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METALLOGRAPHIC ETCHING REAGENTS. Ill: FOR
ALLOY STEELS

By Edward C. Groesbeck

ABSTRACT

There has been lacking in the existing literature a rationale which would

guide one in making an intelligent selection of a suitable etching reagent for

identifying, by means of metallographic etching reagents, the constituents

present in various alloy steels, ferro-alloys, and special alloys. This investi-

gation was undertaken to find such a rationale for alloy steels and ferro-alloys

containing chromium, tungsten, and vanadium.

Experimental data on the etching behavior of typical constituents found

present in these steels and ferro-alloys and in high-speed steels toward various

alkaline solutions under oxidizing and nonoxidizing conditions were obtained,

using the simple immersion and electrolytic etching methods.

The principles governing this behavior were determined from these data and
results of tests made with certain solutions. Briefly stated, they are based on

(1) two distinct effects obtained with alkaline etching solutions in the immersion

method, (a) a chemical attack of the constituent by the alkali, and (6) the oxida-

tion of the constituent by nascent oxygen formed in the solution ; and (2) similar

effects by electrolytic etching with solutions of weakly dissociated acids, both

alkaline and metallic salts of these acids, and alkalis, although the nascent

oxygen is derived from different sources, (a) a secondary reaction between the

acid formed in the first stages of the electrolysis and water, and (6) by discharge

of hydroxyl ions on the anode (specimen). A differentiation of the various

constituents is thus made possible.

A quite complete, though brief, review of the literature on equilibrium dia-

grams of the alloy systems and on constituents found in alloy steels and ferro-

alloys is included.
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I. INTRODUCTION

In the literature there appears to be no well-established rationale

to which etching reagents recommended by various investigators for

the identification of certain constituents in plain carbon and alloy

steels may show a clearly defined relationship. Many of these etch-

ing reagents evidently owe their development to the special needs

engendered by the circumstances surrounding the case in question.

It would appear that the development of these various reagents was
unrelated to any general scheme, although considerations of a chem-

ical nature necessarily entered into each particular case.

The use of reagents of an acidic nature for developing the micro-

structure of alloy steels appears to be the general practice, particu-

larly when not more than one structurally free constituent is assumed

to be present. High-speed steels may be cited as an example. It

might appear that all the undarkened particles observed in the micro-

structure of such steels, as brought out by etching with an acid

reagent, were of the same nature, as judged from the fact that appar-

ently all these particles were darkened by the sodium hydroxide and

hydrogen peroxide etching reagent developed by Yatsevitch (68)
.'

It would seem that no consideration had been made of the possibility

of the existence of very small particles of another constituent which

1 The figures inclosed in parentheses here and throughout the text relate to the numbered references in

the selected bibliography given at the end of this paper.
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would behave differently toward Yatsevitch's reagent and because of

their size be not readily noticed in the unetched matrix. The need of

directing greater attention to other methods of developing the micro-

structure of alloy steels thus suggests itself, if more reliable knowledge

of the details revealed in the microsection is to be sought.

Where there is present in the microstructure more than one struc-

turally free constituent—for example, iron carbide and another con-

stituent attributable to the alloying element—etching with an acidic

reagent will fail to distinguish between the two unless differences in

their structural characteristics permit identification. On the other

hand, such a reagent is useful and convenient for revealing the general

distribution and arrangement of the structurallv free constituents.

The present knowledge regarding the true nature of several of

the constitutents found in alloy steels is still far from being complete;

this subject is discussed at greater length in Section IV. A reliable

determination of the chemical composition of a constitutent which

has been separated from an alloy steel by chemical means—for

example, by the aid of electrolysis—is obviously beset with serious

difficulties because of the relatively minute size of the particles coupled

with the danger of their incomplete separation from the surrounding

matrix or other compounds mechanically mixed therewith or of

contamination of the carbide residues by the solution formed in the

separating process. The recent advances in X-ray analysis, how-
ever, hold out some hopes of a successful method of attacking this

problem by this means, as indicated by the work of Bain and Jeffries

(11) and of Westgren and Phragmen (65). Since an incomplete

knowledge regarding these constitutents still exists, no attempt has

been made in this paper to indicate the nature of the constituent under

consideration further than by a general designation, such as chro-

mium carbide, etc.

The general methods employed in metallographic etching practice

are as follows: (a) Simple immersion, in which the prepared surface

or "microsection" is exposed by immersion to the action of the etch-

ing solution; (b) electrolytic etching, where a weak electric current

is used in conjunction with a suitable electrolyte and the specimen

to be etched is made one of the terminals, usually the anode, of the

"cell"; (c) heat tinting, which is essentially a heating of the specimen

to such a temperature that an oxide film forms and a differential

coloring of the constitutents is produced.

II. AIM OF INVESTIGATION

In addition to collecting experimental data on the behavior toward
various etching reagents of the constituents, which are likely to

occur in common alloy steels, this work was undertaken with the

endeavor to find a rationale by which one could be guided in the
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etching procedure for the identification of one or more constituents

that may be present in alloy steels or special alloys, as ferro-alloys,

etc., or in developing new etching reagents to meet new cases as they

arise. The work was confined to the constituents found in the more
common alloy steels as chromium, tungsten, vanadium, and high-

speed steels. Molybdenum is generally assumed to have similar

characteristics to tungsten, and no efforts were made to obtain sam-

ples of molybdenum steels containing free carbide particles.

III. EQUILIBRIUM DIAGRAMS OF BINARY AND TERNARY
SYSTEMS IN ALLOY STEELS

As an aid to predicting the existence of compounds that may be

present and identified in the microsection of the alloy steel, a resume

of the existing knowledge, still very incomplete in many instances,

regarding the equilibrium diagram of the binary and ternary systems

likely to be met with in commercial alloy steels may here be not

amiss.

1. CHROMIUM-IRON

Fischbeck (19) has recently given a diagram, based on the results

of Treitschke and Tammann (62), Janecke (37), and Monnartz (42),

indicating that there are two eutectics—one 15 per cent chromium
and 1,410° C, the other 60 per cent chromium and 1,260° C.—present

in this system. Murakami (44), however, concluded from his mag-
netic analyses that these two metals form solid solutions for all

proportions.
2. CHROMIUM-CARBON

This system was investigated by Ruff and Foehr (55) and Mura-
kami (44) simultaneously, though independently. Both concluded

from microscopic evidence that a simple eutectic is formed, and that

the carbide is soluble at eutectic temperature in chromium to about

0.5 per cent carbon. They differed widely, however, as to the com-
position of the carbide (Cr5C2 , 8.45 per cent carbon, and Cr4 C, 5.45

per cent carbon, respectively) and the carbon content of the eutectic

(about 4.3 and 1.7 per cent, respectively).

3. CHROMIUM-IRON-CARBON

Although numerous papers on chromium steels, particularly con-

cerning the properties as produced by heat treatment and also the

relation of these properties to the composition as well as to the

assumed state of the chromium in steel, have appeared during the

last 35 years, it is only within the last decade that systematic study

was made of the chromium-iron-carbon system. It is true that

about 20 years ago Guillet (27) published a diagram, based on the

results of microscopic observations on two series of steel containing
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0.2 and 0.8 per cent carbon and different amounts of chromium,

which indicated in an approximate manner the microstructures to

be expected with varying percentages of chromium and of carbon.

Murakami (44) published in 1918 the results of a comprehensive

study made of this system by means of magnetic and microscopic

analysis. He furnished a diagram, somewhat similar to Guillet's,

although the boundary lines were more accurately located.

Later Oberhoffer and Daeves (46, 48) and Russell (57) determined

by the microscopic method the solubility limit for the eutectic in

chromium-iron-carbon alloys. Their results, with those of Mura-
kami, are shown in Figure 1. It will be seen that there is, allowing

o:* ad /'z /'6 zo
Carbon

}
Jber cent

Fig. 1.

—

Solubility (or saturation) limit for the eutectic in chromium-iron-carbon
alloys, as determined by Murakami (44), Oberhoffer and Daeves (46, 48), and
Russell (57).

for the fact that Murakami set the zero chromium point—that is,

the point of saturation for cementite in the iron-carbon system—at

2.0 per cent carbon rather at the generally accepted value of 1.7

per cent, fairly good agreement. The eutectic, with any primary
carbide present, should be expected as a structurally free constituent

in steels of chromium and carbon contents lying to the right of the

solubility curve while those to the left of the curve should show no
eutectic. Figure 1 also shows the lowering effect produced by the
increase of chromium upon the solubility of cementite in iron-carbon
alloys; for example, approximately 14 per cent chromium should
lower the solubility limit by about 1 per cent carbon. Goerens and
Stadeler (22) have also given data along this line in alloys containing

4 to 5 per cent carbon. Daeves (14) has called attention to the fact
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that the "stepping over" of this solubility curve in the case of

chromium steels, as well as tungsten, from left to right produces a

decided change in the tensile and other properties because of the

presence of the eutectic.

4. TUNGSTEN-IRON

This system was studied by Harkort (28), Bornemann (12), who
plotted a diagram based on Harkort's results, Honda and Murakami
(31), and Ozawa (50). Ozawa's diagram, a modification of that of

Honda and Murakami, is reproduced in part in Figure 2. Honda

1800
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o
v>
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o
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zo 60 80

Tungsten - ber cent

Fig. 2.— Tungsten-iron equilibrium diagram, after

Ozawa (50).

and Murakami's conclusion that Fe2W is the only compound of the

two metals was confirmed by Ozawa. This diagram will show that

for unquenched alloys the solubihty of Fe2W in iron extends to 9

per cent tungsten, while in alloys containing from 9 to 33 per cent

tungsten Fe2W separates out and is identified in the microstructure

as globules of a relatively hard constituent. Alloys with 33 to 62

per cent tungsten show primary crystals of Fe
2W in needle form, in
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addition to the globules of Fe
2W which separated from the solid

solution as the alloy cooled. In alloys exceeding 62 per cent tung-

sten particles of metallic tungsten surrounded by an envelope of

Fe
2W occur.

5. TUNGSTEN-CARBON

Ruff and Wunsch (56) appear to be the only investigators who
have undertaken anything of a systematic study of this system.

They determined, by microscopic observations and chemical analysis,

the existence of two carbides of tungsten, tricarbide, W3 C, containing

2.12 per cent carbon, by weight, and monocarbide, WC, containing

6.12 per cent carbon. They also inferred from thermal analysis data

as well as microstructure the probable existence of a compound,

W2 C, intermediate between W3 C and WC. W3C was reported to be

slightly soluble in tungsten, and that three eutectics were found:

(a) W: W3 C at 1.4 per cent carbon and 2,690° C; (6) metastabile

ternary eutectic of W3 C, WC and an unidentified carbide (W
T

2 C?) at

about 2.4 per cent carbon and 2,660° C; and (c) WC: unidentified

carbide (W2
C?) at 3.5 per cent carbon and 2,580° C.

In a determination of the electrical conductance at room tempera-

ture of tungsten lamp filaments, previously subjected at incandescent

temperatures to a carbonizing process in naphthalene vapor, with the

degree of carbonizing attained, Mary R. Andrews (2) found two

change points in the conductance curve at 3.16 and 6.12 per cent car-

bon. Since these values correspond exactly to the carbon content in

W2C and WC, respectively, she concluded that at these points the

filament was completely converted into these two carbides. No
results indicating the formation of a carbide corresponding to the

formula W3 C were obtained.

Hultgren (35) reported the presence of a white, hard microscopic

constituent in tungsten that had been carburized by welding with a

carbon electrode. He concluded that this was probably W3 C, but

did not find it in his iron-tungsten-carbon alloys.

6. TUNGSTEN-IRON-CARBON

No really satisfactory equilibrium diagram of this system has

been constructed, for several reasons: (1) Many of the results of

several investigators are contradictory; (2) not a very large amount
of data, particularly thermal, has been obtained; and (3) the true

nature of some of the constituents already found has not been

established.

Honda and Murakami (31) were the first, in a study by magnetic

analysis and microscopic observations of tungsten steels and the

changes produced by heat treatment, to publish, in 1918, a diagram

indicating what zones, with respect to the tungsten and carbon con-
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tent, should show in the microstructure such constituents as iron

tungstide, cementite, tungsten carbide, and double carbide of iron

and tungsten.

Later, 1920, Hultgren (35) summarized the results of an extensive

microscopical and thermal study of tungsten steels and related alloys.

Although realizing the incompleteness of his data, he furnished a

tentative diagram, which differs markedly from that of Honda and

Murakami, mainly in the fact that the former diagram is based on

equilibrium at high temperatures (gamma iron), while the latter

represents conditions at room temperatures (alpha iron). Only

a small part of Hultgren's diagram is based on his experimental data,

the rest is largely conjectured, though based on considerations of

known facts.

O.A O.d /.'2 /.6

Carbon
t

jber cent

Fig. 3.

—

Solubility (or saturation) limit for the eutectic in tungsten-iron-carbon

alloys, as determined by Oberhoffer and Daeves (46, 48), full line, and Guillet

(26), broken line

Ozawa (50), 1922, published a triangular constitutional diagram,

plotted from data obtained in his magnetic and thermal analyses

and microscopic observations. He reported the ternary eutectic

point, 15 per cent tungsten, 3.6 per cent carbon, and 81.4 per cent

iron, 1,065° C. He advanced the statement that cementite and iron

tungstide are mutually soluble within each other up to a certain

concentration and form a binary eutectic, and that in steels having

high tungsten and carbon content the separation from the solid

solution of angular-shaped crystals of tungsten carbide (WC) occurs

when they are heated for a sufficiently long time at high temperature.

Figure 3 shows the solubility line for this system, which Oberhoffer

and Daeves (46, 48) determined. Alloys having compositions to the
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right of this line should show in the microstructure an eutectic,

those to the left should show none. Ozawa shows in his diagram a

similar curve. The fine broken line in this figure is that given by
Guillet (26) in his diagram as separating the cementitic tungsten

steels from the pearlitic steels.

7. VANADIUM-IRON

Vogel and Tammann (63) published an equilibrium diagram,

showing that vanadium and iron form solid solutions in all propor-

tions. They stated that these aUoys have a homogeneous micro-

structure. Norris (45) has stated that in vanadium steels the

ferrite retains in solid solution a few hundredths of 1 per cent of

vanadium. Giesen (20) reported, several years before, this quan-

tity as being approximately 0.6 per cent.

8. VANADIUM-IRON-CARBON

No equilibrium diagram for this system has, as far as is known,
been published. Considerable work has, however, been done on the

effect of vanadium in carbon steels and alloy steels, particularly

with respect to heat treatment and mechanical properties. Some
conclusions reached by several investigators would show that vana-

dium has apparently a greater affinity for carbon than iron, and
that a special constituent thus formed increases in quantity with

the vanadium content, whereas the amount of iron carbide decreases

till only vanadium carbide remains. Arnold and Read (6) concluded

from the results of microscopic examination and of chemical analyses

of carbide residues from a series of vanadium steels that the amount
of vanadium required to absorb all of the carbon present in steels of

approximately eutectoid composition exceeds 5 per cent, the formula

of the vanadium carbide being V4C3 . They also concluded that no

double carbide of iron and vanadium is formed.

9. MOLYBDENUM-IRON

Guertler (25) gives an equilibrium diagram showing that molyb-
denum forms a solid solution with iron, and that within the 30 to 80

per cent molybdenum range a compound (Fe3Mo2 ?) occurs in the

iron-molybdenum solution. 2 Iron-molybdenum and iron-tungsten

alloys have many points in common. Molybdenum does not,

however, appear to form a compound corresponding to Fe2W.

2 Guertler, in an article on molybdenum alloys (Z. Metallkunde 15, p. 252; 1923), stated that Lautsch

and Tammann's (39) results were not considered as being fully satisfactory, so in another investigation,

started but not completed, because of the death of the investigator, it was found that iron takes very gen-

erous amounts of molybdenum into solid solution, and that at still higher molybdenum contents a brittle

iron-molybdenum compound appears.
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10. MOLYBDENUM-IRON-CARBON

This system has apparently not been investigated to any extent,

although a good deal of work has been done on the properties of

molybdenum steels. Guillet (26) in a systematic examination of the

microstructure of molybdenum steels obtained results similar to those

for tungsten steels. He found that, however, only about one-fourth

the quantity of molybdenum is needed to produce equivalent results.

IV. NATURE OF CONSTITUENTS PRESENT IN ALLOY STEELS
AND FERRO-ALLOYS

The following survey of the data reported in the literature regarding

the nature, composition, and structural formulas of many of the

constituents found in alloy steels would indicate that our present

knowledge on this subject is still far from being complete. Most of

the data reported are based on chemical analyses of residues obtained

from the solution of various steels and ferro-alloys. Mention is also

made of carbides prepared in the electric furnace by (a) reduction of

oxides with carbon or a carbide, (b) fusion of the alloying element in

the presence of carbon, or (c) treatment of the metal or oxide in car-

burizing gases. In this summary the different compounds are

grouped under the alloy steel in which the compound might be

present.

1. CHROMIUM STEELS

Cr3C2
.—Prepared in the electric furnace from chromium and a

large excess of carbon, or by the reduction of chromium oxide with

calcium carbide (Moissan). Its existence in chromium steels was

supported by Ruff and Foehr (55).

Cr5C2
.—In residue from a high chromium-iron alloy containing up

to 8.5 per cent C; its presence in alloy checked by microscopic

examination (Ruff and Foehr).

Cr4 C.—Product obtained in the above-mentioned chromium-carbon

fusion (Moissan). Crystals of this compound assume hexagonal form.

Ruff and Foehr did not find this compound in chromium steels.

(See Arnold and Read, and also Murakami below.)

3Fe
3
C.Cr3C2

.—In residue from two chromium steels (Carnot and

Goutal).

3Fe3 C.2Cr3C2
.—Obtained by fusion in electric furnace of a mixture

of chromic acid, iron, and coke (Williams), and also in residue from

well-annealed chromium steels containing 15 to 24 per cent Cr and

0.65 to 0.85 per cent C (Arnold and Read). Murakami (44) ques-

tioned its existence and claimed that any excess iron or chromium
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carbide would, because of its insolubility in the acid solution used for

dissolving the steel, be mixed with the double carbide; Edwards,

Sutton, and Oishi (16) do not support him. Arnold and Head
reported an isomorphous mixture of Cr3C2 or Cr4C with Fe3C in

steels containing less than 10 per cent Cr. They believed that Cr4C
was found in well-annealed high chromium steels.

Fe3
C.Cr

3C2
.—In residue from ferrochromium (Carnot and Goutal).

The belief that this double carbide exists in chromium steels was

supported by Edwards, Sutton, and Oishi (16).

Murakami (44) reported that there were present in chromium steels

three double carbides—alpha, (Fe3 C) 18.Cr4C; beta, (Fe3C) 9.Cr4 C;

and gamma, Fe
3
C.Cr4C. He assumed the gamma carbide to dis-

sociate into beta carbide and Cr4C at high temperature; beta car-

bide into alpha carbide and Cr4 C, and the Cr4C into Cr3C2 and Cr.

He claimed that he could identify these carbides by their behavior on

etching.

2. CHROMIUM-TUNGSTEN STEELS

3Cr3C2.W2 C.—Obtained by treating in the electric furnace a mix-

ture of chromic and tungstic acids with carbon or by fusing metallic

chromium and tungsten with carbon (Moissan and Kowznetzow).

3. TUNGSTEN STEELS

FeW4
.—Obtained in a ferrotungsten containing 93.4 per cent W

(Norton).

FeW2
.—Residue from a ferrotungsten containing 86.4 per cent W

(Polick and Grutzner).

Fe3W2
.—Reported in ferrotungsten by De Benneville; obtained by

Vigoroux from a mixture of Fe3 4
and W02 by aluminothermic

reaction.

Fe2W.—First isolated by Behrens. Its existence in tungsten steels

and ferrotungstens supported by Carnot and Goutal, Swinden (though

reported as Fe3W) , Arnold and Read, Honda and Murakami, Hultgren

(FenW—this meaning either Fe3W or Fe2W) , and Ozawa.
Fe3W.—Carnot and Goutal reported it in ferrotungsten and also

in the residue from 6 per cent tungsten and 0.4 to 0.5 per cent carbon

steels. Gin reported its preparation by reducing ferrosilicon with

tungstic acid in electric furnace.

W3C.—Prepared by fusing metallic tungsten and carbon in electric

arc furnace (Ruff and Wunsch, WC and compound assumed to be
W2C also reported). Hultgren assumed a constituent present in the

fused zone of tungsten, carburized by welding with a carbon elec-

trode, to be W3C.
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W2 C.—Obtained by the fusion of tungsten with an excess of carbon

in electric furnace (Moissan) . Andrews (2) reported, in determining

the electrical conductance of tungsten filaments which had been

carburized at incandescent temperatures, the breaks in the conduc-

tivity curve as due to the formation ofW2C and WC.
WC.—Found in a mixture of tungstic acid, iron, and coke heated in

electric furnace (Williams). Obtained by treating tungsten powder
or oxide in methane and hydrogen at 800° C. (Hilpert and Ornstein,

they also reported W3C4 formed by heating tungsten in CO at 1,000°

C.) . Hultgren (35) and Arnold and Read (5) reported its presence in

various tungsten steels and related alloys.

2Fe 3C.3W2 C.—Found in a mixture of tungstic acid, iron, and coke

heated in electric furnace (Williams)

.

Fe3C.WC.—Residue from steels containing 6 to 8 per cent tungsten

and 2 per cent carbon (Carnot and Goutal). Hultgren reported it

as " Zl carbide," although Ozawa (50) in his microscopic examination

of tungsten steels was not able to find it. Hultgren disagreed with

Arnold and Read (5) that a mixture of Fe3C and WC or of WC and

Fe2W rather than a double carbide is formed. Honda and Murakami
(31) claimed the existence of a double carbide (4Fe3C.WC), and stated

that it dissociates when heated to above Aci, and that at a sufficiently

high temperature WC reacts with iron to form Fe3C and Fe 2W.
Ozawa concluded that Fe 3C and Fe2W are mutually soluble to a

certain concentration, and in steels of high tungsten and carbon

content these solid solutions decompose at about 900° C. (Fe3 C-f-

Fe2W= WC + 5Fe) ; this is not in agreement with Hultgren's conclu-

sion that WC is dissolved in Fe 3 C.

4. VANADIUM STEELS

VC.—Prepared by the reduction of V2 5
with carbon in the electric

furnace (Moissan).

V2 C3 (or V2n C3n).—Residue from steel containing 1.6 per cent

vanadium and 2.0 per cent carbon (Putz).

V4C3
.—Residue from series of vanadium steels (Arnold and Read,

who stated that no double carbide was formed, and that vanadium
carbide formed a mechanical mixture with the iron carbide in steels

below about 5 per cent vanadium and 1 per cent carbon) . This form

of carbide appears to be now generally accepted.

Fe3 C. 38 (V3 C2
).—Residue from steel containing 1.5 per cent

vanadium and 0.4 per cent carbon (Nicolardet).

Fe3 C. 60 (V4C3
).—Residue from steel containing 1.5 per cent

vanadium and 0.8 per cent carbon (Nicolardet).

Fe3 C. 74 (V4C3
).—Residue from ferrovanadium containing 32

per cent vanadium and 9 per cent carbon (Nicolardet).
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5. MOLYBDENUM STEELS

Mo
2 C.—Obtained by heating molybdenum dioxide with excess

carbon in the electric furnace (Moissan) , also by heating molybdenum
powder in methane at 1,000° C. (Hilpert and Ornstein) ; in residue

from molybdenum steels (Carnot and Goutal).

Fe
2
Mo, Fe3

Mo, FeMo, and FeMo2
.—Found in ferromolybdenums

(Vigoroux)

.

Fe3Mo2
.—Residue from Mo. steels (Carnot and Goutal).

Fe3Mo3 C.—In residue from molybdenum steels. (Arnold and

Read, Arnold and Ibbotson).

6. HIGH-SPEED STEELS

Various investigators have referred to the constituent present in

these steels under different names, such as "carbide," "free carbide,"

"carbide particles," "double carbide," "double carbide of tungsten

and iron," "iron-tungsten carbide," and "tungstide."

Bain and Jeffries (11) concluded from the results of their X-ray
studies that the stable carbide in high-speed steels is iron-tungsten

carbide, which is capable of retaining chromium and vanadium with-

out altering the type of crystalline lattice; Westgren and Phragmen
(65) suggested Fe6W3 C as the probable constitutional formula for

this carbide. Grossman and Bain (23) state that about 30 per cent,

by weight, of the high-speed steel consists of complex carbide, that

in the annealed steel approximately all of the carbon, tungsten, and
vanadium are found in the "carbide," together with about half of

the chromium, and that under average hardening conditions some-

what less than one-half of this carbide is dissolved in the matrix

when the steel is heated for quenching.

V. MATERIALS AND METHODS

Information concerning the various steels obtained for this investi-

gation is given in Table 1 . Some of these steels were kindly furnished

by the Ludlum Steel Co., Watervliet, N. Y., through R. P. Devries,

formerly metallurgist, and by the Electric Alloy Steel Co., Charleroi,

Pa., now a part of the Atlas Steel Corporation, Dunkirk, N. Y.,

through M. A. Grossman, formerly metallurgist; others were obtained

from laboratory melts prepared at this bureau, some for this investi-

gation and the rest for another unrelated investigation carried out at

about the same time; and the balance consisted of steels of a miscel-

laneous nature, largely high-speed steels, which were on hand at the

bureau as stock material or specimens prepared in connection with

other investigations.
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Three general etching methods were used: (a) Simple immersion,

(b) electrolytic etching, and (c) heat tinting.

In view of the uncertainties regarding the exact nature of the

various constituents in alloy steels, the six types of constituents

dealt with in this investigation will be designated by a general term,

which indicates the character of the constituents without making
any distinction as to whether it is a simple or complex compound
and is a higher or lower form of carbide, etc. The six types of con-

stituents studied are as follows:



Groesbeck] Etching Reagents For Alloy Steels 541

d
o

CD

"cs e
t-

T3

B s
c

<o \=o

3
Ul M

=3 ...
P d o c o o

<D
<P

CO

ii ,

cond
spec

exam

ated

which

were

h
H

is" v>~ w p
K a CO - _

S3 0.S
mP P5

w ^<«^^<

o
£

>

&

4^
c
O
(H

ft O

a
o -* OS-*-* CN *
+3 O O i-h i-i rH ,-t

o
ft

£
o
*c3 OOOO O O
El

CO O
ffi

ja
O

co t-- cc os co os

oooooo
Ph o

iO CN r- CN <M CO

P O* ^H

HcconN^m
CN tP to OS i-i t*i

o o i-it-i

>>

= 193 -< < 3^ < -* 1

J 00 CO 1 00 OOOO
4* CN CN t^ CO OS

late- rial um- ber

K u: <c

Steel

maker:

l}4-inch

square

bar.

Steel

maker:

J^-inch

square

bar.

Laboratory

melt.

2

Do. Do.

Steel

maker:

5-jj-inch

square

bar.

Laboratory

melt.

2

Steel

maker:

%-inch

square

bar.

Laboratory

melt.

2

Metallographic

standard

specimen.

3

Laboratory

melt.

2

Do.

Steel

maker:

1-inch

square

bar.

Laboratory

melt.

2

Steel

maker:

%-inch

square

bar.

Steel

maker:

\l
/i
by

A

inch

strip.

Laboratory

melt.

2

Steel

maker:

fj-inch

square

bar.

P

~6-

P c £ c

P=.

IS

p

1=.

P r

"

pp"p"p

"

tOo
o

I>tHCNiOCS tDOiOHtti (N00CCr-i CO ** CN
TfffiwiON i-HCOt-OOCO ••$< .-" OS OS OCNOStJ'

d co to cdn od d h h n" cn co t^ id cd r-" r-^ cn

o
iO CO
CM -T

CO
>o

CNo
©

CMO

o
o
o

COoo

CM

©
-# t- CO
CN CN CN CM

r^ os cn
CM CN CO

Tf NOO-hO © •* 00 CN CO »ONTf CO ^ CM 00 CO^ iO CN r- -* CCTf ^'^'t -rt«Oi-tOS CO >o CO CN

O iH PI tHt-I r-J

^3 io

PL,P

a

CO CO

I
a
CO

>o

3 CN

CM
iO

6

CM

f

'si!

CD

CO

o

5
CO CO

a;

CG

IT.

ro
CN
CN
CO

OS
OS

P

EC
OS

Q R

r~ X — c: cn y. ~r »C -O t- x 3! 3
CN 53 CM a S

56832°^25t-



542 Scientific Papers of the Bureau of Standards [Vol.

to

>
O
hJ

«i

Z
o
«

Z
w
CO

O
z

f«

Q
Z
<
CO
J

W
E-<

CO

H
H
CO

O
Z
P

las
o d>

£ a

s.2cc
x — — -

w

a
o

a

C a

- c c o

c3 O

>
§35

5-1 V- K.
d> ty ?*»

. C3 C3 ^<

sag
—.^H O
<t> Qi o

o c o o c
QPPDC

M

\j h=
*

SHWW

cjomp'o od&dd

M oio o

— Mo o

oo

O CO
i iS -

CO CO^*^ CO
h- CN — h- t~
CO :c cc coco

CO CO CO CO CO

CO

-

w
P*
CO

=

-r

o.

g c d d d dflo'5
„QQPQ fi„Qa

6 Q 6 6
Q-00

isp

o

"}" CO CO CO CO CO -^ r-H iC OOCl
co'cocococo co'cocoo i> rr pc *

<N r-oo

tP Oi O 00C O <N «-<o OO o

i-i N CO "* iC 1

CO CO CQ Cft CO CO £> © g

c* -^_
geioo

CO < < <

O — CM CO



Qroesbeck] Etching Reagents For Alloy Steels 543

p 03
© ,,a P

g -°~

cS

°a
Q, CD CD * 9p
•a S5 p bO

.S a
cfl to to

P 'So
2 .S.S

CD ii\t-?
v.S^ +3
t-<\ 1 (V)

£ 7! 7! r.r.sa
03 CD CD CD CD r* P^

allogr

Do.1
mak

1
mak
^°°
sags
,-.--. O O+J CD CD

CD CD CD
Stee Stee Lab Lab

<^i COCO

;&4

;H

GO WWfefe fe'o'cJo'

SH

O
J 1

i-3 j

<!

<
!

1 1 CO lC 00
1—

i

i KM-C CO O O
O

i (OG i-5 CN
w

i i ir; A —t >-H

PL| i i tN CN
to

Ot)<

g
OlOi iO

<!
OH CO

i
to COJ
W »n 10
H CNcO

e< 81
'

'J
0"

to iC iO
.-h CN

c
« . .

<

O'tOiT iO iO OCN^f
O " "c 0*0

J iO iC

tf
H CN

Ed

w cC CNO rHO ,_< cn tr- CO
E-l OOOC O
o o

NOO o>rHlNHC CO t^OOOC O
O

N-tNC
CN CO CO if CO CC O*"

=
O" -H

54
CY CN .™

WI--C> IO IC GO O
oo cn "^r c s CO CT> 00 00

i-H ' *C > HONN
>rJ CN iO
r- .00

II
; ; ;

I
!***

a a 1 t

—

I | M r*- >>
!!§ =

3 a c
5O O r" c

CD 0^3£1 x3x3
S -W -*-3

fiH^t *> ^^JQCN
coco ft PH ft ft g £

GOO c -. CN C5TI * if 3
T}» ^ U3*5 iC if3 if 3 if 3

-c £.2

«

3 2~S>
a a^g

1 OT3 cd
CD >-5)'H
a — +; P.
o -ago
3 a*3 ~

- §32
a "Stj.S

to ;2 CD
Dp P^jM
60 >.« S
S — -OJ3
CD »-3 +J
--. 03 +j

art bfj o
a co

o a +j °

° => «

a

a «-sg

1 f^S
M O >X3
CO "w+s m
-U . CD^-1

rl P„-irf CO
.n CJJD cO CD

°'" CDnJ~
-t-3 cd £"r~i^^ S au
CD-M te CDo
X3^- ^r— "5

dS a o .

» •
a S

CO rt to cc"2
<u 92 a> -

S2Z.2^

•ag^s5.s
S^SS2s2* "" o
« tu » m"3 2
..Kg o > M

^^a'S-ss

A-Jo*--*13 « o"J CD +j [> **—

. a.2 ^
p
o

co y co o^2 O
'o-S+j'*

-
' ra+3

o t3 73 "d "(_ "53
+» Cd^ CD CD o
boS o 3 a ft

43X3 CD S CD O
—'-^T co CD CD

— a °«.2o,
«» ^ja to bJ

M d O oj O
3 -Z°f° •

Ti.73 « a S

o £ S .« a a

3 S <» _, o P-w

S^ a-stBoisS-S 3 °"<D to d
a ss

,

§€6'o-a

< o

98O M

£&
3-0s.g

,K»Sei.'2«H a_-

gsgtn.gg^-SSS.o-Sh

1 dr - _ w MT3

^li|l^o|is-;-jl

g CO C3T3

S°o-3 zl^ojo

a+JC3flgi;Gj, X3b0

a™a2M. c2:Mto
Sl3"S2s S 3=S
225. a tc^- .2 5 CM

^ „a o <o

«c3^ggc-SS^'=

5g.atD§fe Nlg^"§,S^
2^5|~t:™2il§ti' .

mcio "J3 •H'3"Z-ir;» co

£f^g^a.-gs M|»^§|m-
2 b a'SiS -Z'3 £2 » *lro

2^ 0) « „S "SCBSog

b5§j
2.3 c

ofl«>o 10^
'•*

i

S o g M a P w -t3 «cc

^ c (P o^;
S ss a T3

CD
43 to o XJ.cD

" CD^.p'OHr'iyScD'ri

S-P&N^O o=g to

oX3

Q.H t3™

O o 3 : SJ3.Q

o °"°

n«3~ ° 0°*
Psg22|-a a)

.g^aass^^
S 3 Pv. a— o
£2 +Jd Oh C3.3

feto3>i>vfeg_,

M S^2tu39?-S' o c:; ^S

•2S|l£te"oa§|S° M
-J3«P* f fiStS^-P^ CO

^•^aBS aS.,S

a& azaia

Ct3 to^- M .« o~
o cfl^ O bo -+f

gs?5g~»^s

c3 g . & a>.S'= c3 a-t,

Soj-3 to §3 m g^a 2
rs ato > CJ O ^_. CJC^

cZ
' C6

gp^sj
E5o . C3 C3 »."

a r
-

P.J3

>
bO
C

CO 53

X3 x:
-f^ bo
fl a
—

E3

EQ

3 CD

cd^ O G O H
xJ cd rQ _: o a

S-a»|8cis
G - •- cd H

5s=Sg-2!2£^ CI P ^Ht3 C

2 S.-P ® p "- »?

'

— J3 to.

J3 bo t

OO
•PS

a §

slg
2 mT3
s a cj
C3 ,—-1

>T3 O
^ c^ O
2"S ° .

rj bog 3
"'" ^23 CJ 0J.T4

fe^ao
23« +"

"-boc3.g

P2 w Ms
Jo cs a-rl

a^fega

S^d

3 g_.o ffl

tH_Q ^00--

T3 <B P-w '~

SM bo<!
S >*

. 3
p-siSm-.2^2R

D^j CD CO

°2 a a a S3 P S

•gaga-S|fo3

* 0-2 cd CD cDo *T3

-— ° Sx3 . t- P

og^g-a^^g^

s»£g-3S*?'S
ifSc^P^Sa
^«3^cjfe«Is©a 9 fe 3.9? t--i=
u p-o n S a Sti
2««Sggp«0,

o cuZ
^3 jo 71

.3to 3
. 3 60

cv.22

gp.§
2^S
™ rf

iCOO-P
Ci i-h CD

CD (=
M

o g <i>

C3 °3x3

Mi*
Prt oS.3

a to
^-. 3 CJ 0J

3 o to pja ©3 go
*— a> > 3-^ o 2
to S £5 -a to -go5

cd 3 £ «« P a a^
bo+j P. 3.-- s- bo ^ 03

a-2_"§2 P 2,-

t^^ S §5 £J='S u-z
S-BJP« 603""-SS £

-SID^ ftO . CD .

rt O O 0; ' O.3mo4jh cj

cd ^T3,S;

a°!o§
M CO
C3 o.„_j
£n? CD G

•4§.gr

O c3 ^
X3vh G^GHJ^"H*3
cj *G,G
, <p 1

S^O g
. s- o o

G^^ G 1^
00X3 ^rj
r- O -M s—'

^^l°o°
<d'3 ^^ cs
C3 cd G T5 cdc hG ra Si

cu-g

°a
CO
w

CD U

S CD— CO

tzi
*^

as
*S aJ

°J3
>,.a

Z5,
sa
2 a

3 to "3
• 3-3
.2o
> >
£"3
a.o< .

CD o lj
'p " V,
' +-> CD CD

bO
-0

Sf
P 2 fi".
'433 2t3V *-' t3 CD

3 p 5 p

p c ^•o
- E> a 03

O boPtK
« to §5 =
gja B -pt
B«'5§

I 1

- g M P bil

c.5

a

S2 a-s3^.=;c3

i p*T3 o
2"P

g|l>2

lllii
lBsl2

T3^2-J. oJxJ
cj o c;-p cj
CD o CD CO G
&2 -g.2

5
. boP* jp

SEj&.S 3
£|§|-2
° 2 S ^ £
CD JP GJ CD 3

ft^ p ^^_ G co O G

> 9 P 3 »
p2j=aa~ 2 ? a
60^ J= fe=

g 2jp o»« cDJ32i-"a fl

g 2P22 H §82'c 6 €

3 £ £ l-2Ssg°Si5

"
°cg2§-gg'

asi?ai
H-w 3 '

5= 2f£o-3-S'2 8 ll

•y*

g G SgoElhC

CD

P^ 0-3 cd
a . c3 gj*
CDO CD H—
P P Pco
O OfflM

,Jss- •

1

v e
HH P

JP c

o.ti p tD -. r; ^^-^^J tD

^•" r

g5 gl£a-"'
bo s cd o gj="-f i a

-

-3 ce S'P . a o ^ 2 n c 60
«|Pp-gjp^a£-S 'g2

3»o«s2as ^— P

lo-as^ogoogp

CD+J 03 03 to'^^-t^'^TJ r^COpSS»d« a"oo •

•^Hm^ P"3m 3cSoHJW hH
_
oOW "P-gg

2 •w"j5!'3'5>
,3£ -n^^WH<i cj '^^t CD CD-^ O

to to 3 to ^ ot^



544 Scientific Papers of the Bureau of Standards [voi.m

1. Iron Carbide, Fe3 C.—This is the only constituent whose
chemical composition has been well established.

2. Chromium Carbide.—Irregular-shaped particles in iron-chro-

mium-carbon alloys.

3. Tungsten Carbide.—Only the very hard, angular-shaped

particles, assumed to be WC, were considered.

4. Vanadium Carbide.—This constituent, V4C3 (Arnold and
Read), occurs as more or less rounded, hard particles in high-carbon,

high-vanadium steels, and in conjunction with cementite in steels

of lower carbon and vanadium content.

5. Iron Tungstide.—Particles of no definite shape found in iron-

tungsten and iron-tungsten-carbon alloys. Its formula is now quite

generally considered as Fe2W.
6. H. S. S. Constituent (high-speed steel constituent).—More

or less globular-shaped particles found throughout the matrix of such

steels in the forged condition.

VI. EXPERIMENTAL RESULTS

1. ETCHING BY IMMERSION

(a) PRELIMINARY TESTS

In order to get a line on the method of procedure to follow at the

outset of this investigation, some etching tests were undertaken on

one specimen each of four types of steel, as follows: (a) Chromium
steel, 15.0 per cent chromium and 1.1 per cent carbon (19, F; Table 1)

;

(b) tungsten steel, 5.2 per cent tungsten and 1.2 per cent carbon

(27, F) ; (c) high-speed steel (41, F) ; and (d) a plain high-carbon steel,

1.5 per cent carbon (6, F).

Several etching reagents of an acidic nature and three other com-

monly used ones, giving an alkaline reaction, were tried out on these

steels, as follows:

Acidic Reaction.—
(a) Two per cent alcoholic solution of nitric acid.

(b) Chromic oxide-sulphuric acid mixture (3 g of chromic oxide, 35 cc con-

centrated sulphuric acid and 65 cc water, recommended by Robin (54) for ferro-

alloys, such as fcrrochromium and ferronickel.

(c) Three per cent aqueous solution of sulphurous acid, recommended by
Hilpert and Colver-Glauert (30) for distinguishing cementite in hardened and
tempered steels.

(d) Alcoholic-aqueous solution of picric acid (4 parts of a saturated alcoholic

solution of picric acid and 1 part of water).

(e) Five per cent aqueous solution of ammonium persulphate-Rawdon (53).

The action of this solution is, through hydrolysis, that of a weak acid intensified

by the presence of oxygen.

Alkaline Reaction.—
(J) Alkaline solution of sodium picrate (Kourbatoff's reagent; 2 g picric acid

dissolved in 98 cc of 25 per cent aqueous solution of sodium hydroxide.
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(g) Sodium hydroxide solution and hydrogen peroxide mixture, Yatsevitch's

reagent (68) ; 2 parts by volume of 10 per cent aqueous sodium hydroxide solution

and 1 of hydrogen peroxide solution.

(h) Alkaline potassium ferricyanide solution recommended by Murakami (44)

for darkening carbides in chromium steels; 10 g potassium ferricyanide and

10 g potassium hydroxide to 100 cc water.

It was seen at once from the results of these tests that the acid

etching reagents offered no promise of distinguishing the various

carbides from one another, for in all cases the carbide particles re-

mained apparently uncolored and stood out in strong relief in a

matrix, which was more or less uniformly and deeply corroded. The
disadvantage of the possible removal from the microsection, mechani-

cally through the general corroding away of the matrix, of small or

very small particles of carbide or of a special constituent embedded
in the matrix was also recognized. The results obtained with the

alkaline reagents offered a more promising line of study. Although

no satisfactory distinction could be made between the carbides of

iron, chromium, and tungsten when etched with reagent (g) or (h),

iron carbide differed from the chromium and tungsten carbides

in the behavior to reagent (/) . The effect produced by reagent (h)

upon the chromium and tungsten carbides was also different from

that by reagents (/) and (g).

This difference in behavior prompted further study of the underly-

ing cause of the effects of these three alkaline etching reagents. It

had previously been assumed that the effects produced were due,

at least in part, to the presence of nascent oxygen formed in the

reaction between the solution and the metal specimen or by a decom-
position of the compound in the solution. Yatsevitch (68) had con-

cluded that the presence of oxygen was needed in conjunction with

the sodium hydroxide solution to produce the desired etching effect,

that is, by darkening, upon the particles of "carbides of tungsten"

present in high-speed steels or tungsten steels. It will be shown
later in this paper that these constituents are darkened by sodium

hydroxide alone.

(b) TESTS IN NEUTRAL AND ALKALINE SOLUTIONS WITH AND WITHOUT OXYGEN

For these tests the six chosen types of constituents were employed.

Various steels containing these constituents were used; these speci-

mens were in differently heat-treated conditions (Table 1). Table 2

gives the results of these tests, the effect produced upon the various

constituents by the etching reagent in question being indicated by
black-faced type if darkened, and by roman type if the constituent

was not darkened.
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Table 2.

—

Constituents in alloy steels darkened or not darkened by immersion in
various etching reagents

[In the cases where the constituent was darkened (indicated by black-faced type) the minimum time (in
minutes) required to give a complete darkening is indicated; in those cases where no darkening (in roman
type) was produced the constituent remained undarkened after the specimens containing this constitu-
ent had been immersed for the time stated]

Etching reagent

NaOH solution ' NaOH solution and oxidizer

NH4OH
dilute

solution,

3 per
cent

NH 3 , by
weight,
boiling
point

Na picrate

Constituent
(see p. 544)

Room
tem-
pera-
ture

Boiling point
10 per cent

alkali

20 per cent
alkali Neu-

tral

solu-

Alka-
line

solu-

Per cent alkali 2 gas H2O2 2 02gas H2O2
tion tion 3

10 10

Min.
5-10

20
7

17

1

10

25 50
Room tem-
perature

Boiling point Boiling point

Iron carbide (Fe3G)__
Chromium carbide
Tungsten carbide
Vanadium carbide .

Min

.

30
40
30
30

1-5

10

Min.
5

« 10
»5
«5

1 1/2

10

Min.
»3
6 5

6 3/4
6 5

1/2
6 3/4

Min.
30
30

Min.
18

45
16

40
1

3-5

Min.
20
15

25

Min

.

±5
4

oooooo'

Min.
60
25

30
30
1

10

Min.
5-10

30
20
15

Iron tungstide (Fe2W) 2
H. S. S. constituent-. 10 1 11/2

Etching reagent

Constituent (see p. 544)

Na
ben-
zoate
solu-
tion,

10 per
cent,
boU-
ing

point

Potassium ferricya-

nide solution, 10 g
K3Fe(CN) 6+x g
NaOH to 100 cc
H2O, boiling point

Potassium perman-
ganate solution,

4 g KMn0 4+x g
NaOH to 100 cc
H2O, boiling point

Potassium-copper cyanide
solution, equal volumes of
this solution and ofNaOH
solution having x per cent
NaOH, boiling point

x = x=0.8 x = 10< x=0 x= l x= 4 x=0 x = 10 x = 25

Min.
3-5

6

6
17

11/2
2

x=50«

Iron carbide (FesC)
Min

.

•30-45

30
30
30

2-5

Min.
10

10

5

5

5
10

Min.
10

10

1

13
3

10

Min.
5-10

1

1/2
3-4

1

1

Min.
«5

« 21
6 1

1

6 6
66

Min

.

5-10

1

1

3

1

1

Min

.

3-5

1

1/4

3
1

1/4

Min

.

5

Min

.

3-5
Min.

1-5

5

5
Iron tungstide (Fe2W). 6 1/4 1 1/4-1/2

2-3

1 KOH solution gave similar results.
2 Yatsevitch's reagent.
3 Kourbatoff's reagent.
* Murakami's reagent.
J Thompson and Whitehead's reagent.
6 Matrix of microsection more or less strongly tarn shed.
7 The carbide lamellas were strongly darkened, while the globular particles were still rather lightly

colored.

In a majority of cases the particles of the constituent were "eaten

out," as indicated by the hollow appearance of the spaces originally

occupied by the particles. A slight repolishing of the etched section

confirmed the existence of these dark-walled cavities. In other cases

the particles appeared to be merely darkened over their surface.

These two types of attack did not appear to be related to the nature

of the constituent etched but rather to the circumstances of etching.

The terms "darkened" and "darkening" used throughout this

paper applies to both these types, no distinction being made between
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the two. Where the etching had not been carried on for a sufficiently

long time, a part of the particle remained unattached and was sur-

rounded by a dark area, representing the eaten out portion; the eating

away of the particles generally proceeded inwards from the edge.

Figure 4, d, on page 548 gives an illustration of this.

1. Sodium or Potassium Hydroxide Solution.—A study was
first made of the specific influence exerted by the alkali in the etching

effects produced under nonoxidizing and oxidizing conditions. When
etched at room temperature under nonoxidizing conditions, only the

iron tungstide and high-speed steel constituent were darkened, the

former more quickly than the latter, by a 10 per cent, by weight,

solution of sodium hydroxide or potassium hydroxide, while the

matrix remained bright. Iron carbide remained undarkened after

30 minutes' immersion at room temperature, but was readily darkened

in 5 to 10 minutes by the boiling solution. Iron tungstide was dark-

ened by the boiling solution in 1 minute, while the high-speed steel

constituent required about the same time (10 minutes) as at room
temperature. Etching with a hot 25 per cent solution yielded no

materially different results, although the matrix of the specimens

containing chromium carbide, tungsten carbide, or vanadium car-

bide became more or less tarnished by the formation of a thin reddish-

brown film, presumably iron oxide, over portions of the matrix.

The higher concentration of alkali in a 50 per cent solution hastened

somewhat the darkening of iron carbide, iron tungstide, and the

high-speed steel constituent and produced still greater tarnishing;

in addition, the matrix of the iron carbide and high-speed steel

specimens were also tarnished. This tendency to tarnishing, which

is less in cases where the constituent, such as iron tungstide, is easily

attacked by the alkali, would obviously reduce the value of concen-

trated alkaline etching solutions. This might, however, be avoided

by the incorporating in the alkaline solution of some compound that

would retard the tarnishing. Several etching solutions, proposed by
various investigators, and which will be discussed later on, appear

to fall within this category.

Oxygen was next passed from a tank of the gas into the alkaline

solution, in which the specimen was placed with the polished face up,

so that the stream of gas impinged directly upon the middle of the

polished face. An exposure of 30 minutes to the gas in a 10 per cent

aqueous potassium hydroxide solution at room temperature failed

to darken iron carbide or chromium carbide, while an 11-minute

exposure darkened the particles of high-speed steel constituent (41,

F, Table 1) lying outside of the zone covered by the stream of gas

more fully than those lying within this zone. One hour's etching in

a 20 per cent potassium hydroxide solution under similar conditions

did not darken chromium carbide. In a hot 20 per cent sodium
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Microstructures illustrating the etching effects produced upon the

particles of the structuralhj free constituent present in specimens of chrom-

ium, high-speed, and plain carbon steels. X 500

(a) and (6): chromium steel containing 15.0 per cent Cr. and 1.1 per cent C. (19, F; Table 1).

(c): high tungsten-low vanadium high-speed steel (41, F).

((?): 1.45 per cent carbon steel (0, F).

(a) Etched with hot alkaline potassium ferricyanide solution (Murakami's reagent) for 1 minute,

(6) and (r), with hot alkaline potassium permanganate solution for 1 minute, and (d). with hot

alkaline sodium picrate solution (KourbatofT's reagent) for 10 minutes.

Note that in d, the eating out of the Fe3C particles had started along the borders of the particles.
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hydroxide solution chromium carbide and tungsten carbide remained

undarkened after 15 and 25 minutes' immersion, respectively; iron

carbide and high-speed steel constituent were, in 20 and 10 minutes,

respectively, darkened uniformly over the microsection and apparently

independent of any possible influence exerted by the oxygen.

The addition of hydrogen peroxide to the alkaline solution was
next tried to determine whether or not nascent oxygen would produce

different results. A 6 minutes' immersion in a 10 per cent potassium

hydroxide solution, with 10 cc doses of 3 per cent hydrogen peroxide

solution added from time to time, failed to darken chromium carbide,

whereas the high-speed steel constituent was quite strongly darkened

in 3 minutes. Etching in a hot 20 per cent sodium hydroxide solu-

tion, with hydrogen peroxide added in like manner, yielded similar

results; chromium carbide remained undarkened after 4 minutes

while the high-speed steel constituent was fully darkened in 1 minute

and the iron carbide in 6 minutes.

It was found by electrolytic etching (Sec. VI, 2) that ammonia
solution attacked the carbides of chromium, tungsten, and vanadium
readily, the iron carbide and iron tungstide at a much slower rate.

However, none of the constituents were darkened by a 10 minutes'

immersion in hot solutions of ammonia.
2. Sodium Picrate Solution.—The alkaline solution of sodium

picrate, generally used for identifying iron carbide in carbon steels,

darkens iron tungstide and the high-speed steel constituent more
quickly than iron carbide. This is in agreement with Honda and
Murakami's (31) statement that iron tungstide is more easily colored

than cementite. Chromium carbide, tungsten carbide, and vanadium
carbide remained bright when exposed as indicated in Table 2;

Guillet (26) and Murakami (44) reported that chromium carbide is

not darkened by this reagent. In this investigation an etching

period of no less than 5 to 10 minutes was necessary to darken fully

the iron carbide in carbon steels.

Loskiewicz (41) has given results obtained with three alkaline

solutions at 100° C. on a 0.3 per cent carbon steel, carburized to an

approximate carbon content of 1.5 per cent. With an alkaline

sodium picrate solution (5 g picric acid and 20 g NaOH to 100 cc

H20) and alkaline plumbite solution (5 g PbO and 20 g NaOH to

100 cc H20), 20 or more minutes were needed, and with an alkaline

potassium ferricyanide solution (20 g K3Fe(CN) 6 and 10 NaOH to

100 cc H20) about 15 minutes sufficed. The etching time increased

with increasing dilution of solution.

To determine whether or not the action of alkaline sodium picrate

solution is largely, if not entirely, due to excess hydroxide in the

sodium picrate solution, tests were made with neutral sodium picrate

prepared in the following manner: A saturated aqueous solution
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of picric acid was added to a strong aqueous sodium hydroxide

solution, whereupon a bright yellow precipitate, sodium picrate,

formed in abundant quantity. The filtered precipitate was allowed

to drain as free from alkaline liquid as practicable and to dry in the

air. A dilute aqueous picric acid solution was then added to an

aqueous solution of this sodium picrate until the latter reacted

neutral to litmus paper. Etching tests made with a boiling solution

showed that iron tungstide 3 was readily darkened by a neutral

1 per cent, by weight, sodium picrate solution, while the high-speed

steel constituent was undarkened after 10 minutes' immersion.

Iron carbide remained undarkened after 60 minutes' immersion in

a hot 10 per cent solution. A probable explanation for the effect

produced on the iron tungstide is that sodium hydroxide was formed

by hydrolysis in the neutral sodium picrate solution in sufficient

quantity to affect the iron tungstide but not the other two constitu-

ents. It is of interest to note in passing that Matweieff has been

reported to have used neutral sodium picrate for distinguishing

between iron phosphide and iron carbide, the former being attacked

by this reagent.

These tests appear to show that the etching by alkaline sodium

picrate reagent of iron carbide and high-speed steel constituent

is due mainly, if not entirely, to the alkali present; and likewise for

iron tungstide. Neutral sodium picrate is the only reagent in this

investigation that offers an apparently positive means of distinguish-

ing iron tungstide from the high-speed steel constituent.

Since alkaline sodium benzoate (6.3 g benzoic anhydride and 20

g sodium hydroxide to 100 cc water), which Thompson and White-

head (61) found to darken iron carbide, appeared to come in the

class with alkaline sodium picrate, tests were made with this solu-

tion. The constituents responded in very much the same way as

to the picrate solution, although iron carbide was much more slowly

darkened, which may be explained by the smaller proportion of

free alkali in the benzoate solution.

3. Potassium Ferricyanide Solution.—Murakami (44) ap-

pears to be the first to have used an alkaline solution of potassium

ferricyanide as an etching reagent. He found that chromium
carbide is darkened by this solution. Honda and Murakami (32)

found this solution satisfactory for darkening the high-speed steel

constituent and reported 10 to 15 seconds' etching at room tempera-

ture to be sufficient. No tests were made in this investigation to

check this statement, 1 minute in either the cold or hot solution

was found to be amply sufficient.

3 In etching the iron tungstide specimens the color cf the solutions changed from a strong yellow to yellow-

brown or red-brown, and a quite firmly adhering brown colored film was formed over the microsection.

This film was easily removed during the washing of the specimens by rubbing the etched surface with a

wad of cotton soaked in a very dilute aqueous hydrochloric acid solution.
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When used hot, this alkaline potassium ferricyanide solution was
found to darken all the constituents covered in this investigation

(Table 2), although the action on the iron carbide was appreciably

slower, a fact already noted by Daeves (15) (see reference to Loskie-

wicz, p. 549). The chromium carbide is quite strongly darkened at

room temperature, though more slowly than by the hot solution.

The etching effects produced by this alkaline solution are evi-

dently due to nascent oxygen generated in the reaction occurring

between the potassium ferricyanide and alkali in the presence of

and in close conjunction with the specimen, probably in intimate

contact with the polished microsection. The iron matrix appears to

be rendered passive by the oxygen and possibly by any excess alkali

present in the solution ; the constituents are thus more readily oxidized

and eaten out, as evidenced by the presence of dark-walled cavities

in the etched section, while the matrix remains apparently un-

affected. Mercer 4 advanced the hypothesis, many years ago, that

when potassium hydroxide is brought into contact with potassium

ferricyanide the deficiency in the potassium atoms of the latter is

supplied, but that this affinity is not strong enough to liberate

oxygen. When a second body having an attraction for oxygen is

present in conjunction with the potassium hydroxide and potassium

ferricyanide in solution, this second affinity, acting in a different

direction, withdraws the oxygen and allows the potassium atom to

combine with the potassium ferricyanide to form potassium ferro-

cyanide.

The constituents in the steel, iron carbide, etc., should correspond

to the "second body having an attraction for oxygen" and be at-

tacked by the alkaline ferricyanide solution in preference to the

surrounding iron matrix because of the former's greater suscepti-

bility to oxidation and the latter's assuming the passive condition.

Daeves (15) states that alkaline potassium ferricyanide solution is

slowly decomposed, cold, and quite rapidly on heating, with the

formation of ferrocyanide compounds; he offered no suggestion as

to the important role played by the oxygen.

To test out the influence of oxygen, etching tests were made in a

boiling aqueous potassium ferricyanide solution, 10 per cent, but

with no addition of alkali. This neutral solution, in which no oxygen

should be developed, failed to darken any of the constituents, even

after 5 to 10 minutes' immersion. Next, a solution of the same
concentration with a small amount of alkali, less than one-tenth of

that in Murakami's reagent, being added, was tried. Tungsten

carbide was readily darkened, while chromium and vanadium carbides

and iron tungstide were weakly attacked; iron carbide and high-

1 Mercer, Philosophical Mag. (3), 31, p. 126; 1847.
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speed steel constituent remained unaffected after 10 minutes' ex-

posure. Chromium carbide was strongly darkened, and the high-

speed steel constituent quite strongly so, when the amount of alkali

was increased to about three-tenths of that in Murakami's reagent;

iron carbide remained still undarkened after 10 minutes' immersion.

Hydrogen peroxide was next added to a hot 10 per cent aqueous

solution of potassium ferricyanide to determine whether or not the

oxygen liberated, according to the following reaction

—

4K3Fe(CN) 6 +2HA = 3K4Fe(CN) 6 + H,Fe(CN) 6 + 202

would yield similar results as the alkali with the potassium ferri-

cyanide solution. Five minutes' etching in this failed to darken any
of the constituents. Small portions of hydrogen peroxide solution

were added to the ferricyanide solution frequently during the

etching period; the ferrite matrix of the tungsten carbide, iron

tungstide, and vanadium carbide specimens was found to be badly

pitted or corroded in places. A possible explanation for this is that

the iron matrix, not having been rendered passive, through the lack

of an intimate contact with nascent oxygen, was attacked by the

hydroferrocyanic acid formed in the reaction. Although there was
an evolution of oxygen gas during the etching in this mixture, the

reason that none of the constituents were darkened appears to be

due to the lack of intimate contact between the rising bubbles of

oxygen and the polished surface.

Next, etching in a hot alkaline solution, to which hydrogen peroxide

was added successively in small doses, was tried on several plain

carbon steels in order to determine whether or not the augmentation

in the supply of oxygen would hasten the etching effect on iron

carbide which is but slowly darkened by the alkaline solution without

oxidizer. According to Baumann 5 the reaction produced is as

follows

:

2K3Fe(CN) + 2KOH +H2O2
= 2K

4
Fe(CN)

6 + 2H2O + O2

The results were substantially the same ; s those obtained in the

alkaline solution without hydrogen peroxide added.

Daeves (15) has proposed a modification of Murakami's reagent,

the amount of potassium ferricyanide being doubled, while that of

sodium hydroxide is kept the same as the weight of potassium

hydroxide in Murakami's formula. A consideration of the propor-

tions used by both Murakami and Daeves, with respect to the

amounts of ferricyanide and alkali required to satisfy the equation

(theoretically, 5.9 and 8.2 parts K3Fe(CN) B
to 1 part KOH and

NaOH, respectively) , will shovT that there should be less excess of

5 Baumann, Zoit. angewandte Chemie, p. 113; 1892.
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alkali left after all the ferricyanide had. been reacted upon by the

alkali present in Daeves's reagent than in Murakami's. Etching tests

with this modified alkaline ferricyanide solution were made only on

iron carbide, chromium carbide, and iron tungstide specimens with

results very similar to those obtained with Murakami's reagent.

4. Potassium Permanganate Solution.—Potassium permanga-

nate in acid solution is used extensively as an oxidizing agent, and

the use of this compound in an alkaline solution suggested itself

after the "mechanism" of the etching effect of Murakami's reagent

became understood. With this compound in the presence of suf-

ficient potassium or sodium hydroxide nascent oxygen should be

expected to form according to the following equations e

4KMn0
4 + 4KOH = 4K2Mn04 + 2H2 + 20

or
4KMn0

4 +4NaOH = 2K2
Mn04 + 2Na2

Mn0
4 + 2H2 + 20

Tests were made with two solutions used hot. One contained

40 g of potassium permanganate and 10 g sodium hydroxide (14 g
potassium hydroxide) to the liter, and the other the same amount
of permanganate and four times the amount of hydroxide. All the

constituents were darkened to a similar extent as by Murakami's
reagent (Table 2). The more strongly alkaline solution was some-

what more rapid in action than Murakami's reagent, particularly

with iron carbide and high-speed steel constituent. Those con-

stituents, which were readily darkened in the hot solutions, were

darkened when etched at room temperature, although at a slower

rate. No improvement was gained by the addition of hydrogen
peroxide to the alkaline permanganate solution. Figure 4, a and b,

shows chromium carbide etched with Murakami's reagent and the

alkaline potassium permanganate. Figure 4, c, shows clearly the

very small particles embedded in the matrix of a high-speed steel

specimen (41, F, Table 1).

Etching in a hot neutral aqueous potassium permanganate solution

(40 g KMn04 per liter) failed to darken any of the constituents

(Table 2). The matrix of all the specimens were more or less

strongly tarnished.

To show further that nascent oxygen is responsible for the effect

produced by the alkaline permanganate solution, a chromium carbide

specimen was immersed for five minutes in a hot solution (4 g
KMn04 and 1 g NaOH to 100 cc H20), to which pyrogallic acid

(1 g to 25 cc H20) had been added immediately before the immersion
of the specimen. The chromium carbide was not at all darkened,

and the matrix remained bright and clean. The pyrogallic acid

in alkaline solution is a strong reducing agent, and evidently all the

available oxygen was used in oxidizing this compound.

Rammelsberg, Ber., 8, p. 232; 1875.
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Potassium dichromate in acid solution is a powerful oxidizing

compound. It will be seen, however, from the following typical

equation, that no oxygen is formed in the reaction between

K2Cr2 7 + 2 KOH = 2 K2Cr04 +H2

dichromate and alkali. Etching tests made on iron carbide,

chromium carbide, tungsten carbide, and high-speed steel constituent

specimens in a rather strong hot alkaline potassium dichromate

solution gave negative results in all cases. The addition of hydrogen

peroxide to the hot solution did not aid any.

5. Potassium-Copper Cyanide Solution.—Thompson and

Whitehead (61) found that a hot alkaline solution of potassium-

copper cyanide darkens iron carbide. This solution was tried

out on the other constitutents covered in this investigation, even

though it was recognized that the alkali was probably the predominat-

ing factor in the effects produced.

This solution was prepared in accordance with the method of

Thompson and Whitehead. A 10 per cent potassium cyanide

solution was run into a 10 per cent cupric nitrate solution until the

precipitate, Cu(CN) 2 , changes to a yellowish-green colored cupric-

cuprous cyanide with evolution of cyanogen gas and dissolves in

a small excess of potassium cyanide to form the double cyanide,

KjCuCCN^. Equal parts of this solution and of a 50 per cent

sodium hydroxide solution constituted the etching reagent.

When etched with the hot alkaline solution, chromium carbide,

tungsten carbide, and vanadium carbide remained undarkened after

five minutes' immersion, while iron carbide, iron tungstide, and high-

speed steel constituent were readily darkened. Since the last three

constituents are darkened by alkali, the etching effects of the double

cyanide solution might be attributed to the alkali present. The
tarnishing of the matrix, usually accompanying the use of strong

alkaline solutions, however, was absent. No advantage was gained

by using a 10 or 25 per cent sodium hydroxide solution instead of the

50 per cent solution (Table 2). The hot double cyanide solution

containing no added alkali was next tried on the iron carbide and

iron tungstide. The iron carbide lamellas (fig. 5) were darkened to

a good brown and the carbide network to a light brown, after five

minutes' immersion. The repolished specimen was etched for 10

minutes and the matrix found to be covered with a bluish-colored

film, which obliterated the lamellas. The iron tungstide specimen

was tarnished within 15 seconds after being immersed; the iron tungs-

tide remained uncolored. These unsatisfactory effects seem to be

due to the products of hydrolysis of the double cyanide.
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The results with the alkaline potassium-copper cyanide solution

suggest strongly that the presence of some other compound in con-

junction with a strong hydroxide solution does modify the tendency

of the hydroxide toward tarnishing the specimen. The alkaline lead

nitrate solution (equal volumes of a 10 per cent lead nitrate solution

and a 50 per cent sodium hydroxide solution) used by Thompson and

Whitehead for darkening cementite and referred to as Le Chatelier's

reagent is of this kind. Etching tests in a hot solution showed
chromium carbide, tungsten carbide, and vanadium carbide undark-

ened after 5 minutes' immersion, iron tungstide fully darkened within

5 minutes, and iron carbide in 5 to 10 minutes. No tarnish formed.

A neutral 10 per cent lead nitrate solution under like conditions gave

an acidic etching effect.

Attention should be called to the very satisfactory microstructures

developed in plain carbon steels by the double cyanide solution con-

taining 50 per cent hydroxide. The various forms of iron carbide

found in these steels, lamellar, massive or proeutectoid, finely divided

or sorbitic and agglomerized were revealed clean-cut against a bright,

uncolored matrix. It would appear that fully as good, if not better,

results can be obtained with this solution as with the usual hot alka-

line sodium picrate solution and in an appreciably shorter period of

time, though the poisonous character of the solution would militate

against its general use. Comparative results obtained on an annealed

1.1 per cent carbon steel specimen are shown in Figure 5.

6. Recapitulation.—The results given above for oxidizing and

nonoxidizing conditions show two distinct types of etching effects,

(a) a chemical attack by the alkali directed solely to the constituent,

and (b) the oxidation of the constituent by nascent oxygen.

The constituents which showed effects of type (a) are iron carbide,

iron tungstide, and high-speed steel constituent. This last evidently

contains a large percentage of iron tungstide and behaves in a very

similar manner. The other constituents, chromium carbide, tungsten

carbide, and vanadium carbide, remain undarkened. Iron tungstide

is much more readily attacked than iron carbide, as is well illustrated

by Yatsevitch's reagent. At room temperature the former was
strongly darkened in 1 minute, whereas the latter remains undark-

ened after 18 minutes' immersion. Since iron is known to become
"passive" when immersed in an alkaline solution, it should be

expected that the matrix of the specimens should remain unattacked;

this was generally found true. Iron carbide is slowly attacked by an
alkali, as shown by etching carbon steels in hydroxide solutions

ranging in concentration from 10 to 50 per cent; heating the solutions

hastens the attack materially. No marked difference in the results
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Microstructures of a 1.1 per cent carbon steel

(-5, A; Table 1) as developed by etching in hot alkaline

solutions of potassium-copper cyanide and sodium

picrate. X 500

(a) Potassium-copper cyanide (1 minute)

(6) Sodium picrate (10 minutes).
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was produced by the introduction of oxygen gas or of nascent oxygen

through the decomposition of hydrogen peroxide. As a further

check on this point, iron carbide and iron tungstide specimens (5, A
and 34 E, Table 1) were placed at the bottom of a 1-inch test tube

filled with a hot 10 per cent sodium hydroxide solution to a depth

of 4 inches. The tube was then surrounded by water which was kept

boiling. The solution in the test tube remained quiescent, so there

was no appreciable introduction of oxygen from the atmosphere.

The iron carbide lamellas and iron tungstide particles were well-

darkened after an immersion of 15 minutes and 1 minute, respectively.

In etching reagents, producing type (a) effect, should be included

the alkaline sodium picrate solution and similar solutions, such as

alkaline sodium benzoate solution, alkaline potassium-copper cyanide

solution, alkaline lead nitrate solution, etc. These reagents are

really, in effect, a strong solution of alkali to which another chemical

compound has been added whereby the tendency to tarnishing,

possessed by the strong solution of alkali used alone, is overcome or

strongly modified.

In type (6) all the constituents were darkened by the nascent

oxygen generated in the reaction between the alkali and certain

salts, such as potassium ferricyanide and potassium permanganate.

Nascent oxygen formed in this manner produces the etching effect,

while that formed by the decomposition of hydrogen peroxide does

not. The reason seems to be that the oxygen is generated in the

layer of solution in intimate contact with the specimen in the former

case, though not in the latter. Chromium carbide, tungsten car-

bide, iron tungstide, and high-speed steel constituent were, under

these conditions, quickly darkened, while the iron carbide and
vanadium carbide responded somewhat more slowly. These solu-

tions containing no alkali produced no darkening whatsoever with

any of the constituents.

By using the immersion method of etching it should be possible to

make the following distinctions between constituents in case more
than one of them exist in the same alloy. A spot on the microsec-

tion is marked where these constituents are found present, prefer-

ably after etching with a reagent known to darken one constituent

and not the others believed to be present. The marked field is

photographed and the specimen reetched, without repolishing, in

another reagent which is known to darken one of the remaining con-

stituents and the same spot rephotographed. This is repeated with

the third reagent, if necessary. This method has been termed

"sequence etching." 7

^ Chem. and Met. Eng., 26, p. 778; Apr. 26, 1922.

56832°—25f 3
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To distinguish (a) iron carbide, iron tungstide, or high-speed steel

constituent from chromium carbide, tungsten carbide, or vanadium
carbide, use either a hot 10 per cent solution of sodium or potassium

hydroxide, alkaline sodium picrate, or alkaline potassium-copper

cyanide. (&) Iron tungstide or high-speed steel constituent from
iron carbide, chromium carbide, tungsten carbide, or vanadium car-

bide, use at room temperature either a 10 per cent solution of sodium

or potassium hydroxide, or a mixture of 10 per cent sodium hydrox-

ide solution and hydrogen peroxide, (c) Iron tungstide from all

the other constituents mentioned, use a hot neutral sodium picrate

solution. The iron tungstide is darkened within one minute; the

other constituents remain undarkened for at least 10 minutes.

No way of distinguishing between chromium carbide, tungsten

carbide, or vanadium carbide by means of any of the solutions in

Table 2 was found. The form or other characteristics may often

help; for example, tungsten carbide (WC) usually occurs as triangu-

lar or rectangular shaped particles. No sure distinction between

any of the series of constituents was found with an oxidizing reagent,

such as an alkaline solution of potassium ferricyanide or of potas-

sium permanganate.

2. ELECTROLYTIC ETCHING TESTS

The method of developing microstructures by means of electrolytic

etching has yielded useful results in special cases. The specimen to

be etched is made the anode (usually) of a "cell," the cathode being

a platinum wire and the electrolyte the solution to be tested. The
etching is brought about by the application of an external emf to

the "cell." Sodium hydroxide has been found useful by Le Chatelier

for determining phosphorus segregations in iron and steel by elec-

trolytic etching and by Jeffries (38) for developing the microstructure

of tungsten. It is also recommended for stellite, high-chromium

and certain other alloys. 8 In a recent article by Oertel and Pakulla

(49) on high-speed cutting tools made from alloys similar to stellite,

micrographs of these alloys, as etched electrolytically in a 10 per

cent sodium hydroxide solution, are given. One constituent appears

dark, another in half tone, and still another is not darkened. The
authors imply the presence of structurally free chromium carbide.

It would appear from the results obtained by the writer that the

darkened constituent may be chromium carbide and also that the

identification of the other two might be facilitated by the use of etch-

ing reagents known to darken certain constituents.

s Am. Soe. for Testing Materials, Standards, p. 1163; 1924.
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A series of electrolytic etching tests was undertaken for the study

of alloy steel constituents. No alkaline or metallic salts of strong

acids were tried, since an iron anode is known to assume an active

condition in the presence of salts of strong acids, especially chlorides,

and this activity continues as long as the current density does not

reach a critical limit; under these conditions the matrix of the speci-

men should be corroded in a general manner while the particles of

the structurally free constituent would remain unattached and stand-

ing out in strong relief.

The solutions used and results of these tests are presented in Table

3. The acid groups, all of which are "weak" acids, are arranged

from left to right in the order as the degree of dissociation possessed

by the acids representing these groups decrease. Since these tests

were admittedly preliminary, no attempts were made to determine

the current strength and solution concentration needed to secure the

most satisfactory results in the shortest time. Equivalent amounts

of the acid, salt, or alkali should have been taken instead of per-

centage by weight if the strengths of the various solutions were to

be put on a directly comparable basis; the percentage by weight

method was chosen as a matter of convenience, since the work was
of an exploratory nature. An electrolytic apparatus of the type

used in chemical analytic work, operating on a 110-volt, direct

current line and with two 925-ohm slide resistances and an ammeter
connected in series, was used. The resistance was so regulated to

give current density from about 0.01 to 0.15 ampere per square centi-

meter. The surface area of the microsection of the different speci-

mens tested varied from about 1.5 to 6.5 square centimeters. No
attempt has been made to indicate in Table 3 the current density

employed; only the ammeter readings are given.
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Table 3.

—

Effect of electrolytic etching on constituents in alloy steels

[Darkened, indicated by black-faced type; not darkened, by roman type. The strength of the various
aqueous solutions were 10 percent, by weight, alkali, salt or acid (citric and acetic), unless otherwise
stated. The specimen formed the anode, and a platinum gauze electrode the cathode of the electric

circuit. The current used (amp) and time of etching (min) in the individual tests are given below
The cases where the darkening of the constituent was produced at a slow rate are indicated by an
asterisk (*)]

Etching reagent

Constituent

NaOH solution
(per cent NaOH) NHjOH

dilute
solution,

3 pel-

cent
NH<, by-

weight
(1.8 N)

Oxalic acid group Citric acid group

(see ji. 514;

0.5

(0.13 N)
10

(2.5 N)

Oxalic
acid sat-

urated
solution
(±1.0 N)

Potas-
sium ox-
alate, 10

per cent
(1.1 N)

Ferric
oxalate
10 per
cent

(1.6 N)

Citric
acid, 10

per cent
(1.0 N)

Ammo-
nium cit-

rate, 10

per cent
(1.2 N)

Iron carbide--{^P-

C h r o m i u m/amp..
carbide _\min_.

Tungsten car-lamp.

.

0.5
12

0.5

2
0.03

1

0.5
2

*0. 3

±30
0.5
; 30

*0.7

±30
0.2
1-2

0.1
1

0.7
<i

0.05
1

0.4
1

*0. i
5-30
0.3

1/2

0.3
1

0.5
2

*0. 3

±20
0.4

2

0.3
33
0.3

2

0.3
31
0.3
32
0.3
3 1

0.3
s 10
0.3

2
0.3

1

0.3

0.3

0.3
3 ]/2

0.3

2

0.3
5

0.3

2
0.3
1/2

0.3
1

0.3
«6

0.2
5

0.2
2

0.2
1

Vanadium car- /amp. _

bide -. -\min__
Iron tungstide/amp..
(Fe2W) \min__

II. S. S. con-(amp__

0.3
3 2

0.2
2

0.2
3 1 5

I

Etching reagent

Acetic acid
group

Carbonic acid
group

Hydrocyanic
acid group

Potassium
ferricyanide
solution, 10
per cent,
containing
X gr. NaOH
per 100 cc.

Am-

Constituent
(see p. 544)

Acetic
acid,

10

per
cent

(1.7 N)

Potas-
sium
ace-
tate,

10 per
cent

(1.0 N)

Cu-
pric
ace-
tate,

5 per
cent

(1.0 N)

0.2
'5
0.2

1

0.2
11/2
0.2
*5

Car-
bonic
acid,

(')

So-
dium
carbo-
nate,
10 per
cent

(1.9 N)

Am-
mo-
nium
carbo-
nate,
10 per
cent

(1.8 N)

So-
dium
cya-
nide,
10 per
cent

(2.0 N)

Mer-
curic
cya-
nide,
10 per
cent

(0.80 N)

nium
mo-
lybdc-
nate,
10 per
cent

(1.0 N)X=0 X=10«

Iron carbide.

{

m?f"
Chromium/amp..
carbide \min._

T u ngs ten/amp..
carbide \min__

Vanadiun/amp..
carbide \min_.

Iron tung- lamp..
stide(Fe2\Y) (min. _

II. S. S. con- /amp

0.2
U
0.2

2
0.2
U
0.2

V3
0.2
J 1

0.2
5

0.2
1

0.2
1

0.2
2

0.2
5

0.2
2

0.05
'5

0.05
3-5

0.05
< 5

0.07

V 5

0.05
1 1

0.3
5

0.3
1

0.2
1

0.3
2

0.3
5

0.3
6

0.3
2

0.3
1

0.3

2
0.3

7

0.2
2

0.2
2

0.2
1

0.2
2

0.2
9

0.1
*6
0.1

2

0.1

VI
0. 1

V5
0. 1

8 i 3

*0.7
5 20-30

0.2
2

0.1
1

0.1

0.7
5

*0. 7

5 5-30

0.2
2

0.1
1

0.7
1

0.05

1/2

0.05
1/2

0.5
20

0.5
1

0.5
1

0.5
1

0.5
l H

1 Saturated solution prepared bypassing CO2 gas into a 750 cc flask nearly filled with tap water for 35
minutes.

! Murakami's reagent.
3 Matrix corroded in a quite general manner, though not deeply, in many cases.
4 Matrix pitted in places.
5 The speed of darkening apparently depends on the physical condition, such as mass, of the iron carbide.

For example, with specimen No. 5-A (Table 1) and alkaline solution the carbide lamellas were darkened
to a dark brown color in 5 minutes, while 20 minutes were required to darken portions of the network
(proeutectoid cementite) to a light brown or gray-blue color. With the same specimen and neutral solution,
the lamellas were quite strongly darkened in 10 minutes while after 30 minutes both the lamellas and net-
work had assumed a dark brown color; a bluish-colored film had formed over the mierosection, according
to the following equation, and it was easily removed bv dipping the specimen into a strong NaOH solution.
Fe+K3Fe(CN)o=Fe3(Fe(CN)6). Fe3(Fe(CN)8)+6NaOH+3Fe(OH)2+2Na3Fe(CN)6.

c Matrix more or less tarnished.
7 A few of the particles appeared darkened after 30 minutes' etching, so the action produced in this case

is evidently very slow.
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A glance over Table 3 will show that, if we adopt a maximum time

limit of two or three minutes, the carbides of chromium, tungsten,

and vanadium were, with a few exceptions, readily and similarly

attacked by the various solutions, excepting those containing much
free alkali, while the iron carbide, iron tungstide, and high-speed

steel constituent remained unaffected. This last constituent was
not tried out with most of the solutions, since it was found to behave

in much the same manner as iron tungstide. Iron tungstide and the

high-speed steel constituent, as well as the carbides of chromium,

tungsten, and vanadium, were readily darkened by a 10 per cent

sodium hydroxide solution. This should be expected by reason of

the production of oxygen at the anode through the discharge of

hydroxy! ions in alkaline solutions containing a considerable con-

centration of hydroxyl, and also of the ready solubility, in the case

of iron tungstide and high-speed steel constituent, of the resulting

tungstic oxide in alkalis to form a tungstate. It is not surprising

that the iron tungstide should be slowly darkened and the high-speed

steel remain unaffected by the 0.5 per cent NaOH and NH4OH
solutions, for the concentration of hydroxyl ions in these solutions

would be much smaller and the amount of oxygen liberated at the

anode correspondingly reduced. The slow darkening of iron carbide

etched electrolytically in a solution containing free alkali is in agree-

ment with the results obtained in the immersion tests under oxidizing

conditions (Table 2) ; this appears to be an inherent property of iron

carbide. The lamellar form and small-sized particles of iron carbide

are much more quickly darkened (about five minutes) than the larger

particles, such as proeutectoid cementite and divorced pearlite

(30 minutes or longer).

The positive and negative types of behavior shown by the alloy

steel constituents when electrolytically etched in the various solutions

other than those containing free alkali may be explained as follows:

Oxygen is formed at the anode in two ways— (or) Through a secondary

reaction 9 between the acid formed in the first stages of the electrolysis

and water, and (b) by the discharge of hydroxyl ions. The formation

of oxygen in the latter case should occur to a greater extent with the

use of alkaline salts of weakly dissociated acids, since the alkali

product of the electrolysis is strongly dissociated while the acid has

a much lower degree of dissociation. The particles of the con-

stituent thus exposed to the oxygen become oxidized and are more or

less dissolved out, while the iron matrix is made passive. According

to Evans, metals like iron, whose oxides are soluble in acid but not in

alkali, tend to become active in acid solution and passive in alkalis,

and metals like tungsten and molybdenum, whose principal oxides

are soluble in alkalis, tend to become passive in acids but active in

U. R. Evans, Metals and Metallic Compounds. E. Arnold & Co., London, 1, p. 376; 1923.
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alkalis. With chromium, a different situation arises; it forms a high

oxide (Cr0 3) which is quite soluble] in water. A chromium anode

dissolves quantitatively in a potassium chloride solution at 100° C,
but in the same solution at room temperature it becomes passive,

even with a very low current density, and no dissolution takes place.

The oxygen accumulation on the anode surface evidently prevents

the metal from passing into the ionic state. By applying a suffi-

ciently high external emf (to quote Evans' words) "the chromium
starts to dissolve once more, but now as the yellow (red) oxide

Cr03 (or its hydrate, chromic acid, H2Cr04) ; evidently the dissolution

will only commence when the anodic potential is so elevated that the

oxygen concentration becomes sufficient to produce this high, en-

dothermic oxide."

In short, chromium in the passive state dissolves to form the

yellow chromic acid or a chromate. The presence of oxidizing agents

or even dissolved oxygen in the electrolyte favors the passive con-

dition. In the writer's tests a strong yellow or yellowish-green film

was formed over the polished surface of the specimen during the

electrolytic etchings. This film was easily removed by washing, and

the matrix appeared under the microscope still bright and smooth.

It was also noticed that small streams of a yellow substance passed

from the surface of the anode into the surrounding liquid where a

yellow-brown solution was formed. The negative behavior shown by
the iron carbide, iron tungstide, and high-speed steel constituent can

not be so easily explained. It would appear that the concentration

of the oxygen generated or of any alkali formed in the secondary

stage of electrolysis was not strong enough to produce the darkening

effect upon the iron tungstide (and high-speed steel constituent)

within the periods of etching reported. (See Table 3 for iron tung-

stide in 0.5 per cent NaOH and NH4OH.) It also seems possible

that iron carbide and iron tungstide would tend to assume a passive

state and resist attack under the weakly oxidizing or alkaline con-

ditions because of the fact that iron forms a large proportion of their

composition.

It would appear from a comparative study of the data in Table 3

for the three constituents, which gave positive darkening results,

that chromium carbide and tungsten carbide are readily attacked,

while vanadium carbide shows a less marked susceptibility to attack

as evinced by the slower rate of darkening at an even higher current

density in a solution containing free alkali (10 per cent NaOH and
alkaline potassium ferricyanide) and by remaining unattacked when
etched in certain solutions (ferric oxalate, acetic acid, sodium cya-

nide, and mercuric cyanide). With the sodium cyanide solution, the

matrix of the vanadium carbide specimen remained unattacked,

so there could have been no possible directing of the corrosive attack

to the matrix rather than to the carbide particles, as might appear
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to have been the case in the other above-named solutions. These

three constituents showed a parallel behavior when immersed in hot

alkaline potassium ferricyanide and potassium permanganate solu-

tions (see Table 2). It was shown in Section VI, 1, that the darkening

produced in these cases was due to the oxidation of the carbide

particles by nascent oxygen and also that iron carbide, iron tung-

stide, and high-speed steel constituents are affected directly by the

alkali itself.

In the cases where the electrolyte used was a weak acid, or a metallic

salt of a weak acid, the matrix of the specimen was attacked to

some extent by either a general corroding of the surface (oxalic

acid and ferric oxalate) or a pitting or corroding of the matrix in

localized spots (acetic acid, cupric acetate, carbonic acid, and mer-

curic cyanide). On the other hand, the matrix remained unattached

where alkaline salts or alkalis were used, evidently because the

alkali present had rendered it passive. Two exceptions to this

behavior in alkaline solutions were, however, met with—those of

iron carbide and iron tungstide specimens in potassium oxalate.

It would seem possible that in these two cases the oxalic acid formed

from the alkaline salt solution was strong enough, because of its

possessing a quite strong degree of dissociation, to neutralize the

passivity-forming effect of the alkali, and also that the matrix

offered less resistance to the corroding influence of the free acid as

long as these two constituents had not become oxidized and conse-

quently offered a greater resistance to the action of the acid. The
matrix in the chromium carbide specimens remained unaffected in

all cases. This may be attributed to the corrosion-resisting prop-

erties of the chromium-iron solid solution, a quality so well made use

of in "stainless steels."

According to the results of these tests the electrolytic etching

method should furnish a reliable and easily obtained distinction,

in the manner indicated below, between the various constituents of

alloy steels, particularly in cases where two or more constituents

may be present. All cases in Table 3 where the matrix was corroded

or pitted by the etching solution have not been considered in the

following summary.
To distinguish (a) chromium carbide, tungsten carbide, or vana-

dium carbide from iron carbide, iron tungstide, or high-speed steel

constituents, an alkaline salt of any of the weakly dissociated acids

is preferably used as the electrolyte, (b) Chromium carbide from
vanadium carbide, use a sodium cyanide solution. Distinction may
possibly be made with either a 10 per cent sodium (or potassium)

hydroxide solution or alkaline potassium ferricyanide solution pro-

vided a current just strong enough (about 0.03-0.05 amp/cm 2
) to

darken within two minutes the chromium carbide but not the
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vanadium carbide is used, (c) Tungsten carbide from vanadium
carbide, use same procedure as (b) . (d) Iron carbide from iron tung-

stide or high-speed steel constituent, use a 10 per cent sodium (or

potassium) hydroxide and a weak current (about 0.02 amp/cm 2
)

for one minute. Iron carbide should remain undarkened.

Since both chromium carbide and tungsten carbide are readily

attacked and in a similar manner by the various solutions tried,

no distinction between these two constituents by the electrolytic

etching method is available. No sharp distinction by electrolytic

etching between iron tungstide and high-speed steel constituent was
obtained.

3. HEAT-TINTING TESTS

It is well known that the color of an oxide film on a metallic surface

is dependent on the. phenomenon of interference of light which, in

turn, is related to the thickness of the film. Where more than one

constituent is present in a microsection the different rates of oxida-

tion of these constituents should produce a difference in the thickness

of the film, and consequently in the color, formed. Stead first

developed this delicate method of metallographic analysis, an example

being the determination of the distribution of phosphorus in steel and

cast iron.

Iron carbide is known to become red-brown at 280° C. Gill and

Bowman (21) tried the heat-tinting method on high-speed steels

and reported the high-speed steel constituent to remain undarkened.

It was thought worth while to try this method on the different con-

stituents covered in this investigation.

The specimens, very lightly etched with alcoholic picric acid

solution, were floated on a molten tin bath, previously heated to a

little over 300° C. to allow for the cooling produced by the insertion

of the cold specimen. The specimens were kept at approximately
300° C. generally for 30 minutes and allowed to cool in the air after

being taken off. The results obtained are given in Table 4. The
minimum temperature reported was, in most cases, recorded about

one minute after the insertion of the specimen.

Iron carbide was the only constituent darkened by this treatment.

The behavior of the matrix in the various types of alloy steels is of

some interest. Generally speaking, under the conditions of these

experiments, the color assumed by the matrix of chromium steels

was brown, that of high-speed steels reddish-brown or brown, that

of tungsten-iron-carbon alloys blue (brown-red to blue in the two
cases where iron carbide was present in appreciable quantity), and
that of the vanadium-iron-carbon alloy blue. It would seem that

the presence of chromium in solid solution with iron has a different

influence on the rate of oxidation produced than that of tungsten

or vanadium has.
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Microstructures of three chromium steels, containing different per-

centages of chromium and carbon, and in different heat-treated conditions.

X 500

Series A: 8.2 per cent Cr. and 0.3 per cent C. (12, Table 1).

Series B: 22.4 per cent Cr. and 0.3 per cent C. (24, Table 1).

Series C: 15.0 per cent Cr. and 1.1 per cent C. (19, Table 1).

Heat treatment a: Annealed for a short time at 900° C. and furnace cooled.

Heat treatment b: Heated four hours at 1,100° C. and quenched in oil.

Heat treatment c: Heated four hours at 1,100° C. and very slowly cooled in furnace.

Etched with 2 per cent alcoholic HNO3.
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Table 4.

—

Effect of heat-tinting on the various alloy steel constituents

Material
number Constituent present

(see p. 544)

Color produced Temper-
ature
of tin
bath

Time
(Table 1)

Constituent Matrix
immersed

fi-F Iron carbide ... Ked-brown.
do

None. _.

Blue
° C.

290-305
260-308
266-318
270-314
277-310
285-300
260-308

288-300

258-310

258-310

302-310
302-310
270-300
258-310
258-310
275-300
275-300
275-300
291-302
291-302
270-314
288-300

Minutes
20

52-F do. 1 do 30
13-C. Chromium carbide .. .

do —

.

31

19-F_... do Brown. 30
20-C do do do. 32
23-C
54-1...

do do
.do .

do
Deep blue..

29
30

27-!:
(Tungsten carbide
<Iron tungstide . _

do
do Blue 30

(iron carbide (sorbitic)...

/Iron tungstide ... . .

Dark

>Brown-red to blue _ . .

1 do

None
Red-brown
None
Red-brown .

None

3031—1 _

32-I._._
/Iron tungstide.
(Iron carbide

30

1

Deep blue33-E Iron tungstide . ... 30
34-E
34-C_._.

do
do...

H. S. S. constituent 2....

do. 2

do
do.
do
do
do
do.
do
do

do
Light blue

30
21

36-N. Reddish-brown. .. 30
37-N . do

do
do
do

Blue

30
38-N do. 2 55
39-0
40-O
41-F...

do. 2

do
..do

55
55

30
41-E
42-B

do

"""do"""

do
do _

.do...

Brown with blue center.
Blue

30
30

42-E.. Brown. . 30

1 There were distributed throughout the microstructure of this specimen, in addition to a large amount
of lamellar pearlite, irregular-shaped small particles which remained undarkened. These particles re-

sponded, in immersion tests made with alkaline sodium picrate solution and sodium hydroxide-hydrogen
peroxide solution, to the identification test for iron carbide (undarkened in latter reagent) and not for iron
tungstide (darkened in both reagents). The failure of these particles to respond to the heat-tinting test

may be due to the presence in the alloy of 0.3 per cent vanadium and 3 per cent tungsten, one or both of
which may have entered and thus modified the composition of a portion of the iron carbide, represented
by these particles.

2 In these fused specimens there was found present, besides the high-speed steel constituent occurring
as a rib-shaped eutectic (characteristic of high-speed steels in the cast condition) and as globular or irreg-

ular-shaped particles, numerous strand-like or irregular-shaped particles of an unknown constituent.
These particles, which stood out in markedly greater relief than the rest of the microsection, remained
undarkened and possessed a distinctly different tone (yellowish) from that (whitish) of the high-speed
steel constituent.

4. MICROGRAPHIC ILLUSTRATIONS OF ETCHING EFFECTS
PRODUCED

The micrographs (figs. 6 to 16, inclusive) will illustrate (a) some

forms of the constituents, excepting iron carbide, on which the above-

described etching tests were made, (b) the comparative behavior of

some of the constituents toward certain etching reagents, and (c) a

few examples of the practical application of the "sequence etching"

method.

Figure 6, series A and B, shows the increase in quantity of free

chromium carbide as produced by raising the chromium content in

a steel of constant carbon content. An increase in the quantity of

carbide, as obtained by raising the carbon content of a steel contain-

ing a lower, though relatively high, percentage of chromium, is

clearly indicated in Figure 6, series B and C. The series A steel

contained low enough chromium and carbon that it retained in the

quenched condition the whole of the carbide in solid solution. Ac-

cording to Figure 1, the series A steel lies well to the left of the solu-



Groesbeck] Etching Reagents For Alloy Steete 567

^*, * ,^

-••-

a x500

rS, ^

'*£»•

d x500

•*rz.v:,:e
-«»*•

**
• **.

> J

^
'•O

e xlOOO
i J i

* \<*
• v f xlOOO

Fig. 7.

—

Microstructures of a tungsten steel, containing 5.2 per cent tungsten

and 1.2 per cent carbon (27, Table 1)

a, d, c, and/: Annealed for a short time at 900° C. and furnace cooled.

6: Heated four hours at ±1,100° C. and quenched in oil.

c: Heated four hours at ±1,100° C, very slowly cooled in furnace.

a, c, and e not etched; b etched with 10 per cent alcoholic HNO3, d with hot alkaline potassium

ferricyanide solution, and/ with hot alkaline potassium permanganate solution; a, e, and /taken
at same spot in microsection.

Magnification: X 500 and X 1,000, as indicated above.
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bility line, and consequently should show no eutectic, series B steel

very near the line and show some eutectic, and series C steel well to

the right and show an appreciably greater quantity of eutectic; the

micrographs for the quenched series appears to bear this out. The
extremely slow cooling from the high temperatures had permitted the

carbide to coalesce into larger masses and also allowed a quantity

of carbide, which would have remained in solution under ordinary

conditions of cooling, to precipitate. Figure 8, e, shows how cleanly

the chromium carbide particles are brought out by etching electro-

lytically in a weak (1.8 N) ammonium hydroxide solution.

The very small size of the tungsten carbide particles, as found in a

commercial tungsten steel containing 5 per cent tungsten and 1 per

cent carbon as received from the mill, is illustrated by Figure 7, a,

and e. Figure 7, c, and d, suggests that heating at a high temper-

ature for several hours coalesced the carbide particles into larger

masses. A test was made to check Ozawa's statement (see p. 534)

that the cementite-iron tungstide solid solution decomposes at a

high temperature with the formation of angular-shaped crystals of

tungsten carbide (WC) by heating specimens of two iron-tungsten-

carbon alloys (31 and 32, Table 1; also see Figures 10, a, and 16, c,

and d) at 1,100 to 1,190° C. for Z]4. hours. One specimen of each

alloy was quenched in oil, and another allowed to cool with the

furnace, which was of the gas and air type used for heat-treating

high-speed steels. A considerable number of angular particles of

WC were found present in both the quenched and annealed speci-

mens of the higher carbon alloy (No. 31) and none in specimens

from the lower carbon alloy (No. 32). Before this heat treatment

nothing but iron tungstide and cementite was to be seen in the micro-

section of both alloys; after the heating no iron tungstide was found
in the portions of the higher carbon alloy specimen where the WC
particles had formed. A specimen of the higher carbon alloy heated

at this high temperature for one hour and quenched in oil developed

the WC crystals in a similar manner.

It would appear that there is a definite carbon limit, depending

on the tungsten content, below which no WC particles will be formed
by this heat treatment. The tungsten carbide particles are shown
in Figure 7, d and/, to have been darkened (or eaten out) by being

etched in either a hot alkaline solution of potassium ferricyanide or

potassium permanganate. Etching electrolytically in either a weak
sodium hydroxide or ammonium hydroxide solution produces very

similar darkening effects (fig. 8, a, b, c, and d). In these last four

micrographs irregular uncolored masses, in many of which are

embedded the darkened tungsten carbide particles, wdl be noticed.
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Microstructures of a tungsten steel (27, E; Table 1) and a chromium
steel (19, F), showing the tungsten carbide and chromium carbide particles

as darkened by etching electrolytically , and of a vanadium-iron-carbon

alloy (54, I), showing the particles of vanadium carbide

a, b, c, and d, tungsten steel; e , chromium steel; /, vanadium-iron-carbon alloy,

o and b etched with 1 per cent NaOH solution; c, d, and e with NHiOH solution (containing 3

per cent NH3); /, not etched; c and d taken at same sopt in microsection.

Magnification: X 500 and X 1,500, as indicated above.
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These masses were observed only in the specimens of the tungsten

steel or iron-tungsten-carbon alloy containing over 1 per cent carbon

that had. been heated at a high temperature for several hours and

slowly cooled. They remained undarkened when etched with

various reagents covered in this investigation, and consequently

could not be identified. It hardly seems likely that they could be

metallic tungsten or a tungsten-iron compound, particularly as

crystals of tungsten carbide were found embedded therein or in

close contact with them. It may be of interest to note in this

connection an article by Andrews and Dushman (3) on the rate of

diffusion of carbon through a tungsten carbide (W2 C) shell to a

metallic tungsten core of tungsten lamp filament and vice versa

through a tungsten shell (that had become decarburized) from the

W2C core.

Figure 8, /, is typical of the structure of vanadium-iron-carbon

alloys (54 and 55, Table 1) ; the large and small particles of vanadium
carbide (V4C3 ) are quite thickly and uniformly scattered through a

rather soft matrix.

Since the carbon content in the tungsten-iron alloy, illustrated

in Figure 9, is very low, the constituent must be pure iron tungstide

(Fe2W) which precipitated during the cooling from casting tempera-

ture (fig. 2). Figure 9, d and e, illustrates the darkening produced by
etching in a solution containing a free alkali. The etching time for

d was 45 seconds and that for e 15 seconds; there is little choice

to be had between the two solutions referred to.

Figure 10, a, offers a striking example of the incomplete informa-

tion one would get by relying on etching with an acid alone in cases

where there is more than one structurally free constituent present.

By etching a microsection, already etched with alcoholic picric acid

solution but not repolished, with a solution known to darken iron

tungstide, the presence of iron tungstide embedded for the most part

in another constituent is clearly revealed (fig. 10, b). The assump-

tion, based on a consideration of the composition, that the remaining

undarkened constituent is cementite is confirmed by etching with

sodium picrate (fig. 10, c). Figure 10, d and e, illustrates the same
point. Figure 10, b, appears to confirm Ozawa's (50) statement

that the iron tungstide has a greater crystallizing power than the

austenite and consequently assumes a dendritic form.

Figure 11, a and b, show that, according to the etching results

obtained as indicated, no particles of cementite, per se, were present

in the microsection of a chrome-vanadium tool steel (51, Table 1).
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Fig. 9.

—

Microstructures of a tungsten-iron alloy containing 25.5 per cent

tungsten and 0.05 per cent carbon (34, Table 1). X 500

a, d. and e, in the as-cast condition.

b, heated four hours at ±1,100° C. and quenched in oil.

c, heated four hours at ±1,100° C. and very slowly cooled in furnace.

a, b, and c etched with 2 per cent alcoholic HNOj, d with hot alkaline sodium picrate solution

(Kourbatoffs reagent), and e with 10 per cent NaOH—H2O2 mixture (Yatsevitch's reagent).



572 Scientific Papers of the Bureau of Standards Vol. 20

Fig. 10.

—

Microstructures of a tungsten-iron-carbon alloy, containing 11.7

per cent W and 1.6 per cent C. {SI, Table 1—in the as-cast condition),

etched by the sequence method to bring out differentially the two structurally

free constituents found present. X 500

a, b, and c were taken at the same spot in one portion of microsection, d and e at the same spot in

another portion of the same microsection. The two sets of etchings were made at different times

after the specimens had been repolished. For each set of etchings the specimen was not repolished

between etchings.

a, etched with 5 per cent alcoholic picric acid, b and d with 10 per cent NaOII—H2O2 mixture, and

c and f with hot sodium picrate solution. The darkened constituent in 6 and d is iron tungstide

and that in c and c cementite (and iron tungstide).
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Fig. 11.

—

Microstructures of three commercial alloy steels and a high tungsten-

low vanadium high-speed steel showing the form and distribution of the

structurally free constituents found present. X BOO

a and 6, a chrome-vanadium tool steel (51, Table 1); c, a tungsten-vanadium tool steel (52); d,

a magnet steel (28); and e, a regular grade of high-speed steel (41, F).

a, etched with hot sodium picrate solution; 6, with hot alkaline potassium ferricyanide solution

—

note the darkened chromium carbide particles; c, d, and e, with 2 per cent alcoholic IINO3. a and
b were taken at the same spot, and the microsection was not repolished between the etchings.

56832°—25f 4
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Figure 11, c, shows the microstructure, as developed by etching

with nitric acid, of a tungsten-vanadium tool steel (52, Table 1)

containing about 1.3 per cent carbon, 3 per cent tungsten, 0.25 per

cent vanadium, and 0.2 per cent chromium. The question might

be asked as to what role the 3 per cent of tungsten would assume in

the structure of this alloy containing a high percentage of carbon.

Etching with sodium hydroxide-hydrogen peroxide mixture failed

to show the presence of iron tungstide, other than a distribution

throughout the matrix of very fine dark specks (iron tungstide?).

The particles shown in Figure 1 1 , c, were determined to be apparently

cementite by sodium picrate etching, although in the heat-tinting

tests they remained uncolored as contrasted with the darkening to

a red-brown color of the cementite plates of the lamellar pearlite

present, together with sorbitic pearlite, in the matrix. It would
seem that these carbide particles contained some other element be-

sides iron in sufficient amount to prevent their assuming in heat

tinting the red-brown color characteristic of cementite, but not

their becoming darkened by sodium picrate. The evidence ob-

tained offers no suggestion as to the identity of this alloying element,

other than it is possibly tungsten, since iron tungstide is readily

darkened by sodium picrate while chromium carbide and vanadium
carbide are not, and the existence of a cementite-iron tungstide

compound in iron-tungsten-carbon alloys has been pointed out by
Ozawa (50). On the other hand, in the microstructure of specimens

of a magnet steel containing about 6 per cent tungsten and 0.7 per

cent carbon (28, Table 1), there were found present a moderate
quantity of iron tungstide particles distributed in a matrix com-
posed of sorbitic and a little lamellar pearlite (fig. 11, d) . Apparent-

ly, the tungsten content in the latter steel was sufficient in quantity,

together with the amount of carbon present, for the formation of

iron tungstide, which was not combined or mixed up with the cemen-

tite, as seems to be the case where the carbon content is high enough

to form proeutectoid cementite.

In some electrolytic etching tests of specimens of commercial

high-speed steels it was noticed that extremely small particles of a

substance were brought out as darkened specks (fig. 12), while the

globules of the constituent usually found in high-speed steels in

the forged and heat-treated condition remained undarkened. The
presence of an additional constituent, represented by these specks,

would certainly not have been revealed in etching the section with

an acid solution (see fig. 11, e). An examination of specimens of

other high-speed steels, some of which had been partially or com-

pletely fused by excessive heating or intentional remelting, showed

that there was present besides the usual constituent another con-

stituent possessing greater hardness and different characteristics
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Unetched. Etched.

Fig. 12.

—

Microstructure of a high tungsten-low vanadium high-speed steel

(41, Table 1), showing the presence and absence of very small sized particles

of an unidentified constituent. X 500

A, as received from the mill.

B, heated four hours at 1,100° C. and quenched in oil.

C, heated four hours at 1,100° C. and very slowly cooled in furnace.

Etched electrolytically in 10 per cent potassium acetate solution. Each pair of micrographs
were taken at the same spot in the microsection.
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(see figs. 13, 14, and 16). This constituent, designated as the

"hard constituent," occurred in larger and more compact masses

in the fused specimens; its behavior toward various etching reagents

was similar to that of the very small specks noted in Figure 12 and

different from that of the usual high-speed steel constituent (globules

or rib-shaped eutectic). The nature of this "hard constituent" is

not known; it may be added that it behaves toward certain etching

reagents in a similar manner as chromium carbide and vanadium
carbide do. Figure 16 will illustrate the presence, as revealed by
the sequence etching method, in a fused specimen of a low tungsten-

high vanadium high-speed steel of three different structurally free

constituents— (a) "hard constituent," (b) high-speed steel con-

stituent, and (c) cementite (as judged from its behavior toward

sodium picrate)

.

Figure 16 shows the heat-tinted structures of various materials.

Attention should be called to Figure 15, c and d, where the cementite

is shown in half tones as contrasted with the uncolored iron tungstide

particles; in the latter figure the cementite particles are scattered

along the dark zones lying between the rib-shaped eutectic masses

and the speckled-like oval areas, which appear to be eutectoid iron

tungstide that had separated out of the meshes of solid solution sur-

rounded by the rib-shaped eutectic.



Groesbeck] Etching Reagents For Alloy Steels 577

%, r

p
• ••.

.*
*

Fig. 13.

—

Microstructures of two low tungsten-high vanadium high-speed

steel specimens. X 56*0

The left-hand series of micrographs is of a cutting tool (47, Table 1; see footnote P), and the right-

hand series of a small piece of the same grade of steel (30; see footnote P) which had been fused in

vacuo and cooled with the furnace. The presence of the " hard constituent" is clearly shown in

theunetched section {a and d).

b etched electrolytically with 10 per cent sodium cyanide solution ("hard constituent" now
darkened), c and e etched with 10 per cent NaOH solution-H202 mixture (Yatsevitch's reagent,

the high-speed steel constituent is darkened while the "hard constituent" in e remains undarkened),

and / with hot alkaline potassium permanganate solution (this darkens the "hard constituent").

All micrographs in each series taken at the same spot in microsection, which was not repolLshed

between the etchings.
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Fig. 14.

—

Microstructures of a high tungsten-low vanadium high-speed

steel cutting tool bar (87, Table 1). X 500

This bar had been heated to ±2,450° F. (1,340° C.) and quenched (?) in oil; the cutting

edge at one end of bar had partially fused and the bar was so fragile on being removed from

the furnace that it broke into three pieces. The presence of a hard, unidentified constituent

and of the usual high-speed steel constituent (both in the eutectic and eutectoid form for this

particular specimen) has been clearly brought out by sequence etching.

a, not etched; 6, etched electrolytically with 1 per cent NaOH solution (the "hard con-

stituent" is now darkened), and c with 10 per cent NaOH—IljO: mixture (Yatsevitch's

reagent).

All micrographs taken at same spot in microsection, which was not repolished between

the etchings.
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Fig. 15.

—

Microstructures of various steel specimens that had been heat-tinted

(see Table 4, p. 566). X 500

a, tungsten-iron alloy (25.5 per cent W and 05 per cent C, 34, C; Table 1).

6, tungsten steel (5.2 per cent W and 1.2 per cent C, 27, E).

c, high tungsten steel (11.7 per cent W and 1.6 per cent G, 31, I)

d, high tungsten steel (23.6 per cent W and 0.7 per cent C, 32, I)

c, high tungsten-low vanadium high-speed steel (41, E).

/, fused button of low tungsten-high vanadium high-speed steel (36)

Note.—The two micrographs shown in b were taken at different spots in the same microsection.
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Fig. 16.

—

Microstructures of a low tungsten-high vanadium
high-speed steel specimen that had been fused in cacao and

cooled with furnace (86, Table 1). X 500

This series of micrographs show, as revealed by t he "sequence etching"

method, three different structurally free constituents which were found present

in the microsection of the fused button.

a, unetched; 6, etched electrolytic-ally with 1 per cent NaOH solution (the

"hard constituent " is now darkened), c with 10 per cent NaOH—II2O2 mixture

(Yatsevitch's reagent, which darkens iron tungstide).
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—

Continued

d, etched with 2 per cent alcoholic HNOj (to outline more sharply several particles of a con-

stituent which remained undarkened during the previous etchings), and e with hot alkaline

sodium picrate solution (Kourbatoff's reagent, the particles outlined by the IINO3 etching

have now been darkened, hence they appear to be cementite).

All micrographs were taken at same spot in microsection, although a portion of the field

shown in d and e are not included in a, b, and c. The microsection was not repolished between

any of the etchings. (The white spot in d is due to a defect in the photographic negative.)
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VII. SUMMARY AND CONCLUSIONS

1. The objects of this investigation were the obtaining of experi-

mental data on the behavior toward various etching solutions of

constituents commonly occurring in alloy steels and ferro-alloys,

such as iron, chromium, tungsten, and vanadium carbides, iron

tungstide, and the complex constituent usually found in high-speed

steels; the deducing from these data of the underlying principles

which govern the behavior of these constituents to the various solu-

tions; and the developing of methods for identifying one or more of

these constituents that may be present in the steel or alloy.

2. Three etching methods— (a) etching by immersion, (b) electro-

lytic etching, and (c) heat-tinting—were employed in this study.

3. Etching with acidic solutions offers no means of distinguishing

between any of these constituents. The use of alkaline reagents

under oxidizing and nonoxidizing conditions furnishes, however, the

desired differentiation between certain of these constituents.

4. With solutions containing an alkali, two distinct etching effects

are obtained by immersion-

—

(a) A chemical attack by the alkali

directed solely to the constituent, and (b) the oxidation of the con-

stituent by nascent oxygen generated in the reaction between the

alkali and certain salts in the solution. The resulting oxidized com-
pound is generally "eaten out." The iron matrix remains bright in

both types, apparently having been rendered passive by the alkali or

nascent oxygen present. The constituents attacked in type (a) were

iron carbide, iron tungstide, and the high-speed steel constituent, and

in type (b) all the constituents were affected.

5. In the electrolytic etching tests it was found that by using

solutions of weakly dissociated acids and both alkaline and metallic

salts of these acids the etching effect produced could be directed to

the constituent while the iron matrix remained unattached. With
an arbitrarily adopted maximum time limit of three minutes for the

etching period, the carbides of chromium, tungsten, and vanadium
were, with a few exceptions, readily and similarly attacked, whereas

iron carbide, iron tungstide, and high-speed steel constituent remained

unaffected.

6. The explanation advanced for these two types of behavior shown
by the constituents is that oxygen is formed at the anode (specimen

being etched) in two ways— (a) Through a secondary reaction

occurring between the acid formed in the first stages of the electrolysis

and water, and (6) by the discharge of hydroxyl ions at the anode.

The formation of oxygen in (6) should occur to a greater extent with

the use of alkaline salts of weakly dissociated acids, since the alkali

product of the electrolysis is strongly dissociated and the acid dis-

sociates to a much less extent. The particles of the constituents thus
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exposed to the oxygen are oxidized and more or less dissolved out,

while the iron matrix is rendered passive and, therefore, remains

unattacked. All the constituents are attacked when electrolytically

etched in a solution of alkali.

7. The heat-tinting method offers no means of distinguishing the

various constituents, excepting iron carbide, from one another.

8. In general, it is possible to identify the different constituents

listed in paragraph 1 from one another, excepting tungsten carbide

from chromium carbide, by a suitable selection of etching method
and solution. The characteristic crystalline form of the tungsten

carbide aids in its identification.

9. A brief review of the literature on the equilibrium diagrams of

binary and ternary alloy systems formed by chromium, tungsten,

vanadium, or molybdenum with iron or carbon, or both, and also on
the nature of the constituents found present in alloy steels and ferro-

alloys containing one or more of these alloying elements is included.

The writer wishes to express his indebtedness to the following:

H. S. Rawdon for helpful suggestions, L. Jordan and R. P. Neville

(deceased) for preparing some of the alloys used in this investigation,

H. J. French for the high-speed steel specimens, H. A. Bright for

chemical analyses, and A. M. Bloxton for the preparation of the

numerous specimens employed in the etching tests.
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