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Abstract 

 

The study of historical metallic objects is greatly aided by a careful metallographic 

examination. In many cases, the objects have undergone serious corrosion over the years 

and the corrosion product must also be examined. Generally, this dictates encapsulation 

in a good epoxy mounting material. Specimen preparation is the same as for 

contemporary irons and steels, and the same etchants are used. This paper presents results 

obtained when a number of iron-based objects were studied. Color tint etchants are 

particularly useful in this work as they are more selective in nature, reveal the grain 

structure fully, while revealing crystallographic texture, if present, and are better for 

revealing chemical inhomogeniety and residual deformation than standard black and 

white etchants. 

 

Specimen Preparation 

 

In most of these studies, the specimens were encapsulated in epoxy, usually EpoHeat 

resin that has a viscosity of 32 cps and cures at 55 C̄ in 90 minutes. The rivet from the 

stack of the U.S.S. Arizona was prepared manually, as it was not sectioned beyond the 

originally received condition: an 80-mm long rivet through three sections of plate steel, 

each about 24-mm thick. In general, specimens were prepared using a five-step method 

using a semi-automatic grinder/polisher, the AutoMetÑ/EcoMetÑ system: 

 

Surface Abrasive/Size Load 

Lb. (N) 

Speed 

rpm/Direction 

Time 

(minutes) 

CarbiMet® 

paper 

240-grit SiC, 

water cooled 

6 (27N) 240-300 

Contra 

Until Plane 

UltraPolÊ silk 

cloth 

9-µm Metadi 

Supreme® 

suspension 

6 (27N) 120-150 

Contra 

5 

TriDentÊ 

polyester cloth 

3-µm Metadi 

Supreme 

suspension 

6 (27N) 120-150 

Contra 

4 

TriDent 

polyester cloth 

1-µm Metadi 

Supreme 

suspension 

6 (27N) 120-150 

Contra 

3 

MicroCloth® 

synthetic suede 

cloth 

MasterPrepÊ 

alumina slurry  

 

6 (27N) 120-150 

Contra 

3 

 



When using diamond abrasives, the cloth is charged initially with diamond in paste form, 

which is pressed into the cloth with the fingertips. The cloth is wet with the MetaDiÑ 

Fluid lubricant and polishing is commenced. After about 30s, and in subsequent 30 s 

intervals, a small amount of MetaDi Supreme polycrystalline suspension is added to 

maintain a high cutting rate. The 60-rpm head speed of the AutoMet head, along with the 

use of contra rotation, helps keep the abrasive and lubricant on the cloth, which enhances 

abrasive and lubricant uniformity which minimizes deformation, pull outs and smearing. 

 

After step five, the specimens were etched with nital and examined. Then, the etching 

was removed by repeating step five. Next, an appropriate color tint etch was selected for 

use.  

 

Revealing the Microstructure in Color 

 

The use of color in metallography has a long history with color micrographs published 

over the past eighty-some years.  A number of general papers [1-4] have been published 

reviewing methods and applications. 

 

Color etching methods are widely used although they are not universal.  Color etchants 

have been developed for a limited number of metals and alloys and they are not always 

easy to use, nor are they fully reliable.  Color etchants are used by immersion or 

electrolytically.  A complete listing of all color etchants is beyond the scope of this paper 

but good compilations are available [3,5-9].  Aside from the immersion ñtint etchants,ò 

there are a number of older etchants that produced color either by immersion, sometimes 

in boiling solutions, or electrolytically.   

 

There are other procedures to create interference films using heat (heat tinting), vapor 

deposition or by reactive sputtering.  Color can be observed with bright field illumination 

but often can be enhanced using polarized light. 

 

Electrolytic reagents may color either the anodic (matrix) or cathodic constituents.  There 

are also electrolytic reagents known as anodizing solutions.  They have been used most 

commonly with aluminum and its alloys.  These solutions may, or may not, produce a 

thin film on the surface or will roughen the surface.  In the first case, examination in 

bright field reveals color; in the second case, polarized light is required to reveal the 

structure clearly. 

 

Tint etching, also called stain etching or color etching, can be performed using simple 

chemical immersion etchants, by electrolytic etching (such as, but not limited to 

anodizing), and by potentiostatic etching.  Immersion etching is the simplest; 

potentiostatic etching is the most complex. Deposition of color films on precipitates or 

matrix phases has been known for many years, as alkaline sodium picrate, Murakamiôs 

reagent, Groesbeckôs reagent, and Maletteôs reagent have been used for many years. 

French metallograhers [10-16] were very active in the 1950s developing color etchants 

based on aqueous solutions containing sodium bichromate, sodium nitrate, sodium nitrite 



and sodium bisulfite. Vilella and Kindle [17] at U. S. Steel tried the sodium bisulfite tint 

etch and found it useful for steels. However, these etchants are used infrequently today. 

 

Color etching really became a more useful and popular tool with the development of 

reagents by Klemm [18,19] and Beraha [3,20-32]. These works were aided by 

developments by Benscoter, Kilpatrick and Marder [33-36], Lichtenegger and Blöch 

[37], Weck [9] and others. The books by Beraha and Sphigler [3] and by Weck and 

Lismer [7-9] have helped metallographers learn these useful techniques. 

 

There are a number of processes, besides metallographic etching, that deposit thin films 

of various compositions on metals, but not all will reveal the microstructure.  Film 

thickness is important; coloration due to interference effects is a function of film 

thickness.  Passivation treatments, used on aluminum and stainless steels, produce thin, 

transparent films that do not reveal the microstructure.  Oxides produced by high 

temperature exposure are usually quite thick and also do not reveal the microstructure.  

Between these extremes, films of oxides, sulfides and molybdates produce interference 

effects revealing the structure in color as a function of thickness.  The classic historical 

example of a process that yields oxide films of the correct thickness for interference 

generated colors is heat tinting.  Certain metals, when heated to temperatures that yield 

thin oxides produce a visible color on the surface known as ñtemper colorsò.  At some 

low temperature, the film becomes thick enough to produce a straw yellow color.  As the 

temperature is increased, the film grows and the color changes to green, then red, violet 

and blue.  This same sequence is obtained when films are grown on a polished surface 

during tint etching. 

 

There are a great many tint etchants and it is not possible to describe and illustrate all of 

them in a short review paper.  Instead, some of the more useful color etchants for 

historical artifacts will be discussed.  The films are the product of a controlled chemical 

reaction between the specimen surface and the reagent.  The electrochemical potential on 

the surface of a polished specimen varies.  For example, the potential at a grain boundary 

is different than in the grain interior while the potential of a second phase particle may be 

greater than the matrix.  In this case, which is quite common, the matrix is anodic while 

the particles are cathodic, i.e., more noble.  It is far easier to grow an interference film on 

the anodic matrix phase than on the cathodic second-phase particles.  Anodic tint etchants 

are quite sensitive to crystallographic orientation with the film thickness, and the color, 

being a function of crystal orientation.  This is not the case for cathodic tint etches which 

invariably color the noble phase uniformly regardless of their crystallographic 

orientation.  A few reagents will color both anodic and cathodic constituents and are 

referred to as complex reagents.  In metallographic work, particularly for phase 

identification or for selective etching before performing quantitative measurements, 

anodic and cathodic etchants are generally more useful than complex reagents.  Reagents 

that deposit sulfide films are usually anodic while reagents that deposit selenium or 

molybdate films are cathodic or complex. 

 

Examples of Historic Fe-Based Objects 

 



Roman-Era Nail 

 

A Roman-era nail was found at a construction site in Vicenza, Italy. The head measured 

30-mm across by about 10-mm thick but the shaft was broken about 18-mm below the 

head. It was encapsulated in a 1.5-inch diameter epoxy mount and polished. Etching with 

2% nital revealed that much of the head was carburized, although non-uniformly. The 

case, however, was not hardened by heat treatment and consisted of pearlite. 

Consequently, the nital etch was removed and it was etched with 4% picral, which yields 

more uniform contrast with fully pearlitic structures than nital. This revealed that there 

were small patches of as-quenched martensite ï not seen using nital. Picral does not etch 

as-quenched martensite, while nital does. Figure 1 shows an example of such a patch. 

 

  
 

Figure 1 (left): Etching the Roman nail with 4% picral revealed several small patches of 

as-quenched martensite in the carburized head. Picral does not etch as-quenched 

martensite. 

Figure 2 (right): Etching the same area with aqueous 10% sodium metabisulfite revealed 

the structure of the as-quenched martensite (light brown in color), while the fine lamellar 

pearlite is multi-colored. 

 

As an alternative to nital, etching with aqueous 10% sodium metabisulfite will reveal the 

structure of as-quenched martensite, Figure 2, which can also be documented in color. 

Use of polarized light and a sensitive tint filter enhances the coloration. 

 

The shaft of the nail was not carburized. The nail was made of wrought iron and Figure 3 

shows an excellent example of the slag that was present. Near the surfaces of the shaft, 

Figure 4, there were numerous mechanical twins (Neumann bands), but not in the center, 

Figure 5. These were more prevalent as the fracture was approached. This suggests that 

the nail broke, probably during winter, when it was being driven into some wooden 

object. 

 



  
 

Figure 3. Example of a large slag inclusion in the broken nail, 2% nital etch. 

 

  
 

Figure 4 (left): Numerous mechanical twins were observed near the outer surfaces of the 

nail (Beraha Sulfamic acid tint etch, polarized light plus sensitive tint). 

Figure 5 (right): Twinning was not observed in the center of the shaft (Klemmôs I tint 

etch, polarized light plus sensitive tint). 

 

Microindentation hardness testing was also performed on the nail. The ferritic regions in 

the shaft had a Vickers hardness of 83 ï 115. The very fine-grained ferrite in the head had 

a hardness of 125 ï 130 HV.  The fully pearlitic head regions had a hardness of 275 ï 295 

HV due to the fine interlamellar structure. This hardness does not suggest, however, a 

very fast quench rate, as much higher hardnesses can be achieved in very fine pearlite. 

The martensitic patches had hardnesses of 620 ï 862 HV, a substantial variation, 

suggesting carbon variations.  As these patches are as-quenched martensite, the 



hardnesses correspond to at least 0.40% C in solution in the austenite (the martensiteôs 

parent phase) for the patch at 620 HV to at least 0.60% C in solution in the austenite for 

the 862 HV patch. No evidence of either excess carbon in the form of undissolved 

cementite or retained austenite was found in these patches, suggesting an upper carbon 

limit of about 0.7%. 

 

Japanese Helmet, 17
th

 Century 

 

A section from the Japanese helmet shown in Figure 6 was removed by sawing. Before 

the cut was completed, the un-cut portion broke. SEM examination revealed several 

fracture mechanisms and both intergranular and transgranular fracture surfaces, as shown 

in Figure 7. The section was mounted in epoxy resin and polished using the method 

described above. It was first examined after etching with 2% nital to reveal the grain 

structure and with Klemmôs I, Figure 8.  Boiling alkaline sodium picrate was used to 

color cementite particles observed in the grain boundaries, Figure 9. The steel had a 

hardness of 124.6 ° 4.7 HV. 

 

 
Figure 6. 17

th
 century Japanese helmet (Courtesy of the Higgins Armory Museum, 

Worcester, Massachusetts. 

 



   
Figure 7. Examples of brittle fracture surfaces in the section prepared for the writer. 

 

   
 

Figure 8. Non-uniform grain structure of the helmet wrought iron; left ï 2% nital; right ï 

Klemmôs I reagent. 

 

   
 

Figure 9. Examples of grain boundary carbide networks in the helmet revealed using 

boiling alkaline sodium picrate. 

 

 

 



U.S.S. Arizona 
 

The battleship was built in the New York City Navy Yard starting March 16, 1914 and 

was commissioned October 17, 1916. From 1929 to 1931, it was upgraded with 

significant changes to its superstructure, Figure 10. It was hit by the battleship Oklahoma 

and was in Pearl Harbor for repairs when sunk on December 7, 1941. 1177 crewmembers 

died in the attack. Figure 11 shows the ship after the attack. 

 

 

  
 

Figure 10 (left): Battleship U.S.S. Arizona after the 1929-1931 rebuild. 

Figure 11 (right):  The Arizona after the Japanese attack on Pearl Harbor. 

 

Figure 12 shows the bainitic microstructure of the deck plate with a hardness of 284.4 ° 

16.1 HV. This was a riveted ship, built long before welding was introduced. It would not 

be welded easily. Figure 13 shows the microstructure of the plates in the stack while 

Figure 14 shows the structure at the top and bottom of the 80-mm long rivet through the 

three 24-mm thick stack plates. 

 

  
 

Figure 12: Bainitic microstructure of the deck plate; left: 4% picral; right: 10% sodium 

metabisulfite. 



 
Figure 13: Microstructure of the stack plate, consisting of equiaxed and acicular ferrite 

and bainite (4% picral etch). 

 

  
 

Figure 14: Microstructure at the top (left) and bottom (right) of the 80-mm long rivet 

showing appreciable differences in heating temperature before riveting and cooling rate 

after riveting (Beraha sodium thiosulfate-potassium metabisulfite tint etch). 

 

Conclusions 
 

This work has demonstrated the value of good metallographic techniques and choice of 

the best etchant for revealing the microstructure of historic iron-based objects. By careful 

metallographic work, one can learn a great deal about the manufacturing processes used 

to make these objects. 
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