
partial recrystailization |
beneath ridge in No.

104 (Cf. Figure 2:13).
Etched, 190X,

215

Transverse saction
through ricasso of short
sword, No. 105, shaowing
manner of attachement
of the decorative lions.
Etched, 1 4X.




) ' (F)

2.18

Etched transverse sec-
tions of dagger blades
showing distribution of
carban and siag con-
tent

(A}

No. 101, 4X;

No. 103, 4X;
Na. 104, 8X;
No. 106, 4X;

No. 106 (Mace hand'e). *

. No. 102, 3.25X.
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217

Jection through end of
It, pommeland attached

Jeads, No. 105. (Ses

digure 2.34 for section

formal to this). Etched,

A4X.

218

and of handle, No.

01. Shows tang fitting

o accurately cut hole.
ghtly polished and

';glched, 1.4X.

he Techniques of the
dristan Srmith
O

End of mace head No.
107. ground flat and
pelished. Shows section
through decorative pin
fitted in drifled hole.
Note {arge variation in
grain size. Etched.

11X,

2.21

Axizl section through
decarative pin in mace
head. No. 113. Etched,
X

222
Edge of pin shown in
Figure 2.20 at higher
magnification. Etched,
55X.




end with almost no deformation as thay
approach the surface (Figure 2.17). Even
more remarkable is the ability of the smith
to make well-shaped holes. A rectangular
hole with slightly reunded ends was cut in
the pommel of No. 101 {Figure 2.18)
and No. 105 (seen in cross section in
Figures 2.17 and 2.32). A round hole
tapering from about 4 to 4.5 mm diame-
ter had been drilled neatly through the
handle of the mace, No. 106 {Figure
2.19), with little distortion of the adjacent
metal. Such a hole could have been made
by using a soft metal tool loaded with
abrasive and rotated by means of a bow
drill.

Particularly interesting are the holes in the
rmace heads, Nos, 107 and 113, that
were made to accommadate little decora-
tive pins (Figures 2.20 to 2.22). Both of
these are 3.2 mm in diameter and were
drilled into a depth of about 7.0 mm. The
surface metal is locally displaced and the
structure distorted {Figure 2.22) but not
in the same direction of rotation every-
where, which suggests an oscillating drive
for the drill. The distortion, which is re-
flected in locally increased hardness (Fig-
ure 2.48). may also have arisen when the
pin was driven. The shape of the bottom
of the hole in No. 113 {Figure 2.23)
shows that the drill had a narrow rounded
protrusion on 1ts head or that the hole
was drilled in two stages. The head of the
pin had clearly been formed by upsetting
the protruding end of a length of wire of
a diameter to fit into the hole. Both the
structure and the hardness of the body of
the pins show a gradient from the center
to the outside, and it is probable that the
final shaping of the pin had been done
cold. The pin body is accurately circular in
section, but it is unlikely that it could
have been made by drawing, for neither
egncugh power nor suitable die materials
would have been available. The iron used
for the pins was very malleable, for it had
withstood with only slight cracking the fur-
ther extension to about 9 mm diameter
during the flattening of the head. These
pins marked the only significantly celd-

“worked metal found in any of the objects.

The microstructure of the body of the pin
in No. 107 (Figure 2.20) shows a larger
grain size and less obvious deformation
than that in No. 113. Only the surface of
this pin showed any distortion. actually to
about the same extent as the matching
surface of the inside of the hole (Figure
2.48). The pin in No. 113 (Figure 2.23)

‘was slightly tapered, and the end was ir-

reqgular and brokan. There are some irregu-
lar metal fragments wedged into the hole,
which had been intensely cold-worked but
have recrystallized to an extremely small
grain size (Figure 2.24). These may have
been formad by abrasion when the pin
was driven in, but possibly they are chips
from engraving aor filing cperations that had

been put into the hole to wedge the pin.
The other mace head, No. 107 {Figure
2.21), contained no such material but had
intact. well-fitting pins.

The pommel on No. 101 was attached by
peening over of a projecting tang in an
accurately fitted hole. Both tang and hole
are flat rectangular shapes. the short sides
heavify rounded (Figure 2.18). Because
the semicircutar ends partially overlap the
parallel slot in between, the holes were
clearly ot shaped by drilling two hcles
and cutting out the metal in between, but
both half-round and flat files seem to have
been used.

The mace heads are of three types. No.
106 (Figures 2.4B, 2.58) was forged
integrally with its iron haft; No. 266 (Fig-
ure 2.5C) was forged with an internal
conical hole evidently to fit on the and cf
a pointed rod; and the third type, of
which there are two examples, Nos. 107
and 113 (Figures 2.4A and 2.5A), had a
cylindrical haft-hole passing transversely
through its center, All had deep flutas ex-
cept No. 107, which had been heavily
damaged by corrosion. These flutes seem
rather definitely to have been formed by a
fulter or other special tool, for they are
beautifully shaped and well finished.

The slag distribution in the sections of
Nos. 113 (Figure 2.24) and 107 revealed
a complicated pattern of metal flow, sug-
gesting a sequence of forging operations
somewhat as follows: A lump of sponge
iron was forged into a cylindrical rod about
4 cm diamaeter and 7 ¢m long. A hole was
then made with a coid drifting iron, and
the piece swaged cylindrical again. The
ends were then enlarged by upsetting {with
the center of the shank in a hole or split
ring} to give a dumbbell shape. Finally, the
flutes were shaped by the use of a special
curved V-shaped swage struck at an angle
roughly 45° to the onginal axis, perhaps
also finishing in a concave die. The sur-
faces do not show individual hammear
marks. The lower faces (normally mnvisible)
of some of the flutes revealed unwelded
cavities, and the sections of both 113 and
107 disclosed some internal unconsolidated
metal.

The pins insertad in laboriously drilled
holes in the mace head {discussed in the
previous section} served a purely decora-
tive function and disguised the fact that
all the grooves and flutes did not meet ex-
actly at the common center; a forged pro-
jection at this place would have interfered
with the finishing of the fluted surfaces.

in the mace head No. 266 (Figure 2.5C),
of uncertain provenance, there is a
smooth conical axial hole extending the
full length, 9.2 cm, tapering uniformly
from 2.2 cm diameter at the bottom to
0.80 cm at the top. leaving the metal
thickness, except for the flutes, tapering
from about 2 5 mm to about 8.0 mm.

The Mace Heads
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stal chip between pin
and body of mace

' head, No. 113 {CF.

S Figure 2.21), shows re-

“ierystallized metal of ex-
“aramely smali grain size.
Fiched, 1350X.
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“Midsection through

ace head No. 113, in
lace of fluting slightly

bove the pin shown in
eFigure 2.21.

2.25
' Attachment of guard 10
ilt of dagger, No.
2102, 75% of natural

2.26

# Sketch showing con-
truction of handle of
agger No. 101, Traced
= from a radiograph.
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'Eae Daggers

e

The collar of small projections is matched
by a slight deprassion on the inside, but
the forging of the longitudinal flutes left
no internal marks.

The decoration of most of the daggers is
of a type that would come naturally to a
smith using a hammer and a few sturdy
toals such as fuliers and swages. A com-
mon form of dagger {not here investi-
gated) consisted of a simple, nearly flat,
forged blade of steal with a tang onto
which was cast a decorative hilt in bronze.
Birmingham et al. (Reference 8) have de-
scribed Luristan sword blades of wrought
bronze with cast-on hilts, also bronze. Qur
late dagger, No. 102 {Figure 2 2C). has
an effective guard in the form of a cross
piece of rectangular section with an elon-,
gated slit fitting over the tang. Despite its
appoarance {Figure 2.26) this guard was
not welded, but is a single piece of solid
metal in which a hole was apparently
drifted and subsequently flattened on the
tang.

In the dagger No. 101 (Figure 2.2D) the
entire blade and handle with its decora-
tion was forged from a single piece of
steel, except for the small cross pisce at
the end which is perforated to fit a small
tenon {Figure 2.18). In view of the intri-
cacy of the surfaces forged at the other
and of the handle (Figure 2.28}, this joint
seems almost unnecessary, but it was per-
haps used to allow the tool used in forg-
ing the longitudinal grooves in the handle
to have full run, for much the same rea-
son as the pins in the mace heads. The
bobbin-shaped handles of daggers 103
and 104 (Figures 2.2A and 2.2B}) seem
to have required special dies or swage
blocks for their shaping. No. 104 was
sactioned and shows (Figures 2.13 and
2.14) that the detail at the shoulder of
the blade was achieved mainly by defor-
mation (forging), not cutting, though the
metal at the extreme surface is distorted
in places. and thare was probably some
abrasive finishing.

The most interesting object was the com-
plicated short sword No. 105 {Figure
2.3). of the type unique to Luristan. In the
less corroded examples that have been
publishad. the lumps flanking the ricasso
are seen to represent crouching liens, and
those bent over the edge of the pommel
are compound human and animal heads.
As Naumann (Reference 9} and others
have shown. these swords are composed
of many pieces separately forged and me-
chanically joined togsther by a kind of
crimping operation. The process is curi-
ously unblacksmithlike in nature, but it
called for considarahle skill in shaping the
parts with sufficient accuracy. Cur sword
was sacrificed completely in order to ob-
tain cross sections for study from all sig-
nificant places, thersby gamning more in-
formation about its construction than was

passible with the museum-owned objects
studied by earlier investigators.

Figure 2.27 is a radiograph of the entire
hilt, showing the spaces between many of
the parts. There was no visitle hint of
these joints on the sword as received. but
most of them became visible to some de-
gree after electrolytic cleaning had re-
moved the rust. Figure 2.28. which is
based on the radiographs but incorporates
the information provided by later section-
ing. shows the manner of construction.
Six pieces (which served more of a deco-
rative than a functional purpose) were at-
tached directly to the integrally forged
blade and handle,® and twe pieces to the
pommel. All the joints are purely mechani-
cal, the matching male and femals parts
being carefully shaped and held in place
by a final local plastic deformaticn of the
metal. Because of the fine too! work
needed on the decorative heads, it is easy
to see why the smith might choose to
make these separately and attach them in
much the same manner as an inlaid
carved gemstone, but the use of a similar
technique on the pommel itself and the
plain bands encircling the hilt indicates a
curicus unwillingness to forge details that
could more easily have been shaped in-
tegrally with the hilt.

The simplest joints to describe are the two
bands surrounding the hilt transversely.
These are pieces of rectanguiar iron bar
about 6.5 mm square, cut to length and
bent—bent hot, for the msatal at the bends
is not significantly cold-warked. These
bands fit closely into accurately shaped
grooves that had been precut all around
the handle and provided with raised
flanges at the side that had been finaily
hammered back to grip the ring tightly.
This can be seen in the cross section,
Figure 2.29, and in the general view of a
groove after its ring has been removed,
Figure 2.30.¢ Figure 2.31 shows the
microstructure of the joint at higher mag-
nification. it should be noted that there is
no flow of metal except in the immediate
vicinity of the flanges near the surface.
The flanges seem to have been raised
with a chisel-iike too! driven almost parallel
to the surface of the handle, stopping be-
fore the raised-up chip brcke away, yet
thera are no visible chisel marks sven in
the uncorrodsd area. The bottom of the
groove is slightly convex and is remarkably
uniform in shape all the way round the
hilt {Figure 2.30).

51n the majority of the swords described by
other writers, the blades are separate pieces,
inserted into a sfot in the hilt. The single-piece
integrally forged construction of the present
weapon is both simpler and mechanically better.

¢The flange is similar to that on tha sword illus-

trated by Maxweil-Hyslop {References 7 and

1}). The heavier squarer flanges on the Phila-

delphia and New York hilts involve more sub-

stantial displacement of metal. 43




227
Radiograph of handle of
ghort sword No. 105,

2.28

7 Sketch showing con-

Z struction of short sword
No. 1G5, Traced from a
radiograph. with details
~supplied by examination
of the sections cut for
metaliographic examina-
tion.

SECTiON BB

A

2.29

Transverse section of
hilt, No. 105, showing
attachment of encircling
band. Etched, GX.

2.30

Appearance of hilt after
removal of decorative
vand, showing groove
cut to receive it. Eiched,
2X.

2.31
Samespecimen as Figure
2.29 a1 higher magnifica-
tion. Shows detail of
metal flow in cleat,
Etched, 48X.




rough pornmel
#nNo. 105,
smallest di-
of hiit, at right
section

Figurs 2.17.

Section through head
attachment and pommel,
No. 185, (Section cut
paraliel to that in Figure
2.32. but near circum-
ference of pornmel)
Shows deep socket
forged to receive the
head. Etched, 1.6X.

2.35

Transverse section
through ricasso of short
sword, No. 105, showing
manner of attachmsnt
of the fions to the main
forging of the hilt. 1.5X

2.36

Detail of section shown
in Figure 2.35. showing
clinching of flange into
groove of attachment. 8X.

2.37

The socket on the hilt
(partly sectioned) with
the fion boss removed,
and (above) the boss,
invertad, showing the
groove in the matching
surface




The Techniques of the

Lur
46

iStan Smith

At high magnification, it can be seen that
the flat botiom of the groove had been
heavily cold-worked, but only superficiaily.
so—to a depth of about 0.2 mm. Though
the flange is highly distorted (Figure 2.31)
and seems to have been accumulated by
lateral displacermant of metal, the depth
from which it had come was shallow, for
the slag stringers beneath the cut are
almost undistorted. -

The manner of attachment of the disk-
shaped pommel to the hilt will be clear
from the transverse section through it,
figures 2.17 and 2.34 and the sketch,
Figure 2.28. A tang the full thickness of
the hilt (7.9 mm) but only a third as wide
projects through a rectangular hole pierc-
ing the pommel &nd is slightly peened
over at the top end. For added security or
for decoration it rests nct only on the
shoulder of the hilt but also on a ring,
very similar to those in the middle of ths
hilt, which abuts a fiange cut on the hilt
and nests within a similar flange raised on
the underside of the pommel. Both
flanges had been produced in the same
way as those discussed in the last para-
graph. and they had the same heavily dis-
torted surface microstructure. Figure
2.33, of a section (Cf. Figure 2.17}
through the junction between hilt and
pommel norma! to Figure 2.32, shows
the shoulder of the hilt—which the slag
streaks prove to have been cut, not
forged—and the ring fitting against a
Hange, now corroded away. Because of
the strong taper of the hilt in this plane, a
thin wedge had been driven inside the
ring to secure it.

The pommal is much more elaberate than
appears in the section Figure 2.32, for at
the right angle to this on top, it has raised
flanges or sockets to carry the decorative
heads. The inserts do not fit snugly, but
the flanges allow for this by their height—
they extend to a distance of 9 mm

above the bottorn of the groove. Unlike
the smaller flanges on the hilt, these
flanges were shaped by gross forging, for
slag inclusions (Figure 2.34) show metal
to flow up into them for a distance -and
there is no superficially cold-worked layer.
Some die or punch was almost certainly
used. It could not have been an easy op-
eration.

The crouched lions mounted on the
ricasso wers set into complete rectangular
celis that were made by forging over a
shaped punch in the same way as the
three-sided cavities for the heads on the
pommel. Figure 2.35 shows a cross sec-
tion entirely through the ricasso. and
Figure 2.36 a detail of the joint. Figure
2.15 is a longitudinal section, normal to
Figure 2.35, and reveals & poorer fit.
Breaking open the joint after the sections
nad been made revealed: the true shape ot
the two matching surfaces (Figure 2.37}.
Note the rounded cornérs of. the insert
and the rather deep gropvet_ppnc_:heq_

around it to provide good anchorage for
the matching fiange,

Altogether these swords are astonishing.

I cannot accept the statement of Maxwell-
Hyslop (Reference 2} that the smiths were
not competent; | regard them as having
been extremely adept in complicated
shaping. but since they were unable to
weld they developed elaborate methods of
mechanical joining, The maces indicate
that the gross convex form of the deco-
ration on the short sword could have been
forged, and thers even exist some swords
{for example Maxwell-Hyslop, Reference 7.
Piate L, No. b, and Ternbach, Reference
13. Plate XIll, No. 3) in which some deco-
rative detail was forged as an integral part
of the pommel. The decoration resembles
in part a jeweler’s inlay, in which a sepa-
rately carved piece made by a different
worker was inserted. This would indeed be
preferable to the performing of elaborate
finishing work on a forged sword.

The microstructure and hardness of iron
carbon alicys are both very sensitive in-
dices to the heat treatment that the metal
has received. Although the objects ex-
amined present 8 number of different
structures, none of them corresponds to in-
tentional hardening by quenching cor other
rapid cooling. At most, cooling was accel-
arated by waving around in the air. The
hardness numbers given in Table 2.2 con-
firm this.7

As mentioned before, the carbon content
varies almost randomly through the steel.
Typicat microstructures of low carbon
areas are shown in Figures 2.38 to 2.40
and ones of higher carbon content in
Figures 2.41 to 2.43. The former (omit-
ting the slag discussed in an sarlier sec-
tion) consist of more-cr-less well formed
grains of farrite (alpha iron}. The straight-
line Neumann bands {mechanical twins).
which are shown in the large grains in
Figure 2.39, could be found in the low
carbon areas of most samples. They are

7For comparison with the hardness values given
in Table 2.2, it might be noted that pura ifon-
carbon alloys with 0.1 ta 0.8 percent carbon
hava hardnesses in the annealed condition be-
tween about 80 to 200 VHN, while if rapidly
quenched in water they range about 350 to
950 VHN. Poor guenching or partial reheating
(tempering} wouid give intermediste values. Like
bronze, iron can also be hardened by cold-work-
ing. See alsc the next subsection.

A tiny fragment ostensibly from a Luristan axe
that came from a weil-known museum had a
well-laminated texture and the microstructure
{reproduced in Figurs 43 of Referance 11) cor-
responding 1o guenchad steel. It was hard {400
VHN, in places). Since all tha other samples
examined were unhardened and not faminated,
it is saler 1o question the origin of this sample
than to suppose that Luristan smiths did sore-
times guench their steel. it would. in fact, be a
rather frustrating oparation to quench-harden
steel as varable in carbon content as typical
Luristan material.

Heat Treatment




5o section of
ANg. 102. Shows

grain size and
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Gradisnt in structure of
high carbon area in .No.
108. Etched, S6X.

2.43

Typical well-formed pearl-
ite in handle of dagger
No. 104. Etched,
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lightty spheroidizad
sarite in hilt of No.
1056, Shows also frag-
“mentad slag {Cf. Figure
5 .8). Etched. 480X,

:
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2.48

Local variation of micro-
hardness in Mace head,
No. 113. Lower traverse
A is in the thickest part,
paralle} to the axial
hole, about 1 cm from
it (Cf. Figure 2.25).

: Upper curve B is across
the body of the pin,
Figure 2.21.
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246

Finely recrystallized
structure at the surface
of the cavity for decora-
tive insert in the ricasso,
No. 105. Etched,

180X

2.47

Surface of hilt in vicinity
of band beneath pomme!
No. 105 (see Figure
2.17). Shows well-
formed pearlite well
below surface and
spheroidized carbide
near the surface, which
had presumably been
warked before the last
low-ternperature anneal-
ing. Etched, 480X.

2.49

Microhardness in vari-
ous regions of the short
sword, No. 1058,
Curves A, B, and C rep-
resent a continuous tra-
verse across the three
parts of the ricasse.
Figure 2.14. A and C
ars the lion inserts; B is
the central portion of
the hilt. D represents
the diagonal traverse
across the head attach-
ment to the pommeal,
Figure 2.38. E the ver-
tical traverse across the
center of nicasso, Figure
2.37 center, F the ver-
ticai waverse through
section of pommel, di-
rectly above nght edge
of ring insert, Figure
2.34, and Curve G 15
the transverse section
through handle, 1.5 cm
below top, Figure 2.34.




No. of _
Readings  Microhardness (VHN)

- Location Taken Minimum  Maximum  Average
Transverse section of blade. Figure 2 16A 24 111 260 161

Transverse section of blade. Figure 2. 16F 13 1568 187 163
Transverse section of blade, Figure 2.16B 28 100 1856 140
Transversa ssction of blade, Figure 2.16C 13 103 158 129 §
Cross section of blade near top. Figure 2.16D 14 102 189 141
Section of blade 15 mm below ricasse, Figure 2.14 10 8% 124 108
Section of hilt. 1.5 ¢m below top, Figure 2.34 10 85 148 110
Section of pommel. traversed parallel to hilt of both ring insert. Figure 2.34 10 147 212 189
Pomme! sectioned near periphery, Cf. Figure 2.36 25 N a 172 131
Transverse section through base of deccrative head attached to pommel,
Cf. Figure 2.36 16 a7 210 160
Transverse section through center of ricasso, Figures 2.37 and 2.52E 16 78 226 145
Lower part of hilt, bensath attached lions, Figures 2.14 and 2.528B 10 81 123 105 E
Section of right lion, Figures 2.14 and 2.52A 10 83 113 103
Section of left lion, Figures 2.14 and 2.52C 10 88 108 34
Traverse through left lion attachment, Figure 2 .37 12 81 113 a8
Section through lower band surrounding hilt 26 101 136 118
Transverse saction of handle. 2 ¢m from end, Figure 2.16E 20 99 169 117
Transverse section through thickest part, normal to hole : 16 79 127 a7
Axial section through decorative pin, A 10 1356 173 153
Axial section through deccrative pin, B 8 144 173 158
Transversa section through thickest part. paralle! to axis of the hole,
Figures 2.25 and 2.51 22 75 147 87
Cold-worked head of inserted decorative pin. Figure 2.23 19 212 271 235

Shank of inserted pin : 18 153 271 207

—

microhardness numbers, in kilograms per square millimeter, were measured with the Vicker's indenter using a 200 g load. Indentations were spaced
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presumably due to shock in manufacture
or in use, for they are easily produced by
a hammer blow. They are found to some
extent in most ancient irons of low carbon
content and farge grain size.

The grain size varies considerably. Some
of the grains large encugh to be seen by
the naked eye as in Figures 2.15 and
2.21 are almost certainly a resuit of exag-
gerated grain growth occurring during the
anngaling of a purely ferritic sample at a
temperature below the critical point
(810°C in pure iron), but most of the fér-
rite grains had the slight irregularity asso-
ciated with their production by trans-
formation of austenite. The structures in
Figures 2.41 to 2.43 are typical of air-
cooled samples of steels of medium car;
bon content. Light-etching areas of ferrite
have formed around the grain boundaries
of austenite, and there is further growth
of ferrite into the body of the grains in a
more geometric form. The dark areas rep-
resent eutectoid pearlite {fine alternating
famsllae of ircn carbide and ferrite result-
ing from trensformation just below the
critical point at 723°C).

Several photomicrographs of Luristan steal
that have been published-—for example,
Brick {cited by Maryon. Reference 4} Nau-
mann (Reference 2) and Smith {Reference
11)—have shown the carbide to bs sphe-
roidized to a greater or less degree. This
could have resulted only frem heating
befow the transformation temperature,
though the degree to which spheroidiza-
tion occurs is very sensitive to deforma-
tion and the structure therefore differs
considerably in different parts of the ob-
jects. Much of the carbide in short sword
No. 105 was in well-shaped pearlitic form
(Figure 2.43), but in other areas it was
somewhat spheroidized {Figure 2.44) |t
seemns probable that the spheroidizad
structures resulted simply from forging at
a slightly lower temperature than usual,
for the smith could hardly have been
aware of the abrupt critical point.

Spheroidized carbide mixed with nitride
was encountered in one part of No. 1056
{(Figure 2.45) but it is usually difficult to
recognize the nitride when much carbon is
present. in the dagger No. 102 there
were many areas in which the ferrite in
the microstructure revealed ghos: markings
(Figure 2.38) obviously related to segrega-
tion oceurring in & preexisting aipha-
gamma microstructure that has disap-
peared during cooling. This is the only
one of the objects studied to contain a
significant amount of phosphorous, which
diffuses slowly and is distributed in quite
different amounts in the alpha and gamma
phases.

Although most of the pieces examined
had. both internally and on the grester
part of their surfaces. structures associ-
ated with simple air-cooling from tempera-

tures well above the cnitical point (725°
to 810°C depending on carban content)
without any further treatment, there is evi-
dence of later hsating to a lower tem-
perature.

!t was mentioned earlier that the steel in
the grooves cut to receive the bands on
the hilt and pemmel of No. 105 had been
superficially cold-worked in a manner that
suggested working with a chise!. Actually
the ferrite in the most heavily cold-worked
areas has recrystallized to an extremaly
small grain size (Figure 2.46) and in simi-
lar areas that are pearlitic the carbide has
become sphercidized (Figure 2.47). This
indicates that the mechanically finished
dagger had been heated for & short time
to & temperature perhaps as high as
6560°C. A similar effect was encountersd
on the surface of the shaped shouider of
No. 104 (Figure 2.14). The recrystalliza-
tion of the heavily distorted chips along-
side the pin (itself unaffected) in the mace
head No. 113 (Figure 2.23) suggests a
similar if less imense thermal histery. The
objects had been forged mainly at the
usuat supercritical temperatures, and the
fine recrystallization occurred anly in re-
gions that had been subjected to savere
and highly localized surface deformation.
Was the final fitting together of the parts
pernaps done just below a red hest? The
fact that the effect occurs on several of
the objects makes it unlikely that it re-
suited from heating in a cremation or an
accidental fire: perhaps it marks the use of
biuing or some other fow-temperature
chemical treatment carried out to produce
an attractive corrosion-resisting surface on
the finished objects. There are no records
describing the surface appearance of iron
cbjects in the period under discussion,
but it seems semewhat uniikely that they
would have heen bright.

Table 2.2 summarizes microhardness Hardness
measuremeants on the objects. The aver-

age hardness numbers are misieading, for

there is considerable variation from place

to place. Figure 2.48 presents a number

of measurements across various sections

of the short sword No. 105. The hardness

in loczl regions is roughly what would be

expected for metal of carbon content re-

vealed by the local microstructure after

air-cooling from temperatures somewhere

in the range 750 to 9C0°C.

Locally enhanced hardness caused by
cold-working is clearly shown in Figure
2.49, which summarizes measurements
on the mace head No. 113; Curve A is a
traverse across the nead in an area that is
mainly recrystallized low-carbon iron, and
Curve B traverses the stem of the cold-
worked pin. The latter shows the high,
locai hardness in both the body of the pin
and the sides of the hole drilled to receive
it. Although this meta! is of low-carbon
content, it is harder than any other metat
encountered in the investigation. The
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Luristan smith {in common with most other
iron workers at any time) did not explecit
the superior mechanical properties of cold-
worked steef in sword blades or ather
objects.

A cold-worked bronze containing 10 per-
cent tin could easily surpass the hardness
of any of the present steels, and even a
cast bronze {with a hardness of about
110 VHN) would be superior 1o most of
them. The advantage of iron over cold-
worked bronze must have been mainly an
economic one. The ores of iron are far
more widespread than are those of copper
and especially those of tin, thocugh when
making complicated shapes this advantage
would have been partly offset by the
greatar labor needed in forging iron than
when casting bronze.

Iranian smiths in the pericd 800 {Z= 200}
a.c. wera highly skilled, although they
were unacquainted with some of the basic
methods of ironworking. Their forging,
which involved the use of special swagss,
is magnificent, but there is no evidence of
welding, and the smith assembled shapes
as complicated as those of bronze cast-
ings by using elaboratsly fitted mechanicai
jeints, locked by peening or crimping.
Holes were drilled and surfaces were ac-
curately cut by a technique, supposedly
using abrasives. that only superficially dis-
torted the adjacent metal.

Chemical analysis showed the steel to be
unusuaily free from impurities, though one
sample contained nickel, and iron oxides
and silicates were generally present as
slag inclusicns. The carbon content, as
estimated from the microstructure, varied
between 0 and 1.0 percent in different
parts of the objects, reflecting uncon-
tralled local variations of carburization in
the reduced iron sponge as it came from
the smeiting hearth. No significant carburi-
zation or decarburization had occurred
gither during forging or after. The micro-
structure showed the pieces to have been
air-cocled after forging. not quenched for
hardening. The hardness, averaging about
130 VHN, varied locally between 80 and
270 VHN, the highest values being only
in a few ragions that had been lccally
cold-worked. There was some evidence of
a final iow-temperature heat treatment,
perhaps to confer corrosion resistance by
surface oxidation. :

Until many more studies of a comparable
kind have been made con materiat from
other cultures, it is premature to draw .
general conclusions. Nevertheless, the
Luristan smith's curious combination of
skill in forging and ignorance of either
welding or guanch hardening seems rather
clearly to denote a transitional pericd n
tha knowledge of iron. Furthermore, the
iron objscts whether swords, daggers,
maces, or bracelets are all of a decorative
design that is more appropriate to the mold

of the foundryman and the chaser’s chise!
than to the hammer of the smith. It seems
that the economic advantage that les in
the greater abundance of the ores of iron
compared with those of copper and tin
was offset to a considerable extent by the
greater labar involved in the forging opera-
tion and by the apparent inability to use
scrap. Homer's legend of the biinding of
Polyphemus proves that the quench-hard-
ening of steel was known at the time (at
least in Greece), but the Luristan smith
either did not know it or preferred not to
use it because of the extreme difficulty of
consistently producing steel of a suitable
quality and of properly controlling the
quenching operation. In the unquenched,
state. steel is little better than bronze: in-
deed. it is inferior to cold-worked bronze,
and it would probably not have been used
had not economics accelerated its intro-
duction. Seme bronze swords at the time
were cold-worked; had the iren been so
treated, its mechanical properties would
have been considerably enhanced. The
absence of such processing except in
trivial parts suggests that sufficiently
powerful hammers and sufficiently resistant
anvils for cold-working large objects had
yet to be developed. (When these did be-
come available later, comparable prop-
erties were mare easily obtained by heat
treatment.) £

The photomicrographs in this paper are
mainly the work of Mrs. Betty Nielsen of
the University of Chicago, Mrs. Katharine
Ruhl and Mrs. Judith Moore of M.I.T.
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edged. The United States Steel Corpora-
tion through the courtesy of Dr. M. W.
Lightner performed the chemica! analyses.
Support for this study was provided by the
Sloan Fund for Basic Research, M.I.T.,
and by the U.S. National Endowment for
the Humanities.
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By far the mest important paper on Luris- Addendum
tan steel yet to appear was published after

the present paper was written (early in E
19568). This is Albert Francs-Lanord, "'Le

fer en Iran au premier millénaire avant
Jésus-Christ,”” Revue d 'Histoire des mines

et de la métallurgie. 7, 1969, pp. 75—

127. France-Lanard includes photographs

of two typical short-swords in unusually

fine condition showing fine traced decora-

tion and many photographs of metal-

fographic sections of similar swords. All

were assembled without welding. but the
number of parts and the details of their
attachment differ. in one of the shert

swords, rivets were used to secure the
decorative heads on both pomel and ri-

casso. and also to fix the blade to the

handle. France-Lancrd notes the lack of
welding and points out that the forging.
shaping. and riveting technigues were es-
sentially these of the bronze worker. He
conciudes that there was a complete sep-
aration between those men who smelted

iron as an article of commerce and thosa 51
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who shaped objects from it, using old
methods on a newly introduced material,

France-Lanord alsc describes daggers with
cast-on bronze hilts, axes. spears. horse
bits, and several sword and knife blades.
Most of the cbiects are. irregularly car-
burized, although France-Lanord observed
that harder metal was generally selected
for blades and softer iron for decorative
parts. One blade (No. 10, of unspecified
origin) seems to have been carburized
iocally on its cutting edge, though a fortui-
tous fluctuation of carbon content is not
excluded. Another (No. 14, of the seventh
to sixth century 8.¢.} has a laminated
composite structure somewhat reminiscent
of later Damascus swords. France-Lanord
believes that the structure could not have
resulted from the simple forging of an un-
melted sponge and suggssts possible
origin either in a Wootz-like material (high-
carbon steel. melted, and slowly cooled 1o
give a coarse crystaliine segregation} or in
stacks of iron plates impregnated with
moften cast iron as in Nesdham’s co-
fusion process used in the Far East some
centuries later. However, it seems to the
writer that the making of ""natural” steel
by cperating the refiner's hearth under
highly reducing conditions must at least
occasionally invoive the iransitory produc-
tion of some liguid cast iron, and struc-
tures like that of France-Lanord's No. 14
could easily result from the irreguliar dis-
tribution of liquid metal within & poorly
consolidated sponge. Even large gradients
of carbon content in hyper-eutectoid stes!
would not be eliminated by diffusion as
long as working was done at & tempera-
ture iow enough to retain some carbide
everywhere. | have seen Iranian iron in
which heavy carburization {ocally follows
deep seams and cracks in a distribution
that could not possibly occur by gas
transfer but would easily resuit from eu-
tectic material being carried by capillarity
into these regions. Though the chemistry
is identical with co-fusion it doss not re-
quire the prefabrication of plates of iron
and their immersion into separately-made
cast iron. but is simply a result of differing
degrees of carburization at different loca-
tiens within & single. somewhat porous,
lump of metal.
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