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ABSTRACT 

The object of this research project was to 

develop an alloy steel containing an appreciable 

amount of silver and possessing desirable proper

ties. Investigation revealed that the solubility 

of silver alone in steel was exceedingly small, 

less than 0.02 per cent. It was necessary, there

fore, to develop some means of increasing the 

solubility of silver in steel. By alloying silver 

with copper before adding to steel, it was found 

that 0.3 per cent silver could be alloyed with 

the steel. An investigation was conducted on some 

of the properties of the silver copper steels. 

The results indicate that additions of silver with 

copper have little effect on the thermal critical 

temperatures, on some of the mechanical properties, 

on the corrosion resistance, on the austenitic 

grain size, and on the microstructure of 0.15 per 

cent and 0.35 per cent carbon steels. 
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AN INVESTIGATION OF SOME 

SILVER ALLOY STEELS 

GENERAL IN'J:HODUCTION 

This thesis presents the results of research 

work conducted by the author during the past three 

years on silver and silver-copper steels. The 

primary object of the research program is to develop 

an alloy steel which contains an appreciable amount 

of silver and also possesses desirable properties. 

The investigation consists of a study of the solu

bility of silver in iron and steel and a study of 

the effect of additions of silver-copper alloys on 

the thermal critical temperatures, on some of the 

mechanical properties, on the corrosion resistance, 

on the austenitic grain size, and on the microstructure 

of steel. 

Since the investigation cove rs two different 

iron alloy s, it is necessary to divide this thesis 

into two s e ctions. The first part covers the research 

work on the silver-iron alloys only; and the second 

part, the silver-copper steels. 
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PAR'lr I. 

SILVER-IRON ALLOYS 

Previous Investigations 

The effect of additions of silver on the pro

perties of iron and steel has not interested very 

many investigato r s. The cause of the neglect of a 

thorough inve stigation of these alloys is probably 

two-fold. First, from an economic standpoint, it 

might appear that additions of even very small per

centages of s ilver wou l d increase the price of stee l 

greatly , t hus preventing its use. Second, the small 

amount of work which has been done on thes e alloy s 

indicate s t ha t silver is practica lly insolub le in 

iron or steel. The review of the literature which 

follows presents the work wh ich ha s already be en per

formed on silver-iron alloys, and bears out the 

statement made above. 

The first report which could be found of an 

investigation of the silver-steel alloys appeared in 

1820. '11he work was done by Michael Faraday and James 

Stodart at the Royal Institution of London. In the 

1 first article concerning their work, the authors 
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revealed that fibers of pure silver were evident in 

the structure of the final alloy if the silver con

tent exceeded 0.2 per cent~ However~ tests conducted 

by them revealed that this small addition of silver 

produced a steel of superior quality. The concluding 

paragraph of this article perhaps expresses their en

thusiasm for the silver steel alloys: 

11 From the facility of obtaining silver, it is 

probable that its alloys with steel is the most valu

able of those we have made. To enumerate its appli

cation, would be to name almost every edge tool. It 

is probable that it will prove valuable for making 

dies, especially when combined with the best Indian 

steel. Trial will soon be made with the silver in a 

large way, and the results, whatever it may be will 

be candidly stated. 11 

The results obtained with the larger melts, made 

2 
at Sheffield, were published in a second article . 

Here again, similar conclusions were reached. The 

forging characteristics of the alloy steels were inves

tigated and found to be very good. 

Some of the steels produced by these pioneer workers 

were discovered years later. Sir Robert Hadfield made 
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a thorough investigation of all the specimens obtain

able and published an article on h is findings3 • 

Later he 1,,vrote a book describing in more detail the 

work of Faraday4 • The results of his inve stigation 

revealed t hat the t wo early i nvestigators had made 

silver steel alloys with t he silver content ranging 

from 0.14 per cent to 0.40 per cent. With the better 

facilities in use at the present time, fibers of 

silver were found in all of these specimens. 

One .is surprised to learn t ha t such a small 

percentage of an alloying e l ement in stee l gave 

such remarkable success as indicated by Faraday and 

Stodart. Especial ly vn~en later investigations revealed 

the presence of pure silver in the microstructure of 

the stee l. It sh ould be r emembered that at this early 

date there was no testing equipment as is now a vailable, 

and all r e sults were qualita tive. 

No evidence ca n be found of any fur t her work on 

silver stee l alloys by these authors, or of the c·on

tinuation of the production of l a r ge melts as indi-

cated in a l etter4 to Michael Fa raday from Green Picksley 

and Company. 

In 1907, an inve stigation of silver-steel alloys 
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was conducted by G. J. Petrenko. In the article 

covering his work5 , the author concluded that there 

was no solubility of the two metals below 2900 degrees 

F. When the molten alloys were cooled ver'y slowly the 

resulting solid consisted of two layers. 

In 1912 Charles F. Burgess and James Aston repor

ted research they had conducted on silver-iron alloys6 • 

They were primarily interested in the corrosion resis

tance of said alloys. The report indicated that the 

maximum solubility of silver in electrolytic iron was 

0.69 per cent, although they made alloys containing 

as high as 10 per cent. Their conclusions were that 

additions of silver did not affect the corrosion resis

tance of iron in the atmosphere or in sulphuric acid. 

Colin G. Fink and v. s. de Marchi in 1938 reported 

the results of an investigation to determine the solu

bility of silver in iron7 • These alloys were made by 

compressing fine powders of the two materials at a pres

sure of 41 Tons per square inch and then sintering at 

1750 degrees F. for four hours in a hydrogen atmosphere. 

Corrosion resistance and electrical resistance measure

ments led the authors to conclude that the solubility 

of silver in iron was between 0.5 per cent and 1.0 per 
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cent. However, in their report is shown a photomicro

graph of a steel containing 0.25 per cent silver in 

which small particles of silver are present. The 

results of their investigation are therefore question

able. In a discussion on this pa per A. A. Dornblatt 

reports that the results of an investigation conducted 

under his direction indicate that the solubility of 

silver in steel is l e ss t han 0.01 per cent. His 

investigation shows that the silver additions decreased 

the porosity of steel castings. Silver was added in 

the follo wing percentages: 0.025, 0.050, and 0.25. 

However, an analysis of the final product revealed 

less than 0.01 per cent in every case, indicating 

that the silver had probably combined with the gases 

in the molten metal and passes into the slag, thus 

leaving a more solid casting. 

In a very recent article 8 , the effect of addi

tions of silver to 18 per cent Chromium, 8 per cent 

Nickel stainle ss steel is discussed. The report indi

cates that as little as 0.42 per cent silver reduces 

the salt water corrosion of this steel by more than 

80 per cent and that 0.14 per cent silver, increases 

the heat conductivity by 26 per cent. The alloys 



tested were easier to machine than the regular stain

less steel and took a much better polish. The cause 

of .the great increase in salt water corrosion resis

tance is attributed to the formation of a protective 

layer of insoluble silver chloride. It is understood 

that further investigation is being done at the pre

sent time on these steels. 

From the research work which has been performed 

on silver-iron alloys, it seems probable that the 

solubility of these two metals is very low. However, 

since the foregoing results are erratic, a determi

nation was made of the solubility of silver in iron. 

Theoretical Considerations 

In order to determine the reasons for the apparent 

insolubility of silver in iron, an investigation of 

the theoretical aspects of alloying is necessary. 

The true alloying of two or more metals occurs 

only when the metals in question exhibit mutual 

liquid solubility to a certain degree. If one metal 

is soluble in another in liquid state, the material 
. . 

r e sulting afte r the two components are mixed and 

molten is such that the individual elements are indis-



tinguishable. In certain cases the alloy is produced 

by compressing and sintering mixtures of the powders 

of the metals. 

In the solid state, the dissolving of one metal 

in another can occur in either of two ways: by forming 

a solid solution or an intermetallic compound. Two 

types of solid solutions are known to exist. These 

are the interstitial and the substitutional types. 

Interstitial solid solutions are formed when atoms 

of the solute metal enter in the interstities of the 

lattice of the solvent metal. Lt is apparent that this 

type is limited to those alloys in which the solute 

atoms are much smaller than the solvent atoms. Exam

ples of this type are some of the alloys of boron and 

carbon with iron. The substitutional solid solutions 

are formed when the atoms of the solute replace the 

atoms of the solvent on the lattice of the latter. 

Most of the non-ferrous alloys and many of the ternary 

ferrous alloys form this type of solid solution. 

Intermetallic compounds are alloys in which the 

metals are in such proportions as to give a simple 

chemical formula. Each compound in any alloy system 

is limited to one definite composition and has a 
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de:finite melting or decomposition temperature. The 

crystal structures of such alloys are analogous to 

chemical compounds in that the position of the atoms 

of the components are fixed relative to one another. 

It should be noted that more than one of the 

above types of alloys may be formed in certain alloy 

systems. For example, in the iron-carbon alloys, the 

two components form a compound, Fe3c. At lower per

centages of carbon an interstitial solid solution is 

formed. 

In considering these three methods by which 

solid solubility of silver in iron may occur, the 

first factor to be noted is the atomic radius of 

each of the materials. The atomic radii are as follows: 9 

Silver 1.442 A 

Alpha Iron 

Gamma Iron 

1.239 A 

1.260 A 

One would not expect silver and iron to form 

an interstitial solid solution. All of the radii are 

of the same order of magnitude. It seems highly impro

bable that the larger silver atoms could arrange them

selves within the iron lattice. 

Two factors which at present are known to affect 
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the formation of substitutional solid solutions are 

the atomic size factor and the shape factor. It seems 

reasonable that the size of the atoms of the two metals 

in question should have a bearing on their mutual solu

bility. One would not expect a large atom to replace 

a small one on the lattice of the smaller, or vice versa, 

due to the great distortion which would necessarily 

occur. 

From the study of numerous binary alloy systems, a 

flexible rule9 has been formulated relative to the effect 

of the size factor. Briefly, this rule states: if con

ditions are to be favorable for the formation of a sub

stitutional solid solution, then the atomic radius of 

both solute and solvent should not differ by more than 

14 to 15 per cent. 

If the size factor is favorable, substitutional 

solid solutions may be formed. If the atomic radii 

of the two metals lie outside the favorable zone, the 

solid solubility will be greatly restricted. In the 

region close to the edge of the favorable zone, the 

rule holds less rigidly. 

Figure 1 shows the limits of the favorable range 

for alpha iron and gamma iron. 



12. 

alpha.----------------~ 
iron 

1.425A ,__ ______ _ 

atomic 
radius 
1.239A 1---------

Figure 1 

gamma 
iron 

1.449A 

atomic 
radius 
1.260A 

It is apparent that the atomic radfus of silver 

(1.442 A) lies at the very edge of the favorable range 

of both alpha and gamma iron. Therefore, the formation 

of a substitutional solid solution would be restricted. 

The second atomic property which effects the for

mation of a substitutional solid solution has been con

veniently called the shape factor. This refers to the 

types of lattice of the two materials. Complete solu

bility of two metals in the solid state can occur only 

when both metals possess the same type of lattice. 

When the solvent and solute have different lattices, 

restricted miscibility occurs. 

Consider now the effect of the above factor on the 

alloy system in question: namely, silver-iron. Silver 

has a face centered cubic lattice. Iron occurs in three 

allotropic forms. Delta iron, the high temperature 
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form, is body centered cubic. Gamma iron, the inter

mediate temperature form, is face centered cubic; and 

alpha iron, the low temperature form, is body centered 
' 

cubic. Alpha and delta iron are essentially the same, 

having the same type of lattice and same parameters if 

the values of each are extrapolated to the same tempera

ture. 

One would expect therefore, that silver would 

exhibit greater solubility in gamma iron than in alpha 

iron. 

The last method to be discussed by which metals 

may exhibit solid solubility is by the formation of 

intermetallic compounds. The only theory advanced on 

the formation of intermetallic compounds states :9 the 

more electronegative the solute element and the more 

electropositive the solvent, or vice versa, the greater 

is the tendency for the formation of stable intermetallic 

compounds. There seems to be slight chance, therefore, 

of silver and iron forming an intermetallic compound. 

From a theoretical investigation it seems probable 

that the solid solubility of silver in iron would be 

extremely limited. The solubility would be greater in 

gamma iron than in alpha iron. If solid solutions were 

formed they would be of the substitutional type. 
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Experimental Investigatio~ 

As stated previously, the object of this portion of 

the investigation is to determine the solubility of 

silver in iron and steel. 

As a preliminary step in fulfilling this objective, 

a Swedish iron of high purity"'~"'~was melted in a silica 

crucible with an induction furnace. After the iron was 

molten, the required amount of silver was added and the 

mixture retained in the molten state for several minutes. 

The agitation produced in the metal by the action of the 

furnace was sufficient to insure thorough mixing. The 

alloys were cast into a cast iron mold. Table I shows 

the intended composition of the melts and the results 

obtained. 

Per cent 
Ag 

0.1 
0.1 
O~l 
0.2 
0.4 
0.8 
1.6 

o. 
Mn 
p 

TABLE I SWEDISH IRON 
50 gram,, melts, except as noted 

''150 gram melts 
Specimen 

No. Remarks 
lA " 
lAl'' 

Silver globules on surface 
II II ti 11 

~i:* 

1A2* 
2A 
3A 
4A 
5A 

ti 

II 

II 

II 

ti · 

II 

II 

II 

ti 

II 

II 

II 

II 

Composition of Swedish Iron 

ti 

It 

II 

II 

II 

after casting 
II II 

ti It 

ti II 

II II 

II II 

II ti 

0.02-0.05 per cent s. 0.015-0.020 percent 
0.20-0.70 per cent Si. 0.15-0.25 per cent 
0.002-0.005 per cent 
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It may be seen from this table that the amount of 

silver varied from 0.1 per cent to 1.6 per cent. Each 

of the castings showed definite evidence of silver on 

the surface. The amount of silver appearing on the 

surface of the casting increased with the silver content. 

In each of the above alloys it is apparent that some 

of the silver was never in solution with the iron. 

These first melts indicate that the solubility of silver 

in iron is less than 0.1 per cent. 

Silver in the amounts shown in Table II was added 

to a 0.15-0.20 per cent carbon steel. The method of 

alloying and casting used previously was adopted for 

this series of melts. An examination of the table indi

cates that the solubility of silver in this steel and 

probably in iron is less than 0.02 per cent. The limits 

of solubility have been determined only by means of 

visual examination of the surface. With those alloys 

containing an amount of silver slightly in excess of 

the solubility limit, very fine globules of silver 

were detected after pickling in hydrochloric acid and 

swabbing the surface with a 10 per cent solution of 

ammonium persulphate. The ammonium persulphate black-

ened the surface of the steel, leaving any silver globules 

white. 
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Table . II Mild Steel 

100 gru:1 melts, except c.s ncted 
Cast inro cc.st iron mold, unless otherwise indicated 

Per Cent 
Ag 

1.0 
1.0 
0.5 
0.5 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 

0.13 

0.1 
0.1 
0.1 
0.1 
0.05 
0.05 
0.05 
0.05 
0.0J 
0.03 
0.02 
0.02 
0.02 
0.02 
0.02 
0.0~2 
0.02 
0.02 
0.02 
0.02 
0.02 
0.015 
0.015 
0.015 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 

Specimen 
No. Rera3.I'ks 

8A2➔~ 

8A3 
lBl 
1B2 
2Bl 
2B2 
2BJ 
2B4➔HHt-

2B5➔H~ 

2B6 

8Al 

8A-Y--Y, 
3Bl 
3B2 
3B3 
4Bl 
4B2 
lJl 
1J2 
5Bl 
5~ 
?Bl 
7i32 
7B3 
7B4 
7B5 
9Bl 
9B2 
9B3 
9B4 
2J·1 
2J2 
8Bl 
8B2 
8B3 
6Bl 
6B2 
6BJ 
6B4 
6B5 
6B6➔Hf-¾-

Silver found on surface. 
II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

" 
II 

II 

JI 

" 
II 

II 

II 

Ir 

II ti II JI 

Slow cooled. Silver found on surface. 
Slow cooled. Silver found on surface. 
Quenched from molten state, Silver found on 

surface. 
Cooled in crucible. Cross-section exnmined 

microscopically. No silver in microstructure. 
Silver found on surface.' 

II 

II 

H 

II 

II 

II 

II 

11 

II 

II 

II 

H 

II 

II 

II 

11 

11 

II 

II 

II 

Sand cast. Silver found on surface. 
Sand cast. Silver found on surface. 
Silver found on surface. 
Silver found on surface. 
No silver found on surface. 
Silver found on surface. 
Silver found on surfnce. 
No silver found on surface. 
Silvm: fi:,und uil surfnco .. • 
Slm; cooled. No silver found on surface. 
Slo\1 cooled. No silver f ound on surf ace. 
Slow cooled. No silver found on surface. 
Slow cooled. No silver found on surface. 
Sand cast. No silver found on surface. 
Sand Cc,st. No silver found on surface. 
No silver found on surfuc&, 
Silver found on surface. 
No silver found on surface. 
No silver found on surface. 
No silver found on surface. 
Silver found on surface. 
No ;:,ilver found on surface. 
No silver found on surface. 
No silver found on surface. 

➔~ 50 gram melt 
t-:~ 150 g:ram melt 

➔HH~ 200 gra.m melt 
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A further investigation of these alloys was made by 

taking sections through the casting for microscopic exami

nation. Figures 2 and 3 show microstructures of two 

representative specimens. The steel shown in Figure 2 

contained 0.5 per cent silver. The small white globules 

in the structure indicate the excess sj_lver. Such glo

bules are found in the structure of alloys containing more 

than 0.02 per cent silver. The alloys containing less 

than 0.02 per cent silver exhibit no silver globules when 

examined microscopically . Figure 3 shows the structure 

of a typical alloy of the latter type. The gray particles, 

which have an appearance similar to that of a free silver, 

are actually inclusions and are easily distinguishable 

under the microscope. This result seems to give further 

merit to the observational method of determination of 

solubility of silver in iron or low carbon steel. 

Results 

From the results of this investigation, it may be 

said that the limit of solubility of silver in iron or 

low carbon steel is in the neighborhood of 0.02 per cent. 

Further research work was considered on silver

iron alloys to determine the difference in solubility 

of silver in alpha and gamma iron. As indicated pre

viously, a higher solubility might be expected in gamma 
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Figure 2 . 
Mild Steel Containing 0 . 5 per cent Silver 

Magnification 500x 
As Cast 
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iron. If this were true, the alloys produced would 

possess thermal characteristics similar to those of 

iron-carbon alloys, and might exhibit similar properties. 

However, the experimental investigation revealed that 

all of the silver did not combine with the iron if the 

silver content exceeded 0.02 per cent. Therefore any 

increase in solubility of silver in gamma iron above 

that in alpha iron would be small. Consequently it 

seems undesirable to investigate further the silver-

iron alloys at the present time. 
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PART Ili. 

SILVER-COPPER STEELS 

Introduction 

One of the objects of this research program was 

to develop an alloy which would contain an appreciable 

ammount of silver and possess desirable properties. 

The results of the previous work indicate that the 

solubility of silver alone in steel is low and there

fore would not produce any desirable alteration in its 

properties. Consequently it appears that a metal must 

be found which would carry the silver into solution 

with steel. In this thesis the third metal has been 

designated as a carrier element. 

A carrie1' element must form a true alloy with 

silver and also form an alloy with low carbon steel. 

The selection of a carrier requires a study of the 

equilibrium diagrams of both silver alloys and iron 

alloys. Those metals which form alloys with silver and 

also the iron include aluminum, antimony, arsenic, ••• 

beryllium, copper, gold, manganese, platinum, silicon, 

tin, and zinc. It is to be expected that those metals 

which are completely soluble in the solid state with 
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both iron and silver will act ~s the most successful 

carriers. None of the metals which have been listed 

fulfill this condition. Copper seems to be the most 

suitable. Furthermore, it should be recognized that 

at the present time copper is being used commercially 

as an alloying element in steel. Many beneficial 

properties have been derived from its use, particularly 

in producing a steel which is more resistant to atmos

pheric corrosion than plain carbon steel. •In view of 

the present commercial importance of the copper alloys, 

and in view of other considerations already given, it 

seems most logical to select copper as the carrier

element in the attempt to produce an alloy of silver 

and iron. The other elements which have been listed 

as possible carriers are eliminated because of economic 

reasons, or because of their known detrimental effect 

on the properties of steel. 

Theor·etical Considerations 

An investigation of the equilibrium diagram for 

silver-copper steels requires a study of a quaternary 

system. The diagram for such a system cannot be repre

sented in any manner except by a group of ternary and 



22. 

binary systems. In the investigation of silver steels 

it was found that a small percentage carbon had little 

effect on the solubility. Also it has been found that 

additions of small percentages of carbon has little 

effect upon the solubility of copper in iron. 10 There

fore it appears that a study of the ternary system 

silver-copper-iron would give a fairly reliable picture 

of the alloys to be investigated. 

The study of any ternary alloy system necessitates 

an investigation of the binary equilibrium diagrams of 

each pair of the metals. The three binary systems 

which are of interest in this work are silver-copper, 

copper-iron, and iron-silver. The silver-copper alloys 

have received much attention and the accepted diagram 

is shown in Figure 4. 11 It is apparent that silver and 

copper form solid solutions in any proportion in which 

they are mixed. Therefore, it would be possible to 

prealloy these two metals in such a manner that pure 

silver would not be present. 

The diagram for the copper-iron system is shown 

in Figure 5. 10 Only the iron end of the diagram is of 

importance in this investigation. It is seen that approxi

mately 8 per cent copper is soluble in garr~a iron. The 
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maximum solubility in alpha iron is 3.5 per cent. This 

value decreases with temperature. It is appar ent that 

a ver-y· large addition of copper would result in the 

formation of an appreciable amount of a copper rich 

solid solution which would prove detrimental to the 

iron. However, the controlling factor on the amount 

of copper which can be added to steel is not the solu

bility limit; but rather the fact that this element 

imparts hot-shortness to steels. For this reason, the 

copper content does not exceed 2.5 per cent in commer

cial steels. If this maximum is maintained in the 

present investigation it is reasonable to expect the 

formation of no undesirable constituents. 

The third binary equilibriu..rn diagram, that of 

iron and silver, has never been thoroughly studied. 

The investigation performed by the author, and those 

investigations previously discussed, indicate that the 

diagram consists of horizontal lines at the melting 

points of the two components and at the transformation 

temperatures of iron. The solubility of silver in iron 

is approximately 0.02 per cent. Above this percentage 

relatively pure silver is present in the microstructure 

of the iron-silver alloys. 
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The ternary diagram of silver-copper-iron has only 

been studied by one investigator. The work, conducted 

by E. Luder12 , was incomplete, and offers little help in 

the research presented in this thesis. Luder studied 

only seven alloys. From the investigation, he drew a 

diagram of the system indicating the liquid equilibria. 

Figure 6 is a reproduction of his diagram. The alloys 

studied are indicated. In the liquid state the alloys 

divide themselves into a single and a double phase 

region. In the two phase region the molten alloy con

sists of an iron rich solution and a solution rich in 

either copper or silver; depending upon which is the 

higher percentage. 

Alloys 1, 2, 3, 4, and 6 (indicated in Figure 6) 

are in the two phase liquid region. On cooling, these 

alloys solidified into two layers. The top layer in 

all cases exhibit iron crystals, along with copper 

particles. The silver, which by analysis was found 

to be present in this layer, was alloyed with the cop

per. The lower layer of alloy 1, showed primary silver 

crystals surrounded by a silver-copper eutectic. Iso

lated drops of iron were also found. Melts 2, 3, 4, and 

6 were similar except that the excess copper solidified 
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first in the lower layer. The structure of this layer 

consisted of primary copper crystals and the silver 

copper eutectic. 

The heavy line drawn from the silver corner toward 

the copper corner and then upwards toward the iron corner, 

indicates the bounc:ary between the two phase and single 

phase liquid region. 

Melts 5 and 7 solidified in a single layer which 

was rich in copper. Luder questions the correctness 

of his determination of alloy 7 since, he states, that 

a different melting technique was used. However, the 

diagram indicates what might be expected of the alloys 

of these three metals. 

The study of the equilibrium diagrams of importance 

for this investigation has offered no indication as 

to the solubility of silver together with copper in 

steel. It is necessary, therefore, to make a deter

mination of this solubility before any systematic re

search can be conducted on these alloys. 

Determination of the Solubility of Silver and Copper in 

Steel 

As mentioned previously, no complete investigation 
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has been made of the solubility of silver together with 

copper in steel. Consequently, the initial work was 

done with these alloys in order to determine the effect 

of copper as a carrier element for silver in steel. 

In making the alloy steels for this work it was 

found necessary to add the copper and silver to the 

steel in the form of an alloy. If copper and silver 

are added separately to the steel, it is found tbat 

the copper has very little effect upon the solubility 

of silver in steel. For this determination two methods 

were tried. First, the silver was added, followed by 

the copper. Second, the order of addition was reversed. 

In both cases the copper apparently had a greater affi

nity for the steel than the silver and immediately 

formed a liquid solution, leaving the silver in the 

unalloyed state. This exemplifies the use of a carrier. 

The copper-silver alloys of desired composition 

were prepared by melting in a carbon crucible in an 

induction furnace and cast into a cast iron mold. 

The alloy steels were made by melting low carbon 

steel in a silica crucible with the induction furnace, 

and adding the desired amount of the proper copper

silver alloy. To insure complete mixing of the compo-
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nents, all alloys were maintained in the molten condition 

for five minutes after the addition of the copper-silver 

alloys. The turbulence produced by the action of the 

current insured a thorough mixing. The alloys were then 

cast into a cast iron mold. During melting and while 

cooling after casting, the alloy was protected from oxi

dation by a borax flux. 

The limit of solubility of silver in the steel was 

again determined by visual observation, due to its reli

ability in the previous tests. The results of this work 

are shown in Table III and Figure 7. In the figure, 

the percentage copper is plotted against the percentage 

silver for each alloy. Each point on the graph indicates 

t wo or more melts. A curve has been drawn to indicate 

the maximum solubility of silver wi th any given percen

tage of copper in low carbon steel. Melts which have 

alloy additions lying above the curve show evidence of 

free silver on the surface of the casting, whereas those 

melts which have a composition lying below the curve 

apparently form true alloys. It should be stated, 

however, that such a curve cannot be located accurately 

by the visual method of determining solubility limits. 

However, general limits of solubility can be indicated. 
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Table III CoEpor-Silvcr-Iron-C ~rbon 

100 Gram Melts 
Cast .into Ca.st Iron I,Iold 

Per Ce;nt Per Cent Specimen 
Cu Ag No , Re mQrks 

1.0 1.0 Wl Silver found on surface. 
1,0 1.0 2D2 ti It II II 

2.0 1.0 2D3 It II It II 

2.0 LO 2D4 II I! II II 

3.0 1.0 2D5 II II I! II 

3.0 1.0 2D6 It It n II 

1.0 2.0 3Dl II II It II 

1.0 2. 0 JD2 II II ti II 

2.0 2.0 JDJ ,: II II It 

2.0 2.0 3D4 II It II II 

3,0 2.0 3D5 II I) II II 

.3.0 2.0 3D6 II II II II 

o. 5 0. 5 4Dl It II II ll 

0.5 0.5 4D2 II 11 11 II 

o.6 0.4 4D.3 11 It It II 

o.6 0.4 4D4 II 11 II II 

0.75 0.25 4D5 It II II II 

0.75 0.25 4D6 Ii II II II 

0,375 0.1.25 5Dl II II II n 

0.375 0.1.25 5D2 II II I! ti 

0.375 0.125 5D3 It II II II 

0,375 0.125 5D4 ll It 11 II 

0,.3 0.1 6Dl 11 Ii 11 II 

0.3 0.1 6D2 11 II II II 

0,3 0.1 6D4 11 I! ll II 

0.15 0.05 7Dl II 11 11 ti 

0.15 0.05 7D2 II It II II 

0.4 0.1 lEl No silver f ound on surface . 
0.4 0.1 1E2 Silver found on surface. 
0,5 0 ,1 1E3 No silver f'ound on surface . 
0.5 0,1 1E4 No silver found on surface. 
0.8 0. 2 2El Si l ver found on surface . 
0.8 0.2 2E2 Si lver found on surface . 
1.0 0. 2 2E3 Silver found on surface. 
1.0 0 . 2 2EI+ Slow cooled. Silver found on surface. 
1.0 0.2 2E5 Silver found on surface . 
1.2 0 . .2 2E6 No silver f ound on surface. 
1.2 0 , 2 2E7 No silver f ound on surface. 
2.1 0.3 .3El Si lver found on surface . 
2.1 0.3 JE2 Silver f ound on surf~ce. 
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Table rrr(continued). Copper-Silver-Iron-Carbon 

100 Gram Melts 

Per Cent 
Cu 

2,11-
2.4 
2.4 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.5 
5.5 
5.5 
5.5 
5.5 
6.0 
6.0 
6.0 
6.0 
6.5 
6.5 
7.0 
7.0 
7.0 
?.O 
7.0 
7.0 
7.0 
8.0 
8.0 
8.0 

Per Cent 
Ag 

0.3 
0.3 
0,3 
0.4 
0.4 
0.4 
0.367 
0,367 
0.32 
0.32 
0.5 
0.5 
0,458 
0.458 
0.458 
0.458 
0.4 
0.4 
0.4 
0.35 
O.Jj 
0./44 
0.44 
0.44 
0.385 
0,385 
0,55 
0.55 
0.48 
0.48 
0.596 
o. 596 
0.8 
0.8 
0,7 
0.7 
0.7 
o. 5 
0.5 
1.0 
0.914 
0.914 

Cast into CE.st Iron Mold 

Specimen 
No. RemQrks 

3E3 Silver found on surface. 
JE4 No silver found on 5urfuce. 
3E5 No silver found on surface. 
4El Silver found on surf~ce. 
4E2 Silver found on surface. 
4E9 Silver found on surface. 
6E5 Silver found on surfncc. 
6E6 Silver found on surface. 
8E5 No silver found on surface. 
8E6 No silver found on surface. 
5El Silver found on surface. 
5E2 ~ilver found on surface. 
5E5 No silver found 011 surface. 
5E6 No silver found on surface. 
8E7 Silver found on surface. 
8E8 Silver found on surface. 
4E5 No silver found on surface. 
4E6 No silver found on surface. 
8E4 No silver found on surface. 
JE7 No silver found on surface. 
3E8 No silver found on surface, 
4E7 Silver found on surface. 
4E8 Silver found on surface. 
8E3 No silver found on surface. 
4E3 No silver found on surface. 
4E4 Ne silver found on surface. 
6El Silver found on surface. 
6E2 Silv~r found on surf r~ce. 
9E4 lfo silver found on surface. 
9E5 No silver found on surface. 
6E3 No silver found on surface. 
6E4 No silver found on surface. 
8El Silver found en surface. 
8E2 Silver found on surf~ce. 
?El Silver found on surface, 
7E2 No silver found on surface. 
7E3 No silver found on surface. 
5E3 No silvor found on surf·1ce. 
5E4 No silver found on surface. 
9El Silver found on surface. 
9E2 Silver found on surface. 
9E3 Silver found on surface. 
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The results of the work conducted thus far are 

based upon casting in a cast iron mold, which produces 

a severe chilling effect. In view of the configuration 

of the iron copper equilibrium diagram, it was felt 

that there might be some variation in the solubility 

of the copper and silver in iron, depending u pon the 

rate of cooling during the period of solidification. 

Therefore, a series of alloys was melted in the manner 

previously described, and cast into dry-sand mold. The 

alloys used for this part of the investigation are 

given in Table IV. These results are also plotted in 

Figure 7 as noted. It can be seen that the results are 

in very close agreement with the data previously 

obtained. The variations shown in Figure 7 are within 

the limits of accuracy of this method of determining 

solubility. 

In order to check the results of this work more 

closely, a study of the microstructure of several of 

the alloys was made. Figures 8 and 9 show two repre

sentative structures. The structures shown in Figure 8 

represent an alloy of composition above the determined 

curve (Figure 7) and it is used to illustrate the 

characteristic form of the excess silver. The small 
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Table IV Copper-Silver-Iron-Carbon 

100 Gram Melts 
Cast in Dry Sand 

; Per Cent Per Cent Specimen 
Cu Ag No. Remarks 

o. 5 0.1 llll Silver found on surface. 
0.5 0.1 1H2 Silver found on surface. 
0.5 0.08 lHJ No silver found on surface. 
0.5 0.08 1H4 No silver found on surface. 
1.0 0.182 2Hl Silver found on surface. 
1.0 0.182 2H2 Silver found on surface. 
1.0 0.16 2H3 No silver found on surface. 
1.0 0.16 2}{4 No silver found on surface. 
2.0 0.286 3Hl Silver found on surface. 
2.0 0.286 3H2 Silver found on surface. 
2.0 0.25 .3H3 No silver found on surface. 
2.0 0.25 3H4 No silver found on surface. 
,~.o 0.35 4Hl Silver found on surface. 
4.0 0.35 4H2 Silver found on surface. 
4.0 0.32 4H3 No silver found on surface. 
4.0 0.32 4H4 No silver found on surfnce. 
6.0 0.5 5Hl No silver found on surface. 
6.0 0.5 5H2 No silver found on surface. 
8.0 0.842 6Hl Silver found on surface. 
8.0 0.842 6H2 Silver found on surface. 
8.0 0,75 6H3 Silver found on surface. 
8.0 o. 75 6H4 Silver found 011 surface. 
8.0 o.667 6H5 No silver found on surface. 
8.0 o.667 6H6 No silver found on surface. 
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light globules are silver. Figure 9J is typical OJf 

those alloys of compositions below the curve (Figure 7). 

No silver could be found in the structure of any of 

the alloys in this r egion. The results obtained from 

the microstructure check those obtained from visual 

inspection. 

The work conducted thus far has been concerned 

primarily in the determination of a me thod of alloying 

silver wi th steel. By using copper as a carrier element 

it was found that a small amount, 0.7 per cent, of sil

ver could be alloyed with steel. To many, the permiss

able amount seems rather small, but it should be remem

bered that in several cases such a small amount of 

alloying element has added beneficial effects to steels 

and other metals. Another factor to be considered is 

the economics of the addition of such a metal as silver 

to steel. Under present market conditions, the addition 

of 1 per cent silver would approximately double the 

cost of the steel. Therefore, in order for silver to 

be used as an alloy it must be kept to low percentage s 

unless the propertie s are vastly improved. 

In t h e determination of the solubility, Figure 7, 

alloys were made containing up to 8 per cent copper. 
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However, it is known that if the copper content exceeds 

2.5 per cent the steel is hot short. This was fotmd to 

be true with the alloys containing silver with the cop

per. The steels selected for this investigation were 

consequently limited to a maximum copper content of 2 

per cent and a silver content of approximately 0.25 per 

cent. 

The steels which were used in making these alloys 

were SAE 1020 and SAE 1040 steels. These were selected 

because they include the range in carbon content which 

is most widely used for structural purposes and machine 

parts. 

Preparation ?f Silver-Copper Steels for Study of Properties 

It was shown in the previous investigation · that if 

any silver were to be retained in steel it was necessary 

to add the silver and copper as an alloy. The copper

silver alloys were melted in the induction furnace, 

using a graphite crucible, and ca st into a cas t iron 

mold 1½ inch by 1½ inch by 8 inche s. Each me lt weighed 

approximate ly 4 pounds. Table V shows the intended 

composition of these alloys. 
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TABLE V 

AllO;L No. ~ co:2per ~ Silver 

1 94.3 5.7 
2 92.6 7.4 
3 89.3 10.7 
4 86.2 13.8 

Approximately 1100 pounds of each steel were ob

tained from Bergstrom Steel Company of Los Angeles in 

4 inch round bars. 1rhe heat rn,mbers and analyses of 

the steels used in this inve stigation are as follows: 

S.A.E. 1020 S.A.E. 1040 
Heat i il28391 Heat #123385 

Carbon 0.18 per cent 0.38 per cent 
Manganese 0.71 per cent 0.88 per cent 
Phosphorus 0.017 per cent 0.020 per cent 
Sulphur 0.030 per cent 0.02G per cent 

The billets were sawed into pieces weighing approx

imately 25 pounds. The actual weight of each piece of 

steel and the weights of the alloys used are given in 

Tables VI . and V~I . 

A piece of steel was melted in a magnesia crucible 

in the induction furnace and a small amount of flux con

taining 60 parts lime, 40 parts fire clay, and 10 parts 

fluorspar was placed on top of the steel. As soon as 

the entire mass was molten, the required alloy was added. 
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Table ~VI S.A.E. 1020 Steel 

Wt.of Ag-Cu Alloy Nominal Analysis Weight of 
Sample Steel Comp. of Steel Aluminum Casting 
No,* lbs. Cu,% Ag,% Wt. ,lbs. % Cu % Ag Added,lbs. Temp., °F. 

20C 25.25 0 0 0 0 0 0.011 2693 
20F 25.26 0 0 0 0 0 0.011 
210 25,48 100 0 0.1280 0.5 0 0.010 2870 
21F 25,48 100 0 0.1280 0.5 0 0.009 2840 
220 25.21 92.6 7.4 0.1369 0,5 0,04 0.009 2840 
22F 25.16 92.6 7.4 0.1366 0.5 0.04 0.009 7/78 
23C 25.91 86.2 13.8 0.1512 0.5 o.os 0.009 'Z'/97 
23F 25.83 86.2 lJ.8 0.1507 0.5 0.08 0.009 2834 
24C 25.86 100 0 0.2612 1.0 0 0.009 2810 
24F 25.22 100 0 0,2548 1.0 0 0.009 2882 
25C 25.29 92.6 7,4 0.2761 l.O 0.08 0.009 2797 
25F 25,33 92.6 7.4 0,2764 1.0 o.os 0. 009 2822 
26C 25.41 86.2 13,8 0,298.3 1.0 0.16 0.009 2778 
26F 25.4.3 86.2 lJ.8 0.2985 1.0 0.16 0.009 2713 
27C 25.12 100 0 0.5121 2.0 0 0.009 2771 
27F 25.14 100 0 0.5130 2.0 0 0.009 2834 
28C 25.37 94 • .3 5,7 0.5496 2.0 0.12 0.009 2784 
28F 25,35 94,3 5. 7 0.5492 2.0 0.12 0.009 2784 
290 25.29 89 . .3 10.7 0,5805 2.0 0.24 0.009 2771 
29F 25,.33 89.J 10.7 0.5794 2.0 0.24 0.009 2745 

* C = Sample for investigation of properties of cast steel alloy 
F = Sample for investigation of properties of forged steel alloy 
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Table VII S.A.E. 1040 Steel 

wt.A£ . . Ag-Cu Alloy Nominal Analysis Weight of 
Sample Steel Comp. of Steel Aluminum Casting 
No.* lbs. Cu,% Ag,% Wt.,lbs. % Cu % Ag Added,lbs ,. Temp.,°F. 

JOC 25.23 0 0 0 0 0 0.009 2784 
JOF 25.42 0 0 0 0 0 0.009 2758 
JlC 25.52 100 0 0.1282 0.5 0 0.009 2810 
JlF 25.53 100 0 0.1283 0.5 0 0.009 2784 
32C 25.51 92.6 7.4 0.1385 0.5 0.04 0.009 2797 
32F 25.50 92.6 7.4 0.1384 0.5 0.04 0.009 2771 
.3.3C 25.46 86.2 1.3.8 0.1485 0.5 0.08 0.009 2784 
33F 25.46 86.2 1.3.8 0.1485 0.5 0.08 0.009 2771 
.34C 25.27 100 0 0.255.3 1.0 0 0.009 2765 
34F 25.27 100 0 0.2553 1.0 0 0.009 2797 
35C 25.30 92.6 7.4 0.2762 1.0 0.08 0.009 2784 
35F 25.29 92.6 7.4 0.2761 1.0 0.08 0.009 2771 
.36C ~-5.36 86.2 1.3.8 0.2976 l.O 0.16 0.009 2745 
.36F 25 . .37 86.2 1.3.8 0.2978 1.0 0.16 0.009 2758 
.37C 25.56 100 0 O. 52lt, 2.0 0 0.009 2784 
37F 25.19 100 0 0.5141 2.0 0 0.009 2797 
38C 25 . .31 94.3 5.7 0.5485 2.0 0.12 0.009 2719 
.38F 25 . .34 94.3 5.7 0.5492 2.0 0.12 0.009 2784 
39G 25.41 89.3 10.7 0.5825 2.0 0.24 0.009 2739 
.39F 25,47 89.3 10.7 0.5838 2.0 0.24 0.009 2758 

* C = Sample for investigation of properties of cast steel alloy 
F = Sample for investigation of properties of forged steel alloy 
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The turbulence produced in the metal by the furnace 

action mixed the alloy thoroughly. The alloy was cast 

when the temperature of the molten metal was approximately 

2800 degrees F. as determined with an optical pyrometer. 

While the metal was being cast into the mold, small pieces 

of aluminum were added in the amounts indicated in Tables 

VI and VII. The purpose of this element was to deoxidize 

the melt. 

As soon as one alloy was cast another piece of 

steel (preheated to about 1500 degrees F.) was placed 

in the furnace, melted, and alloyed in the manner just 

described. The steel was preheated in a salt bath at 

1750 degrees F. and momentarily quenched in water to 

remove the salt from the surface of the bar. 

The molds vrnre made of core sand and baked. Two 

shapes of molds were used. One, Figure lOa, was for the 

purpose of making the casting for studying the proper

ties of the forged alloys. The other mold, Figure lOb, 

was used to make the casting for the investigation of 

the cast properties of the alloys. Large risers were 

provided for each casting to eliminate porosity and 

shrinkage. 

After the castings had cooled in the sani the risers 
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were removed. The blocks for the investigation of cast 

properties were each cut into three pieces 1 inch by 

1 inch by 6 inches. The pieces from the other castings 

(2 inches by 2 inches by 5 inches) were forged by the 

General Metals Corporation of Los Angeles. The blocks 

were heated to about 2000 degrees F. and forged to 1 

inch round sections. The bars were reheated once while 

being forged. The minimwn forging temperature was 

approximately 1400 degrees F. 

The only alloy steels which were difficult to forge 

were those which contained 2 per cent copper with or 

without silver. These alloys were slightly hot short 

and some were severely cracked. Alloy No. 29, containing 

2.33 per cent copper, 0.26 per cent silver developed 

serious cracks and broke at the center during forging. 

The cast blocks and the forged bars were heated to 

1700 degrees F. for one hour and air cooled. They were 

then heated to 1500 degrees F. for fifteen minutes and 

cooled in the furnace. After this treatment the samples 

were ready for machining to the re quired shape for the 

investigation of their properties. 
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Chemical A~alysi~ 9f ~repared Steels 

In making the silver-copper steels, the amount of 

the alloying elements added to each steel was accurately 

\Rfeighed. However, it was expected that due to oxidation 

the composition of the alloy steels would be slightly 

different from the intended composition. Therefore it 

was necessary to have an accurate analysis of the alloyed 

steels. 

Investigation indicated that the quantitative 

chemical analysis of small amounts of silver in steel is 

relatively inaccurate. Spectrochemical analysis, on the 

other hand, is a very accurate method of determining 

low percentages of any element in an alloy, and is par

ticularly accurate for determining low percentages of 

silver and copper. Hence, the determination of the per

centages of silver, copper, silicon, manganese, and 

aluminum in the steels was made with a spectrograph. 

A spectrograph of the grating type, an alternating 

current rec·tifier arc stand, a projector comparator, 

and a densitometer manufactured by the Applied Research 

Laboratories in Los Angeles were used for this work. 

The analysis for carbon was made by the combustion 

method. 
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The samples for the spectrochemical analysis and the 

carbon determination were obtained by taking drillings 

from the center of each of the forged and the cast bars. 

The analyses for the steels are given in Tables 

VIII and IX. 
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Table . VII.I .Analysis of Forged Steels 

Sample % Cu % Ag %C % Al % Si % Mn 

20F 0.05 0.004 0.17 0.04 0.20 0.54 
21F 0,54 0.004 0,16 0.02 0.10 0.53 
22F 0.56 0.047 0.155 0.03 0~13 0.54 
2.3F 0.85 0.097 0.16 0.05 0.1.3 0.54 
24F 1.08 0.004 0.16 0.02 0.11 0,54 
25F 1.29 0.103 0.165 0.03 0.13 0.53 
26F 1.17 0.223 0.165 0.04 0.12 0.48 
27F 2.26 0.004 0.155 0.02 0.16 0. 46 
28F 2.33 0.162 0,15 0.05 0.14 0.46 
29F 2.33 0.267 0.17 0.01+ 0.11 0.45 

Sample % Cu % Ag % C % Al % Si % Mn 

JOF 0,06 0.005 0.35 0.04 0.19 o.68 
31F 0.82 0.005 0, .345 0.04 0.12 o.67 
32F o.69 0.047 0,35 0.04 0.17 0,74 
33F 0.65 0.087 0.35 0.04 Oo18 0.74 
34F 1.19 0.000 0.35 0.05 0.19 0.76 
35F 1.26 0.067 0.355 0.04 0.15 0.75 
36F 1.24 0.190 0.345 0.04 0.15 0.71 
3'7F 2.26 0.000 0. 33 0.03 0.16 0.72 
38F 2.46 0.150 0.32 0,04 0.17 0,62 
39F 2.11 0.265 0 .325 0.04 0.13 0.59 
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Table IX Analysis of Cast Steels* 

Sample % Cu % Ag % C % Al % Si % Mn 

20C 0 0 0.145 0.13 0.15 0.45 
21C 0,35 0 0.15 0.06 o.w 0.45 
22C 0.3.3 0.048 0.155 o.06 0.21 0.61 
2.3c 0,35 0.068 0.15 0.04 0.21 0.59 
24C 1.00 0 0.15 0.06 0.21 0.55 
25C 0.68 0,095 0.14 0.04 0.20 0.56 
26c 0.98 0.165 0,15 0.05 0.17 0,49 
27C 1.68 0 0.1,~ 0.03 0.15 0.40 
28C 1.88 0.118 0.14 0.04 0.14 0.49 
29C 1.65 0.223 0.14 0.06 0.20 0.47 

Sample % Cu % Ag % C % Al % Si % Mn 

,300 0.025 0 0,345 0,07 0.23 0,75 
.31G 0.42 0 0.34 0.07 0.25 0.75 
32C 0 . .30 0 0.35 0,07 0.18 0.75 
330 0.93 0.008 0.325 0.05 0.17 o.67 
34C 0.2.3 0,032 0,35 0.04 0.15 0,78 
35C 0.98 0.035 0.36 0.06 0.15 0.76 
36C 0.66 0.123 0.35 0.06 0.26 0.73 
37C 2.05 0.022 0.36 0.08 0.26 0.78 
38C 2.06 0.0.38 0.33 0.08 0.16 0.74 
39C .3 .05 0.150 0 . .34 0.06 0.15 0.79 

*These analyses differ considerably from the nominal analyses 
due to segregation, Investigation has shovm that copper and 
silver segregate severely in casting. 
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PART IIJI. 

THE EFFECT OF ADDITIONS OF SILVER AND COPPER 

ON THE THERMAL CRITICAL 

TEMPERATURES OF STEEL 

]ntroouction 

The test for the determination of the thermal 

critical points of the steels is very important. Many 

of the alloying elements in steel owe their success to 

the changing of these temperatures. By lowering, they 

allow lower heat treating temperatures. Some metals 

lower the transformation points to such a low value 

that the austenite is stable at room temperatures. 

Others cause the transformation to be so sluggish that 

control of properties is very easy. Still others shift 

the eutectoid composition to lower values of carbon and 

thus give higher hardness and strength for lower carbon 

content. 

In short, it can be said that the transformation of 

alpha iron to gamma iron and vice-versa is the chief 

factor in giving steel its wide adaptability. Therefore 
' 

it would seem necessary that the determination of the 

temperatures at which this transformation occurs is very 
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necessary for a complete understanding of the steels 

under study. 

It will be noted, from the alloys made for this 

investigation that some steels were made which contained 

no silver whatsoever. These steels were to be used as a 

standard on which to base the effect of the silver. It 

is known that the addition of copper10 lowers the criti

cal points of the steels a slight amount. This fact can 

be used as a check on the apparatus. 

In this investigation the A1 and A3 critical points 

were determined on heating and cooling for the forged 

alloys already described. Most data on critical points 

have been obtained in the past by either thermal of dila

tometric analysis. In this investigation both methods 

were used simultaneously for the purpose of obtaining as 

complete data as possible. 

Apparatus 

The equipment for an investigation of this character 

must fulfil the following specifications: 

1. A furnace capable of maintaining a uniform tempe

rature throughout the length of the specimen. 

2. An instrument to control and record the rate of 

heating and cooling of the furnace. 
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3. A device to indicate the dilation of a steel 

specimen as it is heated and cooled through 

the critical range. 

4. A device to indicate the difference between 

the temperature of the steel specimen and a 

neutral body. 

5. An instrument to record simultaneously dilation, 

temperature difference, and specimen temperature. 

Consultation with the representatives of instrument 

manufacturers indicated that suitable equipment with tbe 

above specifications was not obtainable commercially. 

This situation led to the design and construction of the 

apparatus shown in Figure 11 and described below. 

The furnace (! in Figure 11, and shO\m in detail in 

Figures 12, 13, and 14} was purchased from Rockwell Instru

ment Company. It consists of a split shell!, with a re

fractory lining B, and a resistance heating element c. 

A copper sheath D was placed in the heating space to 

insure temperature uniformity over the length of the 

specimen. A hole Eis provided in the bottom of the 

furnace to accomodate a quartz tube F which supports 

the specimen~ and neutral body H. A quartz rod J 

resting on top of the specimen passes through the hole 

K in· the top of the furnace to the dilation-indication de vie e. 
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Figure 11 . 

General View of Equipment 
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Figure 12. 

Furnace 
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The specimen Q is 7/8 inch in diameter and 4 inches 

long. The neutral body His 1 inch in diameter, l½ inches 

long, and is provided with a recess 3/4 inch deep in 

which the specimen is placed. 

A chromel-alumel thermocouple Lis fastened to the 

outer surface of the copper sheath next to the furnace 

winding. This thermocouple is led out the top of the 

furnace to the instrument which controls the rate of 

heating and cooling of the furnace. 

The temperature of the specimen G is obtained by 

means of a chromel-alurnel thermocouple M (Figure 14) 

inserted through the neutral body Hand into the bottom 

of the specimen to a depth of 5/8 inch. The difference 

between the temperature of the specimen and the neutral 

body is obtained by means of the differential chromel

alurnel thermocouple N. One junction of this thermo

couple is inserted through the neutral body and into 

the specimen to a depth of 5/8 inch. The other junction 

is inserted into the lower end of the neutral body to a 

depth of 5/8 inch. The thermocouple wires lead from the 

neutral body down through the quartz tube and to the 

recording instrument. 
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The rate of heating and cooling of the furnace is 

controlled by a Leeds and Northrup Micromax Recording 

Program Controller No. 40851-S, shown at Bin Figure 11. 

This instrument may be set to heat or cool the furnace 

at any rate between O and 550 degrees F. per hour. The 

instrument is provided with a reversing circuit to 

change the furnace control from the heating cycle to 

the cooling cycle at any predetermined temperature. 

This circuit is actuated by the specimen temperature 

indicator shown at C in Figure 11. 

The device to indicate the dilation or change in 

length of the specimen, as it is heated and cooled, is 

shown at Din Figure 11 and in detail in Figure 15. 

The quartz rod, Jin Figure 13, resting on the specimen 

extends through the furnace to the armature,! of 

Figure 15, of an induction bridge. The change in length 

of the specimen is transmitted by the quartz rod to the 

armature which is pivoted at B. The movement of the 

armature changes the induction in the two arms of the 

bridge circuit shown in Figure 16, thus causing a cur

rent to flow through the galvanometers, which register 

a deflection. The galvanometer deflection is related 
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Figure 15 . 

Induction Bridge 

Figure 16 . 

Induction Bridge Circuit 
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to the change in length of the specimen as shown in 

Figure 21. A dial gage, C in Figure 15, is used for 

making calibrations prior to running the tests. The 

bridge circuit includes a potentiometer, auxiliary 

galvanometer, and variable transformer for the purpose 

of adjustment and calibration to be described later. 

The instrument for recording the date is shown at 

C in Figure 11, and in greater detail in Figures 17 

and 18. The thermocouple leads from the specimen are 

connected to a Leeds and Northrup -Micromax Indicating 

Controller No. 20901 Model c. The shaft of this instru

ment extends through the back of the case and is con

nected to a drum A in Figure 18, 12 inches in diameter 

and 12 inches long. The position of the drum about its 

axis of rotation is controlled by the temperature of 

the specimen. 

The wires from the differential thermocouple are 

connected to a Leeds and Northrup No. 24286 Galvanometer, 

Bin Figure 18. A similar galvanometer C is connected 

to the induction bridge circuit. 

A 6-volt single-filament lamp obtained from the 

Wm. H. Miller Company of Pasadena is mounted at D with 

the filament vertical. The light beam passes from the 
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Figure 17. 

Recording Apparatus 
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filament to the cylindrical mirrors in the two galvano

meters, to the plane mirrors E and E, and through the 

cylindrical lens G onto the drum A. The cylindrical 

mirrors (focal length 9 inches) in the galvanometers 

and the cylindrical lens G (focal length 1 inch) pro

duce point images of the filament on the drum for any 

position of the galvanometer. 

The drum is provided with suitable clamps by which 

photographic paper to chart the data may be attached to 

its periphery. As the drum rotates with a change in 

temperature the points of light from the galvanometers 

expose the paper, thus giving a permanent record of the 

temperature. The photographic paper was marked with 

horizontal lines indicating intervals of 100 degrees F. 

These lines were produced by focusing the image of the 

filament of a 6-volt lamp on the paper with the cylin

drical lens. 'l'he position of each 100 degree F. line 

on the paper was obtained by setting the Micromax indi

cator, C of Figure 11, at each of the hundred degree 

marks and turning on the calibration lamp for about 

eight seconds at each setting. After making the record 

of the tes½ the paper is developed. 
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Determination of Temperature Uniformity Throughout the 

Specimen 

In an investigation of this character it is impera

tive that with heating and cooling the temperature of the 

specimen be uniform throughout its length. A determi

nation of this uniformity was made by inserting thermo

couples in a mild steel specimen, which was then placed 

in the furnace and subjected to the same heating and 

cooling cycle used for the determination of critical 

points. The temperature at several points along the 

surface and on the axis of the specimen is plotted in 

Figure 19 for the indicated mean temperatures on heating. 

Figure 20 shows similar curves on cooling. The results 

of this determination indicate tr~t the copper sheath 

maintains a uniform temperature along the length of the 

specimen within 3 degrees F. 

Induction Bridge Calibration 

In order to calibrate the induction bridge it is 

necessary to determine the relation between the dis

placement of the armature of the induction bridge and 

the deflection of the light beam of the galvanometer 

on the drum of the recorder for different distances be

tween the field coils and for different field voltages. 
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This relationship should be determined so that the full 

width of the recording drum may be utilized for the 

dilation of the specimen, so that the relation between 

the dilation and galvanometer light beam deflection is 

linear, and so that a satisfactory sensitivity may be 

obtained. 

The first step in this calibration is to adjust the 

distance between the two coils to some arbitrary value. 

This distance is selected to permit free movement of the 

armature for the dilation of the specimen. The movable 

end of the armature is then placed close to the lower 

coil. An arbitrary voltage is applied to the coils and 

the circuit is balanced with a potentiometer. The gal

vanometer mirror is adjusted so that the light beam 

rests at one end of its permissible travel. The arma-· 

ture is then raised by successive increments, which are 

indicated on the dial gage , and the position of the 

light beam of the galvanometer on the drum is noted for 

each position of the armature. A curve of dilation 

versus galvanometer light beam position is made . Simi

lar curves are obtained for other field voltages. This 

procedure is repeated for several distances between the 

field coils. The results of the calibration are shown 
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in Figure 21. Knowing the approxiw~te dilation of the 

specimen over the temperature range to be studied and 

the maximum allowable deflection of the galvanometer, 

a curve is selected which will give a linear relation

ship between armature deflection and galvanometer de

flection. 

Proceduye 

The specimens for this work were cut from one end 

of the forged steel _bars Table VIII and machined to the 

required size. They were plated with nickel to a thick

ness of from 0.005 to 0.010 inch to prevent oxidation. 

In ma.king a test , the specimen is placed in the 

neutral body of commercially pure nickel, and the thermo

couple wires inserted in their respective holes . The 

specimen and neutral body are placed in the furnace and 

the thermocouple wires connected to the proper instru

ments. The photographic paper is placed on the drum 

and calibrated. The furnace is heated to about 850 

degrees F. and held at this temperature until the tempe

rature of the specimen attains this value. 

The distance between the field coilsw, the armature 
\I " 

position, and the field coil voltage·,,·.,~ are then adjusted 
~} 0.25 inches 

-:H~ 30 vol ts 
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to the values determined from the calibration curves. 

The light beam of the induction bridge galvanometer is 

moved to one edge of the paper. The differential 

thermocouple light beam is moved to the center of the 

paper. The rate controller is set to obtain the desired 

rate of heating and cooling {250 degrees F. per hour). 

The heating cycle is then started and the recording 

unit put in operation. When the temperature of the 

specimen reaches a predetermined value, (1750 degrees F.) 

the rate control is automatically switched from the 

heating cycle, to the cooling cycle. The specimen is 

then cooled at the same rate at which it was heated. 

When the specimen has cooled to approximately 900 degrees 

F., it is replaced by another and the procedure is 

repeated. 

Discussion of Results 

The results of this work will be found in Table X. 

Reduced reproductions of the 12 inch by 30 inch charts 

are given in Figures 22 to 41 inclusive. The critical 

points are noted on each curve, with other pe r tinent 

data. For the purpose of illustrating the method of 

selecting the critical points the curves for specimen 

22, Figure 24 will be discussed. 
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Table x Thermal Cri tica.l T·emperatures 

Sample Ac1,°F. Ac3,°F. Ar3,0F. Arl'°F. 

20 1350 1579 l49l 1272 
21 1,328 1582 1497 1233 
22 1336 158.3 1500 1240 
23 1332 1584 1495 1237 
24 1317 1557 1462 1220 
25 1324 1577 1484 1231 
26 1329 1586 1486 1231 
Z7 1324 1559 1453 1224 
28 1324 1562 1455 12.33 
29 1328 1563 1456 1233 

Sample Ac1,°F. Ac.3 , °F . Ar3,0F .. Ar1,0F. 

30 1348 1488 1403 1264 
31 1.331 1484 1390 12.38 
32 1336 1482 1381 1243 
33 1337 1479 1380 1241 
34 1327 1474 1374 1230 
35 1326 1475 1374 1229 
36 1330 1485 1388 1233 
37 1.325 1462 1359 1226 
.38 1.328 1460 1359 1229 
39 1326 1463 1373 1230 
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First, consider the dilation record of the steel. 

The temperature 1336 degrees F., at which the slope of 

the heating curve first changes is designated as the 

Ac1 point. The Ac3 temperature, 1584 degrees F., cor

responds to the point on the dilation curve at which 

the slope resumes a relatively constant value. The Ar3 
and Ar1 temperatures, 1500 degrees F. and 1241 degrees F. 

respectively, are determined in essentially the same 

manner from the dilation curve on cooling, but in the 

reverse order. 

Second, consider the differential temperature 

record of the steel. That temperatur~ 1336 degrees F., 

at which the curve on heating deflects sharply to the 

left is the Ac1 temperature. The Ac7- temperature cor
<J 

responds to that point on the curve at which the slope 

becomes almost constant, 1582 degrees F. The Ar3 tem

perature is that point 1500 degrees F., on the cooling 

curve at which the first major change of slope is 

noted. The temperature at which the cooling curve de

flects sharply to the left, 1239 degrees F., is desig

nated as the Ar
1 

temperature. 

Figures 42 and 43 show the effect of copper and 

silver on the transformation temperatures of SAE 1020 
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1040 steels. Figures 42A and 43A show that copper up to 

1 per cent lowers the critical points of the 0.20 per 

cent carbon and 0.40 per cent carbon steels. Increasing 

the copper to 2 per cent has little effect. In pre

paring the curves which show the effect of the silver 

on the critical points for steels containing like per

centages of copper, the critical temperatures were 

adjusted to compensate for the varying copper content of 

the specimens. Figures 42B, c, D, and 43B, C, D show 

that silver in the presence of copper in the percentages 

investigated raises both critical temperatures a few 

degrees. The increase is greater for the A3 tempera

ture than for the A1 temperature. The only exception 

to this statement is the A3 temperature for the 0.35 

per cent carbon steel containing 0.65 per cent copper. 

Here this critical point is lowered slightly by 

silver additions. 

Conclusions 

In this investigation a method has been developed 

for the graphic determination of thermal critical tem

peratures. It has been shown that copper in amounts 

up to 2 per cent lowers the critical temperatures of 
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SAE 1020 and SAE 1040 steels. Silver in amounts up 

to 0 . 25 per cent in the presence of 2 per cent or 

less of copper has little effect on the critical 

temperatures of these steels. 
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Figure 22. 

Specimen 20- -Thermal Critical Temperature Cha rt 
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Figure 24. 

Specimen 22--Therma l Critica l Temperature Chart 
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Figure 27. 

Specimen 25--Thermal Critical 'r empe r fl t ure Chart 
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Specime n 31--Therma l Critical Tempera ture Chart 
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Figur€3 34. 

Specimen 32--'rhermal Critical Tempera ture Chart 
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Figure 35. 

Specimen 33--The r ma l Critical Temperature Chart 
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Figure 36 . 

Specimen 34--Thermal Critical 'rempera ture Chart 
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Figure 37. 

Specimen 35--Thermal Critical Tempera ture Chart 
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Figure 38. 

Specimen 36--Thermal Critical Temperature Chart 
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Figu re 39. 

Specimen 37--Therma l Cr i tical Tempera ture Chart 
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Figure 41. 

Specime n 39--Thermal Critical 'J.1empe ra t ure Cha rt 
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PART ]V. 

TEE EFFECT OF ADDITIONS OF SILVER AND COPPER 

ON TEE TENSILE PROPERTIES AND 

HARDNESS OF STEEL 

Introduction 

This portion of the investigation is concerned with 

the determination of the combined effecrt of silver and 

copper on the tensile properties and hardness of the 

forged and cast alloy steels. The analyses are given 

in Tables VIII and IX. As in the previous work, the 

plain copper steels were tested although the effect of 

copper is well known10 . The effect can be summarized 

as follows: copper additions increase the ultimate 

tensile strength, yield point, and hardness, and decrease 

the elongation and reduction of area of steel. 

For this determination three ca.st and three forged 

samples of each steel were used. The letter A, B, or C 

which has been added to each specimen number is for the 

purpose of designating its position in the original 

casting or forging, Figure 44. 

Procedure 

After the specj_mens were cut to the desired size 
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from the for ged or cast pieces, they were ma.chined to 

the dimensions of a 2 inch gage length standard ten

sion specimen as shown in Figure 45. 

A 30,000 pound Riehle Universal Testing Ma chine 

was employed for the tension tests. The specimen was 

held by threaded heads in the testing machine. 

The cross head speed was 0.01 inch per minute 

until the yield point was reached. The speed was then 

increased to 0.15 inch per minute. The load elongation 

relationship for the entire test and the final diameter 

were obtained for each specimen. 

After the tensile tests had been made, a piece 

was cut from the threaded end of each specimen and 

ground to a flat surface. At least three hardness 

determinations were made on each piece with a Rockv.rell 

Superficial Hardness Tester. 

Results 

The data obtained from these tests are given in 

Table XI. It appeared inadvisable to plot stress-strain 

curves for each of the specimens. Instead, average 

v~lues of yield point, ultimate tensile strength, 

elongation, reduction of area, and hardness for each 

set of specimens were calculated. These data are given 

in Tables XII and XIII. 
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The results of the tests on the forged steels are 

shown graphically in Figures 46 and 4'7. Figures 46A 

and 47A show that copper increases the yield point, 

ultimate tensile strength and hardness, and decreases 

the elongation and reduction of area of the 0.15 per 

cent carbon and 0.35 carbon forged steels. This is in 

agreement with results obtained by other investigators. 

The results of mechanical tests on the steels 

containing both silver and copper (Figures 46B, C, D and 

47B, C, D} are very erratic. Consequently it is impos

sible to reach any accurate conclusion in this case. 

However, in no case did the properties show any marked 

increase or decrease with the silver additions. 

One factor which must be considered in interpreting 

these curves is the variation of the analyses of the 

different steels. Reference to Table VIII will show 

that the amounts of all the elements which were found 

in the samples vary over a range which is sufficient 

to alter the values of all of the properties tested. 

An attempt was made to compensate for these variations, 

but sufficient accurate data were not available. •rhe 

values obtained from the tests were therefore plotted 

against the copper and silver contents of the steels 



100. 

without compensation for the variation in the amounts of 

other elements. 

No attempt was made to plot the relation between 

the properties and the composition of the cast specimens. 

The original data is in Table XI and the average values 

of the properties are given in Table XIII. Marked 

segregation was found in the samples and therefore the 

analyses obtained were good for only those portions of 

the specimens analysed. 
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Table ·xu 
Mechanical Properties of Forged Steels 

Av. Av.Ult. Av. Av. 
Material Yield Point Tens. St~. Elong. Red. of Av. Hardness 

No . lb./in.2 lb ./in. '/o in 211 Area.,% Rockwell JOT 

20F 34,700 56,200 44.0 67.3 58.-0 
21F 40,500 57,500 41.3 70.3 60.8 
22F 42,900 58,800 44.3 68.5 61 .. 8 
23F 42,700 58,400 41.2 68.9 61.2 
24F 50,000 66,200 J7.0 64.6 65.7 
25F 49,100 61,600 41.3 68.5 63.6 
26F 46,300 61,400 41.3 68.8 64.9 
27F 53,200 65,200 41.0 67.0 68.0 
28F 50,300 62,700 39.8 67.5 66.4 
29F 53,800 63,400 40.3 67.7 65.9 

JOF 48,500 74,700 36.7 57.2 67.1 
JlF 51,900 77,700 33.7 55.8 69 , .3 
32F 52,700 77,600 32.8 55.6 68.? 
3.3F 53,300 78,300 JJ.2 55.1 69.7 
34F 58 ,600 80 ,800 33 b7 55.0 ?1.2 
35F 57,900 79,300 34.2 57.8 72.l 
36F 58,000 '78,500 33 . .3 58.2 70.9 
37F 64,900 83,200 31.2 56.2 72.9 
38F 64,.300 83,100 31.5 56.6 73.2 
39F 63,000 79,300 31.5 55.3 71.4 
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Table XIII 

Mechanical Properties of Cast Steels 

Av. Av.Ult. Av. Av. 
Material Yield Point Tens. Str. Elong. Red. o:f Av. Hardness 

No. lb./in.2 lb./in. 2 % in 211 Area,% Rockwell 30T 

20C 33,500 53,000 42.8 63.4 53.S 
21C 35,700 56,900 .38.3 59.5 59.6 
22C 39,400 58,400 ,'38.8 5?.l 61.2 
230 40,000 58,600 .38.8 ,57.1 61.4 
24C 42,900 60,700 37.8 57.3 6J.4 
250 44,600 60,600 J7.8 57. 9 64.5 
26C 46,200 61,200 .36.0 59.8 65.5 
Z7C 49,800 63,900 37.7 53.9 67.J 
.28C 50,200 64,200 37.0 62.0 67.3 
290 52,000 63,900 36.0 55.6 66.o 

JOO 46,500 73,800 .29.3 34.4 67.5 
31C 54,300 77,700 27.7 32.8 70.2 
32C 53,600 76,900 24.0 29.7 71 . .2 
JJC 50,200 71,600 26.0 29.J 67.7 
34C 59,300 so,ooo 24.3 30.2 72.1 
35C 56,700 78,100 24.0 24.6 72.7 
360 57,900 78,000 24.7 28.7 70.9 
370 6.3,400 82,900 23.8 29.7 73.8 
380 58,900 76,800 25.7 32.5 70.4 
39C 62,.300 80,400 27.5 38.1 71.8 
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PART V. 

THE EFFECT OF ADDITIONS OF SILVER AND COPPER 

ON THE CORROSION RESISrJ1ANCE 

OF STEEL 

Introduction 

One reason for the selection of copper as a carrier 

element for silver in steel wars that tl1.is element is used 

at the present time in commercial steels. The purpose 

of copper is to increase that atmospheric corrosion resis

tance of steels. · It is Jmown that the addition of cop-

per to steel in amounts up to approximately 0.25 per cent 

improves the atmospheric corrosion resistance of steel. 

There is some controversy relative to the effect of 

adding more than 0.25 per cent copper. Some investi

gators claim that further additions are beneficial while 

others claim that there is no improvement. 

The purpose of the present investigation is to 

determine if silver augments the atmospheric corrosion 

resistance of copper bearing steels. 

The corrosion resistance of materials is determined 

best by exposing them to the conditions which are to be 

encountered in service. This procedure requires long 
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periods of exposure to the corrosive conditions and 

there for e is not convenient for laboratory investigation. 

Numerous accelerated tests have been devised for corro

sion testing. These tests are valuable for preliminary 

work, although they often produce erratic and misleading 

results. It is common practice in corrosion testing to 

subject samples of the material to an atmosphere super

saturated with water. This procedure was therefore 

adopted for the investigation. 

Apparatus 

For these tests a spray box was built in accordance 

with A.S.T. M. Tentative Standard Bll7-39T. Figures 48 

and 49 are photographs of the spray box. The atmosphere 

to which the specimens are exposed is produced by atomizing 

tap water. Compressed air is passed through a cleaner 

and bubbled through a column of water before it reaches 

the atomizer (A}. The tap water is drawn into the 

atomizer at a rate of approximately 400 cc. per hour, and 

blown out in a very fine mist. The specimens are mounted 

on glass rods and separated by pieces of glass tubing as 

shown at B. A glass plate is placed on the supports (C) 

above the atomizer to protect the specimens from direct 

spray and to distribute the mist. While the specimens 



111. 

Figure 48 . 

Spray Box 

Figure 49. 

Interior of Spry Box 
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are being exposed to the spray, the box is covered with 

a glass plate to maintain a uni.form mist. A vent is 

provided in the back of the box to exhaust the air. The 

water which condenses is drained to the sewer through 

an outlet at the bottom. 

Procedure 

The specimens for these tests were taken from the 

forged steel bars. The analyses are given in Table VIII. 

They were ground and finished with #320 Aloxite paper 

and then washed in water and alcohol, dried, and degreased 

with trichlor-ethylene vapor. After degreasing they were 

weighed on a precision balance. Three separate tests 

were made: the first, for 24 hours, the second, for 49 

Figure 50 

hours, and the third, for 

430 hours. Th~ first test 

was made on one specimen of 

each of the forged bars. 

They were approximately 7/8 

inch in diameter and 3/8 

inch thick. A hole was 

drilled in each specimen 

for mou..~ting. Figure 50 

is a drawing of a specimen. The dimensions, surface 
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area, and weight of each specimen are given in Table XIV. 

After exposing the specimens to the spray continu

ously for 24 hours they were scrubbed in gasoline and 

alcohol to remove the scale and then washed in alcohol, 

degreased in trichlor-ethylene vapor and weighed. The 

final weights and the loss in weight per unit area are 

recorded in Table XIV. 

The results obtained from this test warrented no 

definite conclusion. Therefore, three specimens of 

each material were taken from the forged bars and 

polished. These specimens were smaller than the first, 

being approximately 13/16 inch in diameter and 5/16 inch 

thick. The actual 'dimensions and surface area are given 

in Table XV. The same procedure was followed in this 

test as in the first except that the specimens remained 

in the corrosion chamber 49 hours. All pertinent data 

are given in Table XVI. 

When the specimens were weighed after removal from 

the corrosion chamber it was found that they had gained 

appreciable weight during the first hour after cleaning. 

This gain was due, possibly to the formation of a thin 

oxide film. 
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Tabl~ • ;;uy: Results of ~ Hour ~il 

Thick- Hole Surface Initial Weight after Loss in Weight 
Spec. Diam., ness, diam., A~ea2 Weight, 

gms./in.2 No. in. &ti. in. in. gms. test, gms. gms. 

20A 0.881 0,379 0.25 2.498 '27.9064 27.9012 0.0052 0.00208 
21A 0.864 0.389 0.25 2.4.28 27,4482 27.4446 0.0036 0.00148 
22A o.ss2 0.353 0.25 2.375 25.8375 25 .. 8339 0.0036 0.00152 
23A 0,881 0.369 0,. 25 2.415 Z].0918 27.0890 0.0028 0.00116 
'24A o.sso 0.375 0.25 2.441 Zl,3552 27.3522 0.0030 0.0012.3 
25A o.883 0.373 0.25 2.M,8 27,5708 27,5672 o~OOJ6 0.00147 
26A 0.877 0.359 0.25 2.376 ;;(;.2026 26.1994 0.0032 0.00135 
27A 0.883 0 . .388 0.25 2.486 28.4526 28,449.3 0.0033 0.00133 
28A * 0.378 0.25 28.1357 28.1320 0.0037 
29A * 0.383 0.25 25.892.3 25.8937 -0.00l4-H-if 

JOA * O.J81 0.25 27.5759 27.568/~ 0,0075 
31A ")~ 0.364 0.25 25.5036 25.4981 0.0055 
32A 0.875 0.373 0.25 2.415 27.1232 27.1201 0.0031 0.00129 
33A ·* 0.3''/'2 0.25 26.3204 26.3163 0.0041 
34A 0.870 0.375 0.25 2,40.3 26.8824 26.8769 0.0054 0.00224 
35A 0.878 0.386 0.25 2.475 28.1090 28.1045 050045 0.00182 
36A 0.875 0.379 0.25 2.435 27.5299 2'7.5261 0.0038 0.00156 
37A 0.876 0.376 0.25 2.L~3l 27.2906 27,2866 0.0040 0.00164 
38A 0.879 0.315 0.25 2.231 23.0725 23.0685 0.0040 0.0017<) 
39.A 0,872 0.374 0.25 2.405 26.9283 26,9239 0.0044 0,00183 

* Irregular. 
ff Increase in weight due to formation of scale and retention of moisture 

in cracks in specimen. 
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Table · X.Y. . Dimension~ of Specimens 

-- -Specimen Diameter Thickness Hole Diameter Surface 
No. in. in, in. s51. in" 
20B 0.811 0.270 0.25 10834 
20C 0.811 0 •. 2?7. Os22 1.8~~ 
21B 0.811 0 . .30'7 0.25 1.953 
21C 0.811 0.306 0.22 .1.2~2 
22B 0.810 0.296 0.25 1.91.3 
.6,2C o.su 0 1gJ8 0.22 1.722 
2.3B 0.812 0 • .308 0.25 1.963 
2.3C 0.812 0.283 0!.2~ 1.881 
2413 0.812 0,.272 0.25 1..844 
?ii;C 0.812 0.289 0.22 1.210 
25B 0.813 0.286 0.25 1.893 
25C o.s13 Oi261 0.25 1.813, 
26B 

. 
0.811 0.282 0.25 1.872 

26C 0.812 _0.252 0.22 1.801 
27B o.so1 0.251 0.25 1.738 
zzc 0. 801 o.26~ 0.22 1.78J: 
28B 0.811 0.277 0.25 1.845 
28C 0.811 0.262 0.2~ li816 
29B 0.809 0.281 0.25 1.862 
.29C 0.810 0.288 0.25 1.888 

JOB 0.809 0.28.3 0,25 1.86g 
,20C _0.810 0.270 0.22 1.8JO 
.31B 0.807 0. ;283 0.25 1.862 
JlC O~f308 0.280 . o. 22 l.8ii 
J2B 0.811 0.279 0,25 1.863 
320 0.811 0.220 0 •. 2~ 1.8~~ 
.33B 0.810 o •. 2e1 0.25 1.866 
~~c 0.810 • 0"'28£i; 0.22 1.872 
.34B o.809 0.281 0. 25 1.862 
J4C. 0.810 o.m 0.22 1.~22 
35B o.s11 0. 225 0.25 1.686 
;3~C 0.811 0.282 I 0.2!2 ~-8i6 

0. 809 0.282 ' 0.25 .3 B 1.8 7 
JqC o.s10 0.280 0.25 1.866 .. ,. 
37B o.s11 0.275 0.25 1.850 
~7C Q.810 0.279 0.22 1.82,9 
38B 0.810 0.271 0.25 1.8.34 
~8C o.s11 • 0.227 0.22 Ji .857 
39B 0.810 0. 277 :71.25 1.854 
39G 0.811 0.283 0.25 1.875 
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Table ..z.u.. Rasul ts of !z.9 Hour Test 

Surface Initial, Weight after Loss in Weight 
Specimen Area Vleight Test 

No. sq. in. gma. gms. gms. gms./sq.ino 

20A 2.498 27.3119 27.2925 0.0194 0.00777 
B 1.834 16.2860 16.2708 0.0152 0.00830 
C l.828 16.2172 16.7062 0.01~;. 0.00602 

21A 2.428 26.7684 26.7599 0.0085 0.00350 
B 1.953 18.5151 18.5061 0,0090 0.00460 
C 1.2~2 18.!JM. 18."218 0.0096 0.00~22 

22A 2.375 25.4318 25.4215 0.0103 0.00434 
B 1.91.3 17.8244 17.8130 0.0114 0.00596 
C 1.722 g . .2060 u .. 22r-;1 0.0083 0.00~80 

.23A 2.415 26.5624 26.5515 0.0109 0.00451 
B 1.963 18.6302 18.6201 0.0101 0.00513 
C 1. 881 17.1,2,26 17.12;l2 0.010,2 0.002~8 

24A 2.441 26.9494 .26 .. 9394 0,0100 0.00410 
B 1.844 16.4523 16.4428 0. 0095 0.00515 
C 1.210 17.5140 17.~0~£i: 0.0106 0.00222 

25A 2.448 27.0275 27.0158 0.0117 0.00478 
B 1.893 17.0948 17.0844 0.0104 0.00550 
C 1.81,2 12.5827 12,27{;.0 0.0087 0.001±80 

26A 2,376 25.6302 25.6183 0.0119 0.00500 
B 1.872 17.0047 16.9979 0.0068 0 .. 00363 
C 1.801 12.6196 l2.612J 0.001,2 o.oott,o, 

27A 2.486 27.9537 27.9442 0.0095 0.00383 
B 1.738 U,6038 14.5954 0.0084 0.00484 
C 1.781 12.~266 12-2291 0.0072 0.001.20 

28A * 27.0374 27.0298 0.0076 
B 1.845 16~6842 16 .. 6765 0.0077 0.00417 
C 1.816 16. 0281 , 16.0822 0.0086 0.00,7~ 

29A * 
B 1.862 16.9098 16.9028 0.0070 0.00375 
C 1.888 17 . .3410 17.3323 0.0087 0.00461 

* Irregular. (Table IV continued on page 117) 
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Table XVI Results of 49 Hour Test, (continued from page 116 ) 

Surface Initial Vleight after Loss in Weight 
Specimen Area Weight Test 

No. sq. in. gms. gms. gms. gms./sq.in. 

JOA * 26.5879 26.5619 0.0260 
B 1.868 16.7670 16.7515 0.0155 0,008.30 
C l.8,20 16.2?.42 16.2107 0~0l,28 0.00723 

31A * 2.3.0748 23.0628 0.0120 
B 1.862 16.8774 16.8681 0.0093 0.00499 
C l.8;2~ 16.7172 16.7077 0,0028 0.00;i28 

.32A 2.415 26.4933 26.4844 0.0089 0,00368 
B 1.863 16.8504 16.8377 0.0127 0.00681 
C l.82,2 16.3287 l6.J~72 0.0112 o.oo60ii: 

33A ·){· 25,3687 25,3527 0.0160 
B 1.866 16.8815 16.8?09 0.0106 0.00567 
C 1.875 17.0:Z8~ 17.0621 0.01,2 0.00'10/t. 

34A 2.403 26. 2959 26.2806 0.0153 0.00637 
B 1.862 16.8579 16.8468 0.0111 0.00596 
C l.822 16.7880 16.7728 0.0082 0.00!z.22 

35A 2.475 27.7157 27.7029 0.0128 0.00477 
B 1.686 13.50.35 13.4957 0.0078 0.00467 
C 1.876 17.0822 17.0769 o.ooa2 0.00~2.2, 

J6A 2.435 26.9491 26,9406 0.0085 0.00350 
B 1~867 16.9840 16.9750 0.0090 0,00482 
C 1.866 16.87,2J 16.8666 0.0067 o. OO.l2.§. 

'J,7A 2,431 26.7236 26,7143 0.009.3 0.00383 
B 1.850 16.5241 16.5154 0.0087 0.00470 
C l.829 16.81~2 16.8082 0.0070 0.00276 

38A 2.2.31 22.5822 22.5701 0.0121 0.00542 
B 1.834 16.3107 16.3026 0.0081 0.00442 
C 1.8~7 16.6600. 16!6208 0.0022 0,00:{i;22 

39A 2.405 26.4487 26.4395 0.0092 0.00382 
B 1.854 16.7387 16.7313 0.0074 0.00399 
C 1.875 17~0828 17.0733 0.0095 0.00507 

* Irregular. 
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To check this condition, three samples were cleaned 

in the normal manner and weighed at intervals. The re

sults are given in Table XVII. From this table it is 

apparent that the specimens gained approximately 0.004 

per cent in weight while standing in air for the first 

five hours and after that there was no appreciable gain. 

In view of this condition, a third test was made. 

The specimens used in the previous test were re

polished and cleaned as before, placed in air for more 

than 5 hours and weighed. They were then placed in the 

corrosion chamber. After 430 hours the specimens were 

removed from the chamber and de-scaled by scrubbing in 

alcohol and dipping in a very dilute hydrochloric acid 

solution. They were then cleaned in alcohol, degreased, 

and placed in air for more than 5 hours, and then weighed. 

All the data for this test are found in Table XVIII. 

The corrosion was computed on the basis of loss of 

weight per unit area. 

Results 

The type of corrosion and the nature of the scale 

was essentially the same for all of the specimens. The 

corrosion consisted of two types of attacks. Pitting 
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Table JVII Gain in Weight of Specimen after Cleaning 

Specimen Weight, Time after Change in 
Cleaning Weight 

No. gms. hours:min. gms. 

20A 26.7920 0:0 
26.7927 0:44 +o.0007 
26.7929 3:10 +0.0009 
26.7929 5t28 +0.0009 
26.7929 21:00 +0.0009 
26. 7929 26:15 +o.0009 

21B 18.0497 0:0 
18,0504 0:42 +o.0007 
18.0505 3:08 +0.0008 
18.0506 5:28 +0.0009 
18.0506 20:57 +0.0009 
18.05o6 26.13 +0.0009 

31A 22.4647 0:0 ·-
22.4652 0:42 ,f,(),0005 
22.4653 3:06 +0.0006 
22.4654 5:25 +0.0007 
22.4654 20:55 +0.0007 
22.4654 26:12 +0.0007 
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Table __.XV..III Results of 430 Hour Test 

Surface Initial Weight after Loss in Weight 
Specimen Area Weight Test 

No. sq. in. gms. gms. gms. gms./sq.in. 

20A 2.498 26. 7929 26.6534 0.1395 0.0558 
B 1.834 15.7797 15.6802 0.0995 0.0542 
C l.828 16.1898 l6.109£i: 0.080li: 0.0£1:;P 

21A 2.428 26.2422 26.1733 0.0689 0.0284 
B 1.953 18.0506 17.9985 0.0521 0.0267 
C 1.222 17.9333 17.8812 0.0521 0.0267 

22A 2.375 24.8649 24.7964 0.0685 0.0288 
B 1.913 17.3569 17.2930 0.0639 0.0334 
C 1.722 13.8734 lJ.8129 0.0575 0.0,2.23 

23A 2.415 25.9188 25.8449 0.0739 0.0306 
B 1.963 18.0168 17.9679 0.0489 0.0249 
C 1.881 16.6899 16.6284 0.0615 0,0227 

24A 2.441 26.3849 26.3061 0.0788 0.0323 
B 1.81;4 15.9441 15.8837 0.0604 0.0328 
C 1.910 16.(]541 16.89/i:l 0.0600 0.0214 

25A 2.448 26.3688 26.2759 0{0929 0.0379 
B 1.893 16.6666 16.6083 0.0583 0.0307 
G 1.813 15.1010 12.0304 0.0706 0.0,2~ 

26A 2.376 25.0633 24 , 9698 0.0935 0.0394 
B 1.872 16.~344 16.4801 0.0543 0.0290 
C 1.801 12.2227 l!z.1884 0.064,2 o.o:t~7 

27A 2.486 27.4121 27.3354 0.0767 0.0308 
B 1.738 14.2016 14.1658 0.0358 0.0206 
C 1.:z81 l~.1066 15.0472 0.0291 OE03.}2 

28A * 26.3521 26.2573 0.0948 
B 1.845 16.20.39 16.1329 0.0710 0.0385 
C 1 .. 816 12.6211 12:2277 0,0636: 0.02/t9 

29A ,,. 
; , 

B 1.862 16.3571 16.3004 0.0567 0.0304 
C 1.888 16.8650 16.8127 0.0523 0.0277 

* Irregular (Table 18 continued on page 121 ) 
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Table XVIIIResults of 430 Hour 'I'est (continued from page '120) 

Surface Initial Weight after Loss in Weight 
Specimen Area Weight Test 

No. sq. in. gn1:;. gms. gms. gms./sq.in. 

JOA * 25.8585 25 . 7388 0,1198 
B 1.868 16.2275 16.1.322 0.0953 0.0510 
C 1.830 12.7222 12.6682 o.o8£i:O 0.0~22 

31A ·l 22.4657 22.3850 0.0807 
B 1.862 16.3657 16.2831 0.0826 0.0443 
C l.822 16.2208 16.1628 0!0880 O.O!J:.72 

32A 2.415 25.8136 25,7353 o.0783 0.0324 
B 1.863 16.2895 16.2242 0.0653 0.0.350 
C l.823 12,2216 12.8781 0.02J2 Q.0282 

33A .. ~ 24.5454 24.4439 0.1015 
B 1.866 16.378/+ 16.3253 0.0531 0.0284 
C 1.87 16. 980 16. 71 o.o 09 0.0272 

34A 2.403 25.6805 25.600 0.0802 0.03.33 
B 1.862 16.,3534 16.2947 0.0587 0.0315 
C l.8!22 16.2728 16.2.202 0.09:22 o.o~ 

35A 2.475 27.0585 26.9890 0.0695 0.0281 
B 1.686 1.3.0822 1.3.0172 0.0650 0.0386 
C 1,826 16.~~60 16.£&J~ 0.0~26 0.0280 

36A 2.435 26.3166 .26,2307 0,0859 0,035.3 
B 1.867 16.5326 16.4731 0.0595 0.0319 
C 1.866 J:6.!1:286 16 . .2920 0.0626 o.o~~ 

37A 2,431 26.2034 26.1179 0.0855 0.0352 
B 1,850 15.8437 15.7604 0,0833 0.0450 
C 1,829 16.2928 16.,2142 0.0796 0.0~28 

J8A 2.2.31 21.9982 21,9411 0.0571 0.0256 
B 1.834 15,8354 15.7866 0,0488 0.0256 
C 1.8~7 16.192~ 16.1~2 0,0210 0,027/i 

39A 2.1~05 25.7573 25.6985 0,0588 0.0244 
B 1.854 16.2212 16.1698 0.0514 0.0277 
C 1.875 16.6106 16.5504 0.0602 0,0321 

~A- Irregular 
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was observed rather uniformly over all the specimens. 

A nru.ch heavier attack was noted where small drops of 

water had collected on the specimen, The difference 

between the extent of the corrosion of the different 

specimens was largely in the amount of pitting and 

general attack. All of the samples were partly covered 

with a very porous scale which was washed off by the 

condensing moisture. Beneath the porous scale, there 

was a thin, t .ough, adherent film which could only be 

removed with dilute hydrochloric acid. 

The quantitative results obtained in these tests 

are plotted in Figures 51 and 52. The range of the loss 

in weight per unit area is given for all tests. From 

the curves several conclusions are apparent. Copper 

definitely increases the corrosion resistance of SAE 

1020 and 1040 steels by about 1/3. The greatest in

crease in corrosion resist~nce produced with less than 

1 per cent copper. Additional amounts contribute very 

little. These two observations check very well with 

those of other investigators, thus indicating the general 

reliability of the present test. The results show that 

the effect of silver on the corrosion resistance of the 

copper steels is very slight. From these results it is 
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not possible to state whether silver has a beneficial 

or detrimental effect. Whatever the effect may be, it 

is insignificant. 
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PART vr. ----
EFFECT OF ADDITIONS OF SILVER AND COPPER 

ON TFJE AUSTENITIC GRAIN 

SIZE OF STEEL 

Introduction 

The physical properties of steel are lmown to 

depend upon the austenitic erain size. A great deal 

of research work has been conducted to determine the 

effect of various elements upon this characteristic 

of steel. However, no reference could be found of 

any work regarding the effect of silver alone or 

with copper. It was, therefore, necessary to con

duct an austenitic grain size investigation of the 

forged silver-copper steels which were prepared for 

this research program (Table VIII). 

The austenitic grain size of a steel is dependent 

upon the temperature to which the material has been 

heated, and the length of time held at that temperature, 

prior to the microscopic examination. The grain size 

normally increases with an increase in both factors. 

Consequently it is necessary to select the value for 

these factors before any test is made. The temperature 
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must be above the Ac ~ temperature of the ste e l in ques-
, _) 

tion and the time must be sufficient to allow equilibrium 

to be established. 

Methods of Dete rmining Austenitic Grain Size 

Four methods have been devised for the d e termination 

of the austenitic grain size of ste e ls. Thre e of these 

are dependent u pon the control of the rat e of cooling 

through the transformation r a n ge, so tha t the bounde ries 

of the austenite grains will be revealed. The s e four 

methods can be summarized as follows: 

1. By the rejection of excess ferrit e or cementite 

in the grain boundaries, a network is formed around 

th • ·t· 1 t · t • 13 e 1n1 ia aus eni e grains. 

2. By interrupting the austenite transformation 

which be g ins predominantly at the grain boundaries, 

the grains are outlined. 13 

3. By etching the tempered martensite formed by 

quenching and tempering, the different orientations 

of the parent austenitic grains are r e vealed. 

4. By high tempera ture etching, the grain boundari e s 

d • • bl 14 are ma e v1s1 e . 

The first method indica t e d is applicable only to 

hypoeutectoid and hype r eutectoid steels which h a ve an 

exc e s s of ferrit e or c ementite. 
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The second and third methods depend upon the for

mation of martensite, and so are limited to steels which 

have sufficient carbon to produce this structure. 

The fourth method relies on the evaporation of the 

metal at elevated temperatures. It has been found that 

the grain boundary material vaporizes more rapidly than 

do the grains themselves and consequently, the grain 

size is revealed. In order to obtain sufficient deline

ation of the grain boundaries, it is necessary to resort 

to high tempera tures. However, objectionable grain 

growth occurs with prolonged exposures to high temperatures; 

those greatly in excess of the critical temperatures. 

This method is consequently limited in its application 

to steels having high Ac 3 points, that is, low carbon 

steels. 

Procedure 

Since the two ste els studied were of somewhat 

different carbon content, it wa s found necessary to use 

two of the above methods for de termining the austenitic 

grain size. The 0.35 per cent carbon steels required 

the third method and the 0.15 per cent carbon steels, 

the fourth method. The 0.35 per cent carbon ste els 

were heated to 1450 degrees F., which is 50 to 75 degrees 
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F. above the Ac
3 

temperature. 'l'hey were held at this 

temperature for 15 minutes and quenched in water. The 

specimens were then tempered in a salt bath at 600 

degrees F. for 30 minutes and quenched in water. Fol

lowing this treatment, the specimens were polished 

electrolytically in a solution of 172 cc of perchloric 

acid, 765 cc of acetic anhydride, and 63 cc of water. 

They were etched with a solution of 1 gram of picric 

acid and 5 cc of concentrated hydrochloric acid in 

95 cc of ethyl alcohol. Photomicrographs were then 

taken of the structure at a magnification of 200 

diamet e rs and the grain size determination made. The 

photomicrographs are shown in Figures 53 to 62. 

The 0.15 per cent carbon steels were heat etched 

to reveal t h e austenitic gr a in size. Th e s pecimens, 

a f te r be ing polished , we r e h eat e d in a purified hydrogen 

atmosphere within a fused silica tube. Tank hydrogen 

was first passe d through a pyro gal l ic aci d solution to 

r emo ve the oxyge n a nd f i na l ly t h rough conc entra ted sul

furic a cid and phosphorus pentoxide to remove all water 

vapor. The purified hydrogen passed over the specimens 

which were h e ld at 1550 degre e s F. The hydrogen, 

leaving the silica tube, was passe d through two mercury 
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traps and thence exhausted to the atmosphere. The 

temperature of the specimens was measured by means of an 

iron-constantan thermocouple. The specimens were held 

at temperature for 2½ hours and then cooled in the fur

nace to 600 degrees F. They were removed and quenched 

in water. 

When taken from the furnace, the specimens had a 

slight oxide coating, indicating that oxygen had not 

been completely removed from the hydrogen. However, 

the coating was not sufficient to obscure the structure. 

Photomicrographs were taken of the surface of each of 

the specimens at a magnification of 500 diameters and 

the grain size determined. The photomicrographs are 

sho'.vn in Figures 63 to 72. 

Results 

An examination of the photomicrographs reveal little, 

if any variation in the austenitic grain size of either 

the 0.35 per cent carbon or the 0.15 per cent carbon 

steels, with addition of silver and copper. All of the 

samples in each series were heated at one temperature; 

and the thermal critical temperB.ture s varied over a 

range of 30 degrees F1. Since grain growth is a function 
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of temperature in excess of the Ac3 temperature, the 

slight variation in grain size may be attributed to 

this difference in excess of temperature. 

The specimens which did not contain any copper 

or silver had an exceedingly fine grain structure 

(ASTM designation 10). It is known that the austenitic 

grain si~e may be refined only to a certain point. 

Therefore, it is impossible to determine whether or 

not silver and copper have a refining effect upon the 

austenitic grains. It can be stated, however, that 

these two alloying elements do not coarsen the austenite 

grains of 0.15 per cent and 0.35 per cent carbon, 

aluminum-killed steels. 



Figure 53. 
Specimen 30 

Magnification 200x 

Figure 55. 
Specimen 32 

Magnification 200x 
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Figure 54. 
Specimen 31 

Magnification 200x 
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Figure 56. 
Specimen 33 

Magnification 200x 

Austenitic Grain Size 



Figure 57. 
Specimen 34 

Magnification 200x 

Figure 59. 
Specimen 36 

Magnification 200x 
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Austenitic 

Figure 58. 
Specimen 35 

Magnification 200x 

Figure 60 
Specimen 37 

Magnification 200x 

Grain Size 
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Figure 61. 
Specimen 38 

Magnification 200x 

Figure 61. 
Specimen 39 

Magnification 200x 

Austenitic Grain Size 



Figure 63. 
Specimen 20 

Magnification 500x 

Figure 65. 
Specimen 22 

Magnification 500x 
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Figure 64. 
Specimen 21 

Magnification 500x 

Figure 66. 
Specimen 23 

Magnification 500x 

Austenitic Grain Si~e 



Figure 67. 
Specimen 24 

Magnification 500x 
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Figure 69. 
Specimen 26 

Magnification 500x 
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Figure 68. 
Specimen 25 

Magnification 500x 

Figure 70. 
Specimen 27 

Magnification 500x 

Austenitic Grain Si~e 
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Figure 71 . 
Specimen 28 

Magnification 500x 

Figure 72. 
Specimen 29 

Magnification 500x 

Austenitic Grain Size 
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PART VII. ---
THE EFFECT OF ADDITIONS OF SILVER AND COPPER 

ON THE MICROSTRUCTURE OF STEEL 

Introduction 

The additions of low percentages of alloying 

elements soldom alter the microstructure of steel. 

These elements usually are soluble in the ferrite or 

form intermetallic compounds with the iron and carbon. 

In either case, the structure is very similar to that 

of the plain carbon steels. The addition of copper, 

however, does slightly change the structure. If the 

percentage is very low, there is no change. With in

creasing copper content, the ferrite grains show evi

dence of staining when etched and a third phase becomes 

evident in the slowly cooled alloys. This third phase 

is a copper-rich solid solution which is precipitated 

on slow cooling. TJ:1he reason for this precipitation is 

the decreasing solubility of copper in f errite as the 

temperature is lowered (Figure 5). No reference could 

be found to the effect of additions of silver with 

copper on the microstructure of steel. Since the study 

of the microstructure is important in the understanding 
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of the nature of alloys, it was decided to conduct an 

investigation of this character.· 

Procedure 

Samples were removed from one end of the tensile 

test specimens of both the 0.15 per cent and 0.35 per 

cent carbon forged steels. The cast specimens were not 

examined, because of the great amount of segregation 

(Table IX). The samples were polished electrolytically 

in a solution of 172 cc of perchloric acid, 765 cc of 

acetic anhydride and 63 cc of water. They were then 

etched in 1 per cent Nital, and examined under the 

microscope. Photomicrographs were taken of each of the 

specimens at a magnification of 100 diameters and 500 

diameters. 

Results 

The photomicrographs of this investigation are 

found in Figures 73 to 92. A study of these photomicro

graphs reveals that the additions of silver to the 

copper-bearing steels cause little change in the structure. 

The photomicrographs at 500 diameters show some 

variation. As the copper content increases, a staining 

of the ferrite grains becomes evident. Also, small 
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black specks appear in the ferrite grains. This is 

normal for the slow cooled copper bearing steels. The 

fine black particles are probably a copper-rich solid 

solution which has been precipitated from the ferrite. 

The addition of silver to the copper-bearing steels 

does not cause any alteration in the structure. 

An attempt was made to detect the presence of free 

silver in the structure of these steels. Magnifications 

of as high as 2000 diameters did not reveal any silver. 

Several etching reagents were employed, but all of them 

attacked the iron or copper. It was therefore, impos

sivle to reach a definite conclusion as to the presence 

or absence of free silver. If silver is present in 

precipitated form it is so in extremely fine dispersion. 

The photomicrographs at 100 diameters indicate that 

the stee ls retained the banded structure afte r the heat 

treatment. The pearlite, s@gregated during casting, 

flowed in the direction of forging. This is very 

evident in the steels containing 0.35 per cent carbon 

because of the larger amount of pearlite. However, there 

is no evidence here, of a ny change in the structure of 

steel with additions of silve r with coppe r. 
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Magnification lOOx 
Figure 73. 

Specimen 20 

Magnification lOOx 
Figure 74. 

Specimen 21 

Microstructure of Forged and Annealed 
Silver-Copper Steels 
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Magnification lOOx Magnification 500x 
Figure 75. 

Specimen 22 

Magnification lOOx Magnification 500x 
Figure 76. 

Specimen 23 

Microstructure of Forged and Annealed 
Silver-Copper Steels 
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Magnification lOOx Magnification 500x 
Fi 1,,.. 77. 

Specimen 24 

Magnification lOOx 
Figure 78. 

Specimen 25 

Microstructure of Forged and Annealed 
Silver-Copper Steols 



144. 

Magnification lOOx Magnification 500x 
Figure 79. 

Specimen 26 

Magnification lOOx Magnification 500x 
Figure 80 . 

Specimen 27 

Microstructure of Forged and Annealed 
Silver- Copper Steels 
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Magnification lOOx Magnification 500x 
Figure 81. 

Specimen 28 

Ma gnification lOOx 
Figure 82. 

Specimen 29 

Microstructure of Forged and Annealed 
Silver-copper Steels 
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Magnification lOOx Magnification 500x 
Figure 83 . 

Specimen 30 

Magnification lOOx 
Figure 84. 

Specimen 31 

Microstructure of Forged and Annealed 
Silver-Copper Steels 
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Magnification 500x 
Figure 85 . 

Specimen 32 

Magnification 500x 
Figure 00. 

Specimen 33 

Microstructure of Forged and Annealed 
Silver-Copper Steels 
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Magnification 500x 
Figure 8'7 . 

Specimen 34 

Magnification 500x 
Pigure 88 . 

Specimen 35 

Microstructure of ~orged and Annealed 
Silver-Copper Steels 
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Magnification lOOx Magnification 500x 
Figure 89 . 

Specimen 3o 

Magnification lOOx Magnification 500x 
Figure 90 . 

Specimen 37 

Microstructure of Forged and Annealed 
Silver- Copper Steels 
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Magnification lOOx Magnification 500x 
Figure 91. 

Specimen 38 

Magnification lOOx Magnification 500.x 
Figure 92. 

Specimen 39 

Microstructure of Forged and Annealed 
Silver-Copper Steels 
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SUMMARY 

1. The results of this investigation indicate that 

the solubility of silver in low carbon steels is approxi

mately 0.02 per cent. 

2. It was determined tbat by combining silver with 

copper before adding to steel, it is possible to alloy 

approximately 0.7 per cent silver with steel in the 

presence of 8 per cent copper. 

3. The effect of additions of silver and copper on 

some of the properties of a 0.15 per cent and a 0.35 per 

cent carbon steel were studied. For this investigation, 

the copper content did not exceed approximately 2 per 

cent and the silver content, approximately 0.25 per cent. 

The results of these tests are as follows: 

a. The additions of silver raises the critical 

temperatures of copper-bearing steel a few degrees. 

b. Tensile properties and hardness of forged 

copper-bearing steel varied only slightly with 

additions of silver. 

c. The effect of additions of silver on the 

corrosion resistance of copper-bearing steels as 

determined by the water-spray test, is very slight. 
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d. The austenitic grain size of copper

bearing steel is not affected noticeably by the 

addition of silver. 

e. No change could be detected in the 

microstructure of the forged copper-bearing steels 

after the addition of silver. 
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