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Two decades a@:o, the science of metellogrenhy

was 6lirost unknown, altho in many other lines of investe

ipation, tl:e micrascove had become a necessity. It is only

Within tne lest few years tnat its velue in thie cdirec*ion

has been recoynized. In sdvite of many crawbecks, tne

work nus mede renarkable orogress, rarticulerly during the

late wer.

Tnis work wes uncerteren with the thougnt in

mind, that if the microscove coulc be used in this work

for rc-ughly anoroxiveteqenalysée, it mignt aleo be used for

more exact work. If the solution theory, as advanced at

present 1s correct, then it would be necessary only to overe-

come the mechanical difficulties, in order that we wight have

en accurete inethod for determininy carbon, by this means,

within a degree good enough for comserciel s»ecifications,

or even closer. In addition, the analyst can get a

glimpse of the vhysical make un of tne metel, which is imnos-

sible in e chemical analysis by combustion, as nere the first

requirenent is tre destruction of the existing structure.

In tae first chavter, the autror has cendecvored

to give e brief euasary of the eolution theory and the

4

appiication of the nhase rule to it, in so fer as it annlies



IV

to metels and tieir alloys. Tnis soncertion of it hes been

taxen from the worxs of Howe,Pey,faueveur. and others, who

nave done :uch for the edvencenent of tne science.

In chanter two, by si:vle mathematicel calculations

end the annlication of tre solution theory, the reletion-

existing, between the componehts and constituents of slowly

cooled steels is discussed, Here it is shown that, thet

relationship is very cefinite and ex-ct, and thet if tne

various constituents cannot be weasured, it is due to

mechanical difficulties.

Chepvterstnree and four deel with the anvaratus

and the actual deta collected. It will be seen thal the

results octtained justify tne erfort. Before any of the

work was written un, the method wes tried in the lal*®atory

by the authors classes. The results obtained were very

good, the mein @ifficulty for the bepininie stucent being

the esti.cation of the areas covered by tne various

constituents. This, after a little pratice was overcoune.

If the autnor, nes by this work, added a mite

to the creat fund of knowlecd;e being gathered to-sether

along these lines, he will feel annly revaid.





CHAPTER J

In the year 1873, Willard Gibbs, at that time Professor of

Physics in Yale University, enunciated the Phase Rule, one of the

most notable contributions ever made to physical chemistry. Altho

the rule anplies to every system of materials with which we come in

contact, it is perticularly useful in neloing us to interpret

tne constitution of the metallic alloys.

The phase rule decals with toe equilibrium of c,s%o18 and is

generally expressed as follows-=

FeO+2-P

Showinz the relation existing between the degrees of freedom (F),

the number of components (C), and tne nuzber of phases (P), As

these different factors are capable of various definitions, the

following are given as anonlyin,, to the rule.

First-

We will consider a system in equilibrium when it is both

physically and chemically at rest, that is thereis no molecular

motion, neither are there any compounds being broken up, or being

formed. We have two main tynves of substances, namely, homogenous

and heterogenous, and alloys of metals exist in both conditions.

Howe suggested that we call the homogenous alloys, "metarals} :

because of the close resemblance between their constitution and .

those of rocks, while the tern "aggregate" is used by Saueveur to

designate heterogenous alloys.

Second=

There are turee indenendent variables which may affect



the equilibrium of a system, namely=

1 - Pressure

2 - Temperature

% - Concentration

If we can vary one or sore of these conditions without causing

a chenical or physical change, then the system is said to be in

stable @quili>crium, but if the variation of one of the conditions

causes a change, then the system is said to be in unstable equil-

ibrium. Often a system will fail to underso a transformation when

tne change is due, in this case it is said to be in a metasteble

condition of equilibdriun.

Third-

By degrees of freedom, we mean the number of tne tnree

variables, temnerature,pressure and concentration, which ay be

cnanged witnout disturbing the equilibriun. If the systena has

no degrees of freedom it is said to be "umvariant", and if it

has one desree of freedom it is said to be Bunivariant", while if

it has two desrecs of freedom it is said to be"bivariant?

Fourth

By phase is meant the homogenous physically disting-

uisheble and :nechanically separable constituents of a systen.

Fifth-

By components, we mean thoseconstituents, the concentre-

tion of which can undergo indevendent variation in the different

phases. Howe gives a clearer definition,"those free elements and

compounds which in the nature of the case are undecomposable under

the conditions, and thus play the part of elements. It is some-

times difficult to determine the number of components in a system

» unless the following rule is aoplied.



As the components of a system, there are to be taken the smallest

nuaber of independently variable constituents, by ineans of wnich

the composition of each phase participating in the sutee of equil-

ibriun can be expressed in the form of a chemical ecuation, In °

the caseof alloys, such difficulty does not arise, as the co:mon-=

ents are always the constituent metals, or some simple compound.

Wnen cealing with alloys, the influence of pressure is gener-

ally neglected, because of the fact that they are so feebly volat-

tle, and are thus subject to atmospheric pressure. If the press-

ure i186 eliminated, we necessarily reduce by one the degre:. 0:

freedom, so that tne rule becones-

PeOt+t-P

This limits tne number of vossible pheses, for an alloy in equil-

ibrium, made uo of X metals cannot have more than X pheses. If it

uic “41 pheses, the rule becomes-

Fe X¥+T1- (X¥-1) = 0

and tne alloy would not be in stable eyuilibrium, on the other ham

if the alloy had X-1 vhases' then-

F2e=X+1- (X-1) = 2

and the alloy would have the maximum number of degrees of freedom.

PHASE RULE APPLIED TO ALLOYS

In general tne inetallic elements way exist in either a liquid

or solid state, and the study of what occurs as they pass from one

state to another, brings in the application of the phase rule. We

know that if a pure metal in the liquid state is gradually cooled

to a solid state, at the temperature at wnich the change takes

plece there is an evolution of neat. If we are ::easuring the dropa



in temperature by :neans of a suitable pyrometer and plotting a

curve, usin;; time and temperature as the coordinates, the curve

would look lixe that +iven in Fiyure 1, Plate 1.

The portion BC of the curve shows where the change of stcte occup

there being an evolution of heat. As there is only one neteal,

there can be only one co-:zponent, but three phases are nossible,

(1) liquid metal, (2) solid metal, (3) alotronic forms of the se

solid metal. In Figure 1, Plate 1, above the point T, we have

all licuid, therefor one phcse and the rule becomes—

Fe2-t%1#s1

That is the system is univariant, therefore we can alter its tem

teuperature within wide limits without disturbing ites equilib-

rium, At the teuperature T, we find crystals foraing in the

liquid, thus we nave two phases present and the rule reads~

Fe2-220

and the system is unvariant. If we either raise or lower tne

te:verature, we will cause the disanpnearance of one phese of the

other. Pelow T, the system is entirely solid, that is the number

of phases is again one, and we have-

Feo2-1# 1

tne systen being univariant.

Now let us turn to binary alloys. That is, those alloys

which are made un of two metals. In this case we have two

components and the phase rule reads-

Fe2+t1-+P orjZ-P

First let us exanine the cooling curves of a binary elloy.

Here we have three cases-

(1) = Alloys soluble in each other when both

hot and cold.
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(2) - Alloys soluble in each other when hot, but

insoluble in each other when solid.

(3) - Alloys soluble in each other when hot, and

partially soluble in each other when cold.

Let us breéfly exauine case 1. A typicel cooling curve of

such an alloy is shown in Figure 2. Plate 1. As the alloy cools

from A to B, we have a steady drop in the curve, When the point B

is reached at a temperature T, instead of getting an evolution of

heat enough to hold the temperature constant, there is a slowing up

only, the alloy graduelly becoming solid, but not entirley so till

C is reached at a temperature T'. From C to D we nave a normal

cooling curve, From this it is shown that between C and B, there

is a gradual: precipitation of crystals and not € succen one as in

the case of a pure metal. Fijure 7,Plete 1, we have the cooling .

curves of a series of alloys of the same two metals, varying from

100 4 of A to 100 % of B. At a, the curve is similar to the one in

1, a',a",a'", are similar to thht in Figure 2, and at a"" the

same as Figure 1. If we connect b,b',b",b'",b"", and b,c',c®,c"",

b"", we will get a curve that can be used for any alloy of the

metals A and B. However in this case we are attempting to pot

both time and composition along the same line. Let us eliminate

the thme factor, ploting b's and c's directly under each other.

Our curve then is show by Figure 4, Plate 2. From this curve we

can study the mechanism of solidification. Above acb everything

is liquid and below adb ewerything is solid, while within the area

acbd we have the transformation of one state to the other. If

everything above acb is liquid we have but one phase and

FP=xe35Z-12 2



V1

Which sisaply mesns that both the concentration cad the tenanerature

of the liquid nay be changed within wide limits without disturbing

the equilibrium of the systea, or which in this case means solid-

ificetion. The sane rule apvlies below adb, excent that here both

teanerature and concentration may be cnanged without causing the

alloy to melt. Witnin the area acbd, we have two phases present,

Liquid and solid and tne system ie univariant, that is only the temper-

‘ature or the concentration may be varied arbitrarily. In Figure

4, plate 2, let us consider an alloy of the composition R. As the alloy

cools to tne poin y! crystals begin to precipitatite out, the comp-

osition of which at the teuperature y", is shown by the point x’.

If the point x' does not show the composition of the crystcl, then

sone other point on the line y'x' must show it. Let us suppose

that the composition lies somewhere to the left of x', then it

lies within the area acbd and the crystal itself must be a nart

Liquid which is impossible, while if it lies to the right of x'

it must have become solid at a higher temperature than y'.

Therefore it must have a composition shom by the voint x'. As

the te:aperature slowly drops the composition of the crystals

chenge froa x', to x*", while the composition of the liquid bath

shifts from y’ to y'", and the last drop to solidify has the

composition y'",. If the alloy is zradually cooled below adb,

difusion will gradually takes place in the solid solution, 80 that

all the crystals will have the composition R', In other words

within the area ac bd, if we vary the temperature, the concentration

will vary accordingly, or if the concentration be varied the temp-

erature will change.

Case 2-

If we have a molten alloy falling under this case and
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vlot the cooling curve, it will taxe the form given in Figure 5,

Piate 2. Here we havetwo perts to the curve where solidification

takes place, namely BC and CD. Also we find thet no matter what

the percentaze of each constituent the line CD always falls at the

same temperature,

Case 3-

This is simply a combination of case 1? and 2. That

is metal A will nold some of metal B in solution and B will hold

some of A in solution. If we plot the cooling curves of a series

of alloys of both A and B, omitting the time factor, we get Figure

6, Plate 2. It will be seen that at the point b, or the eutectic

we have a percentage of each metal where soligification takes

place instantly. At this point we have two phases in the solid

state, consisting of two solid solutions, and also one liquid

pnase,

Taxing an alloy of a composition R, above a be,

we have all liquid, therefore one pnase and 2 degrees of freedom.

When the temperature L is reached, solidification begins. This

means two phases within the area a be, and the system is univar-

ient. The first crystals that form are solid solutions of A and B

having a composition 8. If we shift the temperature to S'L', the

composition of the crystals change to 8', and the comvosition of

tne liquid bath becomes L'. If we lower tne temperature to eb

the composition of the lighid becomes b, but below eb, everytning

is solid, therefore we get sudden precipitation of the liquid

whose composition is denoted by the point b. The structural

composition of the solid material would consist of crystals

of the solid solution of B in A, these being well formed, if the

cooling tooK place slowly, and an aggregate of finely divided sol-
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utions of B in A and A in B, the coupositions of each being shown by

point G and H. However we still have just two phases, therefore

the system is univariant.

As the iron-carbon alloys belong to the class of binary

alloys, the constituents of which are partially soluble in each

other when cold, let us examine their fusibility curves, and

anoply the phase rule to then, In this case we have several allo-

tropic changes as well as changes of state. These forus can be

zrouped under nine heads as follows-

(1) - Liquid iron

(2) - Liquid Fesc

(3) = Solid solution of FezC in Gamma iron

(4) - Solid gamma iron

(5) - Solid beta iron

(6) - Solid alpha iron (ferrtie)

(7) = Solid solution of C or Fex0 in beta iron

(8) - Solid Feo ( cementite)

(9) - Graphite

Figure 7, Plate 3, gives the cooling curves of the iron-carbon

alloys as far as ° 4%0C. Let us apply the phase rule to it.

Above the liquidus, we have only one liquid pvhese, and consequently

2 degrecs of freedom for

Fs 3-1 = 2

Within the area LSE, we have two phases, namely liquid solution

plus solid solution (austenite) and therefore only one degree of

freedon,

Within the area LAHDS, we heve but one phase, a solid

solution and here the system is bivariant. As we reacn the point

the point D, the system becomes non-variant, for nere we have
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austen ite ferrite, and cementite as the three phases. In the

area DSS'F we have two phases, namely austenite and cementite

and the systen is univariant. Within the region ABH we have

beta iron and austenite and the system is univariant, while

in the region BODH, there are also two vhases, namely aus-

tentte and alvha iron, the system still remaining univariant

while finaly below CDF, there are several possible cases.

Case 1 - The cementite formed during the solidification

and cooling remains unchanged and we have a univariant system

the phases being ferrite and cementite. The system is how-

ever in a metastable condition. This Le the condition of the

slowly cooled steels of commerce.

Case 2 = The cementite has been completely changed over

to ferrite and «srapnhite, giving a condition of stable equil-

ibrium,

Case 3 ~ The cementite has been partly decomposed into

graphite, thus giving three phases, and therefore a non-

variant system, this being the condition of the slowly

cooled gray cast iron of commerce,
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CHAPTER II

We find that in dealing with metals, particularly

in the solid state, the time factor in cooling plays an important

part in our final structure. If we wish to obtain material

from which we can pick out the different components, by means

of a medium powered microscope, it is necessary that we allow

the metal to change its state slow enough, that the differ-

ent components have time to adjust their crystals. At tne

same time, we cannot allow te long a neriod on account of

tne expense involved. As tnis work deals only with carbon

steels, I will outline briefly the results produced upon

the metal by differant rutes of cooling.

Wnen a pe@éce of steel is in the region LSDHA

Figure 7, Plate 3, it is composed wholly of austeni.te and is

in the solid state. As it passes thru the unper critical

ronge, there is a change of state, from one phase to two and

at the point D, we have three phases present. @6n account of

the material being in the solid state, diffusion takes place

much more slowly, thus requiring a longer time for the reaction

to complete itself. This means then that we have a change in

cyystaline structure, If the steel is allowed to gradually

epproach AHD, and gradually pass thru the transformation points

sufficient time will elapse so that the new structure will

be fairly perfectly formed into its basic structural

constituents. On the other hend, if the time is greatly

shortened, then the crystals will not have time to reform
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before the metal becomes so cold that movenent is impossible

or at least almost infinitely retarded, and we have a structure

from which the components cannot be easily picked. However

this may increase the value of the metal from a commercial

standpoint for certain uses. I have attempted to show this

in Figures 8,9,and 10, Plate 4,

Let us take for in:tance a steel whose composition

is R, Figure 11, Plate 4a, nemely 0.5 %C. As we cool it to

1, tue first change from the solid solution takes place,

ferrite being thrown out from the crystals of austenite, thus

making the remaining sucter.ite richer in Fe,C. If these

ferrite crystals are allowed to prow pradually, they will

get a chance to form a fairly cefinite structure, but if we

suddenly stop this growth, by cooling the vhole mass sudden-

lv
wv )

then they will be toe fine to distinguish cleerly by the

usual means. Ont the other nend if the growth proceeds at a

normal rete, more ferrite will be thrown down, and segregate

in large crystals, till we reach the line CD, when there will

be a sudcen precipitation of the ewtectoid mixture of 1 part

cementite and 7 parts of ferrite, forming a fine sggregate.

Figure 12, Blete 4b, shows this teking vlece in five steps,

first eustenite crystals, lastly ferrite and pearlite.

As the range of temperature becomes smaller, where precipi-

tation can take place, that is ss we approech the eutectoid

point from either cirection, the cooling thru this range

must be morc gracual if good results are to be obteined.

Fowever some pearlite is likely to be caught in very thin

films between the ferrite, even with the slowest cooling

possible.
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If a definite relationship can be established between

the pvercenteges of these constituents and the percent of Carbon

present, we will have a simple and accurate method of determin-

ing the vercent of carbon, Commerciel carbon steels are never

pure alloys of iron end carbon, and the emount of the imputities

affects both the critical points and the position of the

eutectoid point. However the amount of impurties is limited

by the specifications under which the steel is purchased, and

for carbon steele of fair grade, the amount allowed will not

introduce enough error to cause any trouble.

In the case of hypo-eutectoid steels tne relation-—-

Bhip between the structural and chemical composition as re=-

gards carbon, may be found as follows-

we know that the whole mass is composed of ferrite

and pearlite, therefore-

re P = Foo

Where F = the percent of ferrite and P = the percent of

pearlite. Also all the carbon is contained in the pearl-

ite, therefore&

E/129xP = C

Where E = the percent of carbon in the pearlite and © = the

percent of carbon in the steel. Also as the carbon is

present in the shane of FesC, by molecular weights Pex

contains 6.67 % C. We do not however know the exact posit-

ion of the eutectic voint, but simply that it lies very close

to 0.85 % C, the exact ~osition devending upon the chemical

composition and the neat treatment the peéce has received.

Assuming that it is 0.85 % C, we have

6.67/100 x “CO = 0.85



2)

2 C = 100/6 67x 0.85 = 12.74

or the ratio of cementite to ferrite in the pearlite is about

1 to 7, which places the eutectoid point at 0.834 %C. From

this we can easily calculate the structural composition of

a hypo-eutectoid steel. The total cexentite will be = to 15C

and there is eignt times es much pearlite as cezentite, we will

heve the total veerlite = total cementite time & or P will

equal 120 C, Figure 13, Plate 5, gives the results of plotting

the percent of pearlite for any percent of carbon. In the case

of hyper-eutectoid steels we have only free ceinentite and

pearlite and here

P + @m = 100

also B/10c P4+6,67/100 Cm = C

as all the ferrite is contained in the pearlite, and therefore

tne total ferrite = F = 7/& P,

or “p= 8/7 PF, but FP» 105 - Cm

therefore P = 3/7(100 - total Cm)

but Cm = 15 C

substituting Pe &/7(100-15C)

or P= 114-176,

These values are also to be found in Figure 153. Plate 5, as well

as the corres»nonding values for cementite, total and free.

From Figure 13, we can therefore determine the vercentage of

the structural constituents. For instance, a steel containing

1.2% C, contains $2 % P and 13 % Cm, while a steel containing

0.5% C, has 42% F ane 60 $P.

On the other hand we can reverse the use of the

diagram. That is if we know the nercentaze of the structural

Cconetituents, we can determine the vercent of Carbon. For
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example, a steel containinz 30 % of p and 7) st of !F, contains

0.25 0. In order to make the reading of the diazran more

Bimple Figure 14, Plate 6, has been drawn, Here the pearlite

1s siven in one continous line, as are aiso the other

constituents, in order tnet the reading may be ore easily

done.

Thus we neve a clearly established relationshinv

existing between the structural components and the percent

of carbon present. The only renaining difficulty is to

me.sure the vercentages of the structural constituents

Simdly and accurabety. I? tnis can be done, we will have

a .etnod of deter:aining the carbon content, which will

be a great aid in checking the chemical commDosition as

deter:ined by the combustion method, if indeed it does not

tell us far more tnan the latter.
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CoAT LK iil

In order tnat a clear uncerstanding aay be had of

tne methods used in the following work, a snort cescription

is ziven below of tne annarstus used, None was used

excent sicn as wignt be found in any fairly well ejuipped

lasrctory. The saaple to be tested was polisned in the usual

manner, using “SF elundum on broad cloth for the final volish-

ing. The soeci.sens were etcned with a 5 % solution of HNO
?

—

in St0H Two tyves of microscones were used. The first

Will bear cescrivtion, as it was reconstructed frome a reculer

instrument. In fact this one was used for all the work,

the re.cular :netallursical microscone not beinzs delivered till

late in tne spring teri, Tnis latter machine was a Bausch

and Lomb reszular OCM with a .sechanical stage and all the necessary

attacinaents, This was sounted upon a canera made by the saue

firm, liznt being furnisned by a new tyne arc, witn an aspheric

%

coudenser. This outfit is shown in figure 1°,, Plate 27.

A picture of the nomemade apparatus is given in Figure 16, Page

27. The microscove was fitted with a Leitz dark field illu:

inator, the substazge removed and in its place was substituted

an electro naynet, caneble of :novement in two directions by

means of slow :iotion screws, Lignt was furnisned by a Leitz

Lillivut are lann, fitted with a bulls eye condenser.

The lamp and microscove were siounted uvon a board and the

imaze thrown ezeinst a clear glass, fitted into a sxetching

board, suonorted by «a nickeled rod, the board being cxoavle

* THE NEW micnoscope did. net come till

May (4, 97.



 

 

FIGURE 16 | BOTH OVTFITS MOUNTED

ON THE SAME BASE.

METALLURGICAL LAB. MAC

  

  
FIGURE 17 SAME AS ABOVE, SHOWING

DETAILS.
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of movement on the rod, and also horizontally around it.

The tracing paper was slioped under suitable clins on

tne board and the image traced off, This formed a con-

venient and easy meynod of sketching tne structure of the

pe@ce. It was found that a magnificetion of between 100

and 200 diameters, was great enoush, if the sample had

been given proper treatment, so that the various consti-

tuents could be easily distinguished, and the outlines of

tie crystals traced with a sharp pencil.

There are several factors, which will, if not

taken care of, produce results far from right.

Case l- Improver heat treatuent.

(A) Too rapid cooling.

(B) The temperature not being carried above the

unver critical voint.

Case 2 - Improver etching and polishing of the surface.

(A) Over etching

(B) Spoiled etching solution

(C) Improper drying of the specimen

(D) Poor polishing

Case 1 — (A)

If we cool too rapidly, we will get a structure i

which shows that the ferrite, if it is a low carbon steel,

and the cementite, if it is a high carbon steel, are tnrown

out suddenly, witn the result that the crystals become

jagged and sharp and poorly formed. Tnis is shown in Figure

18,Paze 30 and in Figure 19,Page 30. These pictures show

3s medium and a low carbon steel. Bothwere cooled, by simply
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removing the pieces from the furnace and allowing them to cool

in air. The temperature of the furnace being About 1700

degrees F.

Ficure 18

  
Magnification of each about x 120

The effect of under heating is shown in Figure 20, this being

the same sample as Figure 18, but the temperature at which

the sample was treated was about 1000 degrees F. It will be

noted that the structure of the ptece is the same as that of

the specimen when regeived, this being shown in Figure 21.

Figure 29 Figure 21
vo

 

Heated to 1000 deg. F As received
Magnification x 120
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Case 2 - (A)(3)(C) If we allow the specimen to remain

in the etching batn for a long period of time, as the action

of this bath is one ofcerros’ on, the mere outline of the

crystals will not snow, but the different crystals tnexselves

will be eaten away, causing blacking of the surface in snots

end areas will appear nearlitic, which are really ferrite.

The actual error introduced will be shown later on. If the

etching solution has been used a nuuaber of times, it will

contain iron salts in sufficient quanity to produce

deposits uvon the surface, which will give a very different

structure tnan tne real one. Thnis will also introduce error,

Then if tue soecimen is not dried rapidly, films of oxide

Will denosit , wnich will spoil the surface for carbon

deter:sinations.

(D) If just the carbon content is desired, then the

surface need not be entirely free from scratches, all tho

very few should be present. If we desire to keep a ver&

menant record of the sauple in tne for:n of a photograph

, then the surface must be free from scratcnes.

In some of tn&B work we wished to know tne actual

size of tne crystals, and also the distance covered by tne

drawing. The method used, while not the most accurate, gave

good results and wes very simple. The draw slide frou a

slide rule was inserted under the microscope, instead of the

snecimen, and tne instrument focused on the log seale.

As tne divisions cane to a sharp point, even at 200 diametes

the distance could be accuratly :.easured between points,

and this distance measured a--inst the actuel aceale. Tne

nuuber of times »reater,the cistance between points ther



 

 
 

D2

one division of the log scale would give tne mugnification.

If this was found to be 160, then by a simple calculation

one inch of screen represents 1/162 of an inch on the

sxecimen or 8.0062". One square incn of the screen then

ne@ans 0.000050 sq.in. of svecizien surface. The cross

section paner usec contains 20 lines ver inch, therefore

490 areas ver sq.in. If a crystal covers 50 areas on

the section peper, the actual crystal covers 0,700356

times 0.125 = 0.0000043 sq.in of surface.
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ChActin IV

xeeping in mind the errors which can ecsily

occur, I wished to formulate a i:ethod if possible, by which

the carbon content of a given sample might be determined

by an exemination of its structure thru the microscope. This

1etnod must be simple enough to be used by the students, and

at tne seme time the results obtained must check combus-

tions run on tne s-me ssmole.

First six ty»ical sammles were selected. These

were of Carnenter steel of very good cuality, and gave a

range of carbon from low to 1.2 %, The samples were

nunbered as follows- A,D.E,F,G,H. The above samples were

analysed by cirect combustion. The absorbing medium being

Bakers Soda Li:ne for Compustions and consisting of

Nace = 37 %

Ca(OH), 2 45 5:

90 2 15 %

Filings were taken frou several bars at various places a.id

well mixed, s0 that the results obtained would be general

as far e353 nossib.s.

The results obtained are show in Table 1, Page 34,

™:4a@ pnelysis falls within the limits usually required, Then by

tie methods vreviously described the carbon percentage

was ceter-zined.

Accordingly a .1l@cze was cut et random fron onB

of the bars, marked sample A, treated and tested.
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Table 1

No. of % C ~ ¢C % C
Sample Trial 1 Trial 2 Average

A 0.16 0.18 I.17

D 0.28 0.31 0.30

E 0.64 O 67 0.65

F 0.78 0.80 0.75

G 0.85 0.90 0 69

H 1.19 1.21 1.20

The average percent of carbon was taken as the

standard value for checking the microscopicel analysis,



oD,

Three ps@ces were cut from A anc marked A=1,A-2,A-3. A-1

and A-2, were heated to 1700 degrees F. A-2 wes co-t*0 in

the air A-f, slowly cooled in the furnace tiru a period

of 24 hours. During the first 6 hours the temperature dropved

from 1700 to i200, during the remainder of the time to 75

degrees, The sample wes then cut in Llo,:. so that the «nterjor

might be workec with, where no cecarcurizing effects had

taken place. After cutting A~-1, the surface wes filed and

enouyh filings obteined to run a combustion. This giving

the chemical composition of the steel as close to the stru-

cture examined as possible. The snecimens were polished,

etched with 5 % HNO, and examined. The structure of A-2

was sketched upon cross section paper, within a two inch

circle. Three different voints upon the surfece were taken

, average structure being selected. Plate 7, Page 36, gives

the original drewings under figures A-1-1,A-1-2,A-1-3. In table

II will be found the results of the three dettérminations to-

gether with the results obtained by the combustion method.

Figure 22 Page 37, gives a photogrenh of the specimen.

After polishing and etching, Sample A-2, was

exaniinec and e photogrenh is giveh under Figure 25, Page 3/.

It will be seen that the crystals are distorted, and overé

lap eachother in such a manner that it would be impossible

to sketch them accuratly.

The method of determining any given area of

crystels wes as follows. The number of squeres within the

area were counted, and as each square was@ passed, a slight

mark was placed upon it with tne »-ensil. The counts were

mede in series of 100 at a ti.ce.
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Figure 22 Fighre 25

  
Sample A-2

Heated to 1700 F

Cooled in air.

Sample A-1
Heated to 1700 F

Cooled in the
furnace

Figure 23 Figure 24

 

  

 

Sample A~3 Semple C-1
Heated to 1530 PF Heated to 1700 F

Cooled in the Cooled in air,
furnece
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TABLE II

Semple Heated Cooled Aree of Area of %P %&%0C “ ¢
No. to in Pearlite Circle Combus,

TI-T2-Av

A-1-1 1700 Furnace 221 1259 18 0.15

A-1-2 1700 nom 198 1250 16 0,18 .16=.18=.17

A-1-3 1790 "oN 204 1250 16 0,13

From the above table it can be seen thet the arees

hed a maxium variation of 23 areas out of 221 or about 10 %,

But for 0.1 % GC it requires about 150 areas, and in the 150

there would be a maxiun variation of 15, or this would be

equivalent to 0,01 “ C. Our chemical anelysis ceme only

within 0.02 %, giving an average of 0.17 %, while the average

by the physicel method was 0. 143 “, or 0.027 % below that

obtained by thie cherictl 1) ess, This result checked very

well with the seneral analysis made, and given in table 1,

The next ps@:se A-5, was treated as follows,

"
x
feated to 1900 and cooled ta the furnace, This treataent

took the neece only a little way above the critical point.

The staple wag polished and etched in the srsze man:er as A-1,

end the results are xivena in Plate 7, Pave 36. The aress

ares A-§-1, A-3-2,‘a

o
of the differeit points are given in Fi

o
m

- Cc r
y _ i

N
X

oe

- . ’ y, 7 s ve - ”

and A-5-%., Fisure 24%, Pase 37, gives & photogrs,
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From the pnotosranhs of the different saanles

taken fro bar A, it can be seen thet slow furnace coolinzg

is necesurry, and that for low carmon stecl3s the meximum

teanerabure snould be above tne upner critical point. That

tenderatures between 1500 and 1700 F, will give good results

iP the cooling be slow enough.

Next sa anples D,E,G,H were given the sane trealinent

ag oar A, and the resulta are shown in Table 3. The sys tea

of awabering the different viéces is the same as given for

sumple A. Theat is the letter stands for the bar number, the

first fizure for the pe@cre taxen from the bar, and the second

number for the ares of the a@ce,

It will be noted on examining this date, that in

bneorly every case the % pf carbon by this method fell a

Little below that obtained by the combustion method. Also

that this di*rerence was very neerly constant except around

tne eutectic point. At this noint, and for a little way on

each side of it, it is impossible, even witn the slowest

treatment, whnicn could be economically given, to distinzuisna

eitner free ferrite or free ceaentite. I believe tne reason

tnat the nicroscovial anslysis ran a little below the cheraical

was due to the fact, that in the mechaniam of solidification

some of the nenrlite is caught between the ferrite grains

and thus lies in such fine films that it can not be measured

at the neznifisation used, In tne case of high car0a

steels, the ceuentite areas were courted, and the sane held

true here. If we sive each sample the sane heat treatuent,

for like carbon content, we will get about tne same error.



TABLE

Samvle Heated Cooled Area of

No. to in Pearlite

A-1-1 1790 Furnace 221

Aet-2 1790 "oR 198

Ae1-3 91750 #" ° 204

Averase

A-3-1 15090 Furnace 222

Am3-2 =159 nn 233

A-3-5 ==1500 oon 218

Avera,e

D-1-1 1700 Furnece 452

Det-2 1720 "4 415

De1-3 1700 on 458

PVeCree

EFe1-1 1750 Furnace 975

Eet-2 1720 mR G78

Ee1-3—= 1720 "oon G68

AVELrEAOC

Fe1-1 1720 Furnace 1141

Fel-2 17C0 rn 1144

F-1-% 1770 m4 1151

Avernve

Ill

Area of

S%ircle

12590

1290

1259
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18

16

16

18

19

16

36
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78

738

TT

7
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9.15
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Sample A,-

Sample D,-

Sample E,-=

Sample F,-

Sample G,-

Sanple A,-

1790 Furnace

1700 "oA

7oo 202€«©ZL Cin

1720 Furnece

1700 4

1720 "oR

The original tracings

Plate

Plate

Plate

Plate

Plate

‘Plate

Table 3, con't,

all

all

ell

1174

1184

1172

nay be found on the following Plates.

7, Page

1) Page

11,Page

11,Page

41

36

42

4

43
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199

100
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The results given in Teble 3, I have plotted on

Plate 12,Page 46. Not using the aversge value for the

difference, but the maximum and minimun, for each sample.

and tnus obtaining a curve which broadens out at tne pnoints

where error occurs. The true pearlite curve is also given,

as taken from Plates 4 and 5. It will be noticed in table

3, that sample H was heated to 1-CO F instead of 179) F.

This was so it could be taken above tne Acm line in order

to set complete precivitation of the cementite.

On Pages 47 and 48, may be found vhotogranvhs

of tne various samples, showing the incresse in the amount

of vearlite present uo to the eutectoid point and the

cementite surrounding tne grains in the high carbon steel.

In orcer to use the curve given in Plate 12, vroc

proceed as follows-

Determine the area of pearlite at tnree different

points on the surface of the metal. Two values for the

percent of carbon will be found for each percent of stru&

ctural constituents. This will give sx values in all.

Take the average of tne six. If the percent of vearlite

runs over 595, count the other constituent and subtract

from 1250, or whatever tne total area of the drawing

ha»pens to be.

Now the reverse of what has been given was tried.

The cardon content of several senvles was determined in

this manner, and the result checked by the combustion

netnod. The results are viven in table 4. Page 49.

Each of tne saanles will be taken un in detail.
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Low carbon Steel, about 0.2 % X 200
Heated to 1700 F, and cooled in the furnace,

 

  

Medium Carbon steel, about 0.5 %. J 170
Heated to 1700 F, cooled in the furnace
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Eutectoid Steel, about 0.88 % Cc, X 150

Heated to 1700 F, cooled in‘ the Furnace

 

High Carbon Steel, about 1.2 %, X 150

Heated to 1900 F, cooled in the furnace.
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TASLE IV

Sample Heated Area of Area of % P % C % C bifferenee
No, to Circle P Min. MAX.Ave.

Bele? 1709 1259 37630 26 27 S27
26 eg 90

Be1-2 1722 1250 367 29 25.26

Be1l-3 1700 159 185 15 14 16 Aree on ede of
seugole

BaJ-1 1520 1250 22) 28. 624 .25 SAME AS pB-!
4 . 02

Ban2 TX 125) 545 a? 023 625

Ba5-p  VWJOQ a PD 14 13. 16 frea on ecie of
stiaole

Cx1-1 #1729 1250 692 55 47 .48 .48 EFS
8 12

C-1-2 1700 1259 541 Ady 238 1349

C-1-3 17200 1250 552 Ad 37 .29

Sele1 61790 1250 168 13 14-415

S-1-2 1790 1250 1620 1513-15 1H

S-1-5 1750 1250 166 13 13-415

ATe4-1 1720 1250 4o7 34 28 1350

AT#1-2 1790 129) 335 51 27 .28 .27) Bdeow of cnse nercaened

smiaole Bun.osced to

AT=1=% 1700 1250 495 32 226° 29 be 1.2 50
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Case (1) Samole B

The sanmnle wes heated to 1700 F and cooled in the

furnace for 24 hours. The s»ecimen was then sawed in two and

tne tnterior examined, The structure is shown in Plate 6, Page 5]

Figures B-1-1 end B-1!-2, were portions of the surface, taken

on the enterior of the surface, and , and these results

cneck the combustion determination very closely. In Figure

B-1-4, we have a detersination which does not check, This

drawing was made on the very edge of the sample and shows

tnat the prolonged neating an an oxidizing atmosphere, caused

a decarburization of the exterior of the sample.

Case (2) Samnle B

This was off the same bar as the above sample, but

as will be seen on tiie data sheet, the sample was only heated

to 1DOOF instead of 1700 F. In this case the crystaline

structure is not as well defined, the crystals not naving

had as much time to grow, and are tnerefore somewhat

sualler. In the case of B-$-$,and B-3-2, the results check

pretty well. Good enough for commercial analysis at least,

Figure B-3-3, again shows the effect of prolonged heating

on the carbon content.

Case (3) Samnle C

This sample was taken from the forze shop stock

from some :aterial which had been giving trouble. It was su

sunnosed to be about 0.6 % C. Some of the bars would harden

allright, others would not. Some of the bars seemed to harden

better in the center than on the ends. The sanple tested

was taken from the end of one of the bars. Figure C-1-2

and C-1-%, show the true content of the bar, C-1-1
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pe

gives a much nigner percentage tnan the other two. This

Bar:ple was taxen to snow tie effect of overetchifg, and

shows that e mistake in this direction can be made very

easily. The ot:er crawinjgs check the carbon content as

determined by the combustion method, C-1-1 and C-1-2~2

ere found on Plate 9, Page 4i¢,

Case (4) Sanple 8

This sam.le came from the Gier Pressed Steel Co.

After prover treetment, the drawinvs of the semnole were made

and are given on Plate 13, Page $5, Here care was used in

all three ereas exrmined to get characteristic portions of

the surface, The results obteined in Fi;ures S-1-1, S-1-2,

S-1-%, check very closely with the carbon content found by

the combustion method. In this particular test, The actual

time consu..ed in the overetion. after the sannle was taken

from the furnace was 18 minutes. While the time teken for

the combustion was 20 minutes. This shows that the time

consumed is just about the seme for either method.

Case (5) Semple AT

This saunle came from the Feo Notor Co. It was

teken on the ecge of a paece of cese hardened material. The

case was sunnosecd to be about 1.2 % C, but it would not

harden when quenched. On examination, as will be seen from

Figures AT-1-1, AT-1-2, AT -1-3, Plate 13, Page 53, the carbon

content of the case did not exceed 0.27 %. It wes found that

the trouble was cue to faulty pyrometers, and that the temper-

ature was not high enough. The semple suggested to the author

that here a case mignt vresent it self, where the method of

determining the D of C, might be of value. It is impossible
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scanple of low carbon steel showing

the effect of different rates of cooling on

the structure of the specimen,

 

Saaple as received X 170

=
’ 1 7X 150

 
 

Quenched in water X 150
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to determine the carbon content of the case by the combus-

tion method. for if it is only 1/16 of and inch deep, we

could not be sure that our filings: did not have some of the

softer material. Yet if this method worked, the Carbon

content could be determined at any depth in the case with

eeseand accuracy.

Consequently 4 specimens of case hardened material

were obtained, these being hereafter designated as samples

AT,HT,HS,HR. Sample AT has already been described, Sample

HR, was foundto be cased to 0.52 %C. The other two were

found to run to eutectoid composition. On Page 56 and 57

are shown photographs of these different svecimens.

Plate 14, Page 58, gives a drawing of a section

of sample HT. This drawing is a good deal larger than

the image thrown upon the screen, and was obtained by care=

fully moving the paper and the paéce in unison. Altho

this requires very careful work, and takes a little

experience, the results justy the effort. Here the specimen

was magnified 160 ) and onthe drawing the actual depth

of case has been scaled off. It will be seen that the

eutectoid composition extends in 0.0103 ". The chart at the

bottom of the plate gives the carbon content for each

half inch of depth on the drawing or for eash 0.0031"

of actual metal.

Plate 16, Page 59, shows the case of sample *$

HS-1-1, Great care was used in meking the drewing, and the

case had been so put in, that we might heve a gradual
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Sauple AT X 50 Sample AT X 100

Slowly cooled from 1700 F Outside of case

 

 

Sample HS X 50 Sample HT X 50

Slowly cooled from 1700 F Slowly cooled from
1700 F.
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increase in tne vercent of carbon from the center out.

This is also siown in sample JR, nere we again

have the effect of cecerturizing action endon firet examin

ation it avpeered as if the exterior of the case might run

as high as 1.4 %C,. But section i! anc O only had pearlitic

sreas of 529 and 443 out of GOC. This would have mede the

carbon content run up avove the limit for steel. Yerit .

looked as though a very hirh cese hac been obtained,

This tyve of exeaninstion sives one a very good

clue ab to what hes harnened to the rterte, an wet or the

meat to which the rece was carrie? with tore curburizin-:

anterial used was oro der,

.-. sak 7 4 ’righ carbon steel,a
o
d

The last ssandle tried was a

1owas supposed to de of sutectoid composition.wile

Nowever tho totel arca of pearlite was below 199 ™, and

conpideraule cementite snowed uo, This gave anaverace nnaligis

for the eee of J6 % vearlite, or 1.2 3 0. The crawings

for this sveciuwen will »e found on Plate 17, Tase €2,

Figures (U-1-1,'-1-2- "U-1-3.

Tallablee 5 and 6, give the results for saaples HR

5 : : hy omand "5, These will be found on veses ut and ©}.
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TABLE VI

Sample HS

Section Area of Area of % P 3 @ 20
Pearlite Section Min.-Nax, Average

A 53 890 7 080 105 Oo

B 63 80.) & 090 .110 215

C 95 800 12 .120 . 135 13

D 132 890 17 6155 165 16

E 165 aad 21 2190 .205 L229

F S44 8090 24 210 .215 Jo

G 201 800 25 »220 .230 24

H 273 G29 a4 6290 300 235

I 38 890 4a .360 379 37

K 374 &00 47 400 .410 ae

L 417 890 52 AAD L450 AES

M 430 B29 54, 460 .470 ‘I

N AST G00 65 510 .520 82
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Samples AT HS HT

Showing cases of different carbon content.

 

-—
-
—
—
_
r
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-

Photograph showing tne effect of improper

7

polishing and etching of the specimen.
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Conclusion-

The author hones tnat by this work he has given

a glimpse into a field of analytical work which at present

is almost untrodden. The results obtaimed compare favorably

witn those obtained by chemical means. In the case of

material such as case hardened we can get results which

it would be impossible to get by the combustion met}od. For

tne combustion would give only the average carbon content,

whicn of course would be useless,

The entire work may be suaned up in e few brief

peragraphs. We know that the amount of pearlite im a slowly

cooled steel is proportio:.al to the carbon content, and as

steel is an alloy of iron and carbon, whose cooling curves

nave been accurately deter:nined, and als» as it is an alloy,

the cooling of which can be easily controlled, it ia possible

by proper heat treatuent to cause nearly complete seperation

of the ferrite and nearlite in hypo-eutectoid and the

pearlite and cementite in hyver-eutectoid steel. This

statement does not apply to alloy steels. Also by using

prover magnification, these differnet constituents may be

fatrrly well traced off and measured. The error introduced

is low and fairly constant, so that a correction curve ay

be plotted, which will give results that check the carbon

determinations ,by the combustion method very closely.
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In the range from 0.79 to 0.90 4 C, it will be noted that

tne constituent of which there is very little present can

not be calculated, so that within this range our error

amounts to 0.06 ‘4. However tnis gives results as close

as most snecifications read within this range. On the

wnole a mistake is less likely by this method, for here we

bring out vhysical structure, and thus the chemical

constituents, while a chemical analysis calls for the

commolete destruction of tne sa..ple, and if some constant

error should creep in, it is likely that it would not be

detected,

In order to got good results, the following

points should be observed:¢

41) - The sneciimen should be heated to at least

1700 F, and slowly cooled in the furnace.

Steels above 1.0 %, can be heated to 1990

F, witn better results.

(2) - The snecimen must be properly polished and

etched. For slowly cooled steels, a 5 %

0% in CoHsOH, fives good results,

(3) —~ The different areas traced must be repre-

sentative of the whole vitece, and not of

a varticular voint, unless we wish to examine

that particular area,

(4) A magnification of between 122 and 290 X

high enough for a properly treated sample.
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(5) - The tracing and measuring of tne constituents

must be carefully done, and the correction

curve used to determine the percent of carbon-

Count the area of the constituent which is

less than 50 %.

All the negatives used in this work in the

making of tne photogr:ohs are on file in the author's

labermtory at M.A C.

Prefor:aed in the Metallurgical Laboratory at

Tne Michigan Agricultural College

May 1919,

 







 


