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INTRODUCTION 

Until H. v. MoQuaid and E. V. Ehn presented, in February, 1922, 

their paper entitled "Effect of Quality of Steel on Case-ca.rburizing 
(1) . 

Results", it was usually assumed that a chemictl specification and cer-

tain physical tests were suf.ficient to determine the suitability or a steel 

tor a particular application. Their work and pa.per was prompted by the 

tact that two steels, which for all practical purposes, had identical. 

chemical compositions would and did produce radically different final 

structures and physical properties after ease-carburizing and hardening. 
;I' 

Their work led to the present day McQue.id-Ehn Test for grain size 

determination. Besicilly this test consists of subjecting a piece of steel 

to a carburizing treatment at 930° C for a period of time long enough to 

develop a hyperentectoid zone of sufficient depth to be studied at X 100 

magnification. The material is then cooled slowly enough to develop a 

pearlitic structure with free cernentite outlining the prior austenite grain 

boundaries. Having this structure the prior austenite grain size of the 

particular steel can be readily detemined and this in turn may be e.esoc1-

atec1 with the results to be expected in the heat treatm.ent of the steel. 

Closely allied with the prior austenite grain size is the so 

ca.lled "normal" and "abnormal" structures found in steel. After the McQue.id­

Ehn test the "norma.1" structure consists of fine lemella.r pea.rlite entirely 

surrounder: by thin smooth carbide envelopes vhich de.finitely delineate the 

grain boundaries. "Abn.orms.1" steel, by- oontre.st, has very thick carbide 

envelopes, with coarse pearlite, if any, sep~.rated from the oe.rbide by a 

wide band or ferrite. In many cases the carbide is to a ereat extent 

epherodized. Between these tw extreme structures there can be found in 
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steel, structures which represent varying degrees of the •normal! ty-ab­

normality-" condition. In general, although by no means in every instenoe, 

fine grain size and •abnormality• seem to occur together in steel. A steel 

which by the MoQuaid--Elm test is 0e.bnormal" will after hardening have soft 

spots on the case and the steel is not acceptable for case hardening appli­

cations. 

Originally the McQuaid-Ehn test was developed to detect "abnormal" 

steel which was not suitable for ease hardening. 'When grain size became 

important the test was ideally suited for this purpose. 

The difference between fine and coarse grained stee~ is dependent 

upon their behavior when the steel io heated through the critical range. 

As a steel is heated through the critical range receystel.liaation takes 

place and at a tempereture itm,,e<.1iately above the oriticeJ. range, the grains 

in the steel are very small. On heating to higher temperatures, the steels 

may be divided into the so called coarse grained and :tine gra.inerl steels 

depending on their behavior. In coarse grained steels the girain sise ia 

proportional to the temperature to which the steel is heated within the 

austenitic region, that is to the temperature above the A:; point. So called 

fine grain steels resist this grain growth until a temperature known as t..:lie 

coarsening temperature is exceeded. Just above the coarsening temperature 

the grains of austenite r,rov rapidly and quickly assume approrllDately the 

sise normal ror the coarse grain steels at this temperature. Any steel vhieh 

will resist this grain growth at 930° C is classified as a fine grain steel. 

Ir coarsening occurs prior to this temperature the steel is ele.ssified as 

coarse grained steel. This temperature of 930o O was arbitrarily selected 

because practically all commercial heat treating operations are conducted 
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at temperatures not in excess of this tempere,ture. 

The advantages and the disadvantages of the two types are summarized 

by Bain and Vileila (20) in the following table: 

EFFECTS mr PREVIOUSLY EXISTIHG AUSTEMITE GRAIN SIZE 

Trends in Heat Treated Steel Products . 

Property From Coarse Grained From Fine Grained 
Austenite (No. 5 Austenite (No. 5, 
and Above) 5 to 8) 

Hardenabili ty Deeper Herdening Shallower Hardening 

Toughness at same Hardness Less Toueh To,:.gher 

Distortion More Distortion Less D1.stortion 

Quenching Cracks More Prevalent Usually Absent 

Grinding Cracks More Susceptible Less Susceptible 

Residual Stress Higher Lower 

Retained Austenite Hore Less 

For Annealed and Normalized Products 

Machinability (Rough) Better (Rough) Inferior 

Maohinability (Special (Fine Finish) (Fine Finish) Better 
Cases} Inferior 

FormabHity (Special Superior Inferior 
Cases} 

Furthc·r work since McQueid and Ehn I s original paper has indice.ted 

that many of the characteristics of steel, as will be notec in the previous 

table, are closely related to the prior austenite grain size. While the 

original McQuaid-Ehn test was developed to select suitable heats of steel 
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for ease oarburiaing, it ia today used as a control teat for many other 

applications where grain size is important, such as alloy at.eels and tool 

steels. Thus, today, when a customer places an order for steel vi.th the 

mill he may in addition to specifying chemical composition and physical 

properties require that the steel meet a certain grain size requirement for 

his particular application. 

The exact mechanism by which austenite grain size is controlled 

1n steel is the purpose or this i.nvestigation. 
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THE PROBLDI 

This investigation was instituted in en attempt to determine •Wha.t 

is the Cause of Fine Grain in Steel." Much work has been done on this 

problem since McQuaid and Ehn (l) presented their original paper 1n February, 

1922. With all or the work since that time there is still a great deal of 

uncertainty as to why a steel does become fine grained by the McQuaid-Ehn 

test when appro:d.mately l to 2-1/2 poands of aluminum is added per ton 

immediately before the liquid steel is cast into the ingot molds. The 

methods for controlling grain size in steel haft been know and utilized tor 

some time, but no one theory has been generally accepted to completely 

explain why and hov these methods work. 

One theory which has been advanced and which is the more commonly 

held and accepted view is that sub-microscopic non-metallic particles, either 

nitrides, carbides, or re:f'ractory oxides such as alu.Tllinu.L~ oxide or a com­

bination of these are formed in the llqu.id steel which aet as nuclei for 

grain formation when the steel is rehee.ted to above the c:ritioal range and 

that these sub-microscopic particles act as obstruetants or keys to grain 

growth. 

Another theory is that metallic el.uminUlll in solid aolution in­

fluences the behavior of the carbides in some manner and thereby restrains 

grain growth to produce fine grained steels. 

Still another view holds that the c(?ntrol or the decxidation 

procedure in steel :manufacture governs the grain growth che.raoteristics or 

a steel. 



7 

Thus it is seen that no general agreement has been reached as to 

exactly how aluminum does act to produce a fine grained steel. Previous 

work has not clearly indice.ted vhich or what is the exact mechanism for 

controlling grain sise in steel. 

A secondary reason for this investigation was to determine the 

suitability ot making steel trom "pure" iron powders by pressing and sintering 

the powder, and then introducing the carbon to make steel by carburizing 

the compacts after the sintering operation. Additions of other alloying 

ingredients such as aluminum, manganese, and silicon it was believed could 

be more readily controlled using powders instead or melting and cast:lnr the 

metal. 
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METHOD USED IN THIS INmTIGATION 

In many previous studies commercial heats of steel were used in 

the experiments which introduced so many variables that no clear cut con­

clusions could be reached. Therefore it was decided in this investigation 

to use fairly pure raw materials in an effort to reduce the variables insofar 

as possible. Also, in order to eliminate possible contamination and other 

experimental difficulties introduced by melting and easting practice it ~u 

decided to press pure iron powder into shape, sinter and carburize the 

pressec compacts to produce a pure steel. 

Electrolytic iron power rumufaotured by Plastic Metals Company, 

Johnstown, Pennsylve.nia, was used throughout this work. A typical anaJ.ysia 

of this powder isr 

EJ.pment 

Total iron 

Total carbon 

Manganese 

Phosphorus 

Silicon 

Su.ltur 

Copper 

Chromium 

Nickel 

Molybdenum 

Vanadium 

Pgr Cesj( 

99.910 

0.015 

o.orn 
0.004 

o.O<'Y7 

o.oos 
0.010 

0.002 

0.015 

0.002 

o.oo:, 



El,ema:t (cont'd) 

Cobalt 

Tin 

Aluminum. 

Arsenic 

Lead 

Mercury 

9 

f@r Cen;t, (Cont'd) 

o.or:n 

0.005 

0.002 

Nil 

Nil 

Nil 

According to the supplier the particular sample of iron powder 

used for this investigation contained 0.59% oxygen as determined by a loss 

of veight af'ter deoxidation in hydrogen. As a. check, tvo 15 gram samples 

of this powder were deo:d.dized at 600° C for 2 hours in hydrogen. The powder 

was taken through the above cycle twice. After the second deoxidation the 

loss in weight amounted to 0.57,'' for one sample and o.50% for the ot.l:ler 

sample. It is probable that nearly all of this oxygen is present in the 

form of eurtace oxide and therefore the iron content in the preceding analysis 

would be lower by this mount. 

The nitrogen content was not determined but the supplier of the 

powder indicated that it is probably of the order of 0.0001%. 

Reynolds chemically pure unpolished standard varnish aluminum 

powder was used in those compacts which had aluminum incorporated in them. 

In some com.pacts the aluminum powder was added prior to the deorlda.tion of 

the iron powder under hydrogen end in other oases the aluminum powder 

we.a added after the iron powder had been deoxidized. In either ease 2-1/2 

pounds of aluminum powder was added per ton of iron. This amounts to 0.125% 

aluminum. The various powder samples were placed in a clean glass mason jar 
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vith quartzite balls and thoroughly mixed and 1:round by revolving the jar 

at low speed in a le.the for two hours. 

Compacts were made by pressing the powders with a hardened steel 

punch into a hardened steel die under 50 tons p.s.i. with a hand operated 

hydraulic preas. The compacts were 0.51711 in. diameter and approximately 

one-half of an inch long. 

Three com.pacts were checked and the dencity was found to be between 

7.22 and 7.41 after the sinteri.ng operation. After cold working under the 

hydraulic press, a density of 7.7"3 was obtainec; for one compact. This com­

pares favorably vtith 7.80 to 7.84 for most steel. 

Later in the paper, under Results and Discussion, each powder 

and the ease history of each compact will be clearly outlined for thorough 

clarification and for studying the included photomicrographs. 

Before compacting, certain of the powders were deoxidized in 

hydro1:,en for 2 hours e.t 600° C. The hydroeen was generated in a Kipps 

Generator with zinc using al to 4 concentration of sulphuric acid (H2so4). 

The hydrogen we.a passed through a dryer containing calcium. chloride (Ca.012) 

and thence through a dryer containing phosphorus pentoxide (P205) dusted 

onto glass wool. Finally the hydrogen passed through a tube of glass wool 

before entering the furnace .. A Burrell hieh temperature electric tube 

furnace was used for deoxidizing the powder, sintering and earburizing the 

compacts. During the deorldation and sintering operations the powder and 

the compacts were placed on clean sheet metal boats, the boats being placed 

inside of a thoroughly cleaned nickel-chromium tube for the necessary 

heating cycles. Both ends of the metal tube were beveled to the correct 
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taper on the inside diameter to produce a. tight fi.t with a rubber stopper. 

The rubber stoppers were equipped vith glass tubes and the necessary stop 

cooks to control the f'lov of gas through the tube. Carburizing was carried 

on in one tube uhile another tube was reserved and. used only for the deoxi­

dation ancl sintering cycles. Temperature in the furnace was controlled by 

means of a rheostat and the temperatures were read -with a Leeds and Northrop 

potentiometer using a cbromel-alumel thermooouple. 

Before the actual furnace operations were performed a calibration 

curve of inside tube versus outside tube temperatures wns obtained to doter­

m.ine the temperature differential inside the furnace tube. Knowing this 

temperature differential, thereafter the furnace temperature vas controlled 

by placing the thermocouple outside of and in eontt1ct vith the furnace tube 

since this eli."ninated complications of rutting the thermocouple leads through 

one of the rubber stoppers. 

A Cenco Hyvao Pump guaranteed by the manufacturer to give a Yacuum. 

of 0 • .30 miormor better was used to evacuate the tube before the deoxidizing 

and sintering operations were carried out. On each ri.m the syrstem was filled 

and evacuated three times with hydrogen before the furnace was turned on. 

After flushing the third time with hydrogen the system. was filled with 

hydrogen end the furnace turned on. By means of a. valve a small a,,"!lount of 

hydrogen was released from the system during the entire time of the de­

oxidizing and sintering operations, thus keeping· a. fresh atmosphere of 

hydrogen in the system at all times. With those compacts which were 

sintered in vacuo, the system was evacuated for ten minutes before the heat 

was turned on, and the system was evacuated throuehout the entire heating 

and cooling cycle. The eintering operation was carried out at 1100° C for 
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two hours at temperature on all ccmpacts. In both the deoxidizing and 

sintering operations the mat.erial vas given a furnace cool. 

Before carburizing, some or the compacts were cold worked on the 

end and sides to increase the density of the compact and thereby insure 

that a byper-eutecto1d zone would be built up on the surface and prevent 

excessive carbon penetration to the core. For carburidn,g the compacts 

-were pa.eked in a commerciel solid ca.rburizer in the nickel-chromium tube 

and sealed at both ends with a rubber stopper equipped with a glass tube. 

A positive pressure of carbon dioxide (CO2) was maintained on the system 

with a Kipps Generator using high grade marble and al c 3 concentration ot 

hydrochloric (HCl) acid. Before the carbon dioxide (CO2) entered the furnace 

tube it was bubbled through a water bottle and thence through a dryer 

containing calcium chloride (CaCl2) covered with glass wool. The carburizing 

cycle was 24 hours at 930° C. All carburized. specimens vere given a furnace 

cool to room. temperature, 

After the carburizing treatment the compacts vere mounted in 

bakelite and 3/16 of an inch machined orr of the end before starting the 

polishing operation. It was considered desirabl• to :machine this a.~ount 

off in order to get below the "corner effect" or the carburi11ing operation. 

Each com.pact was polished on a f'ine abrasive wheel followed by sucoessive 

polishing on Mo. l, 1/2, o, oo, and 000 emery paper. The specimen was 

rotated 900 between each pe.per. Final polishing was accomplished. on a 

rotating disc covered with cotton nannel using a water suspension or 600 

alund'Ulll flour. The polishing disc rotated at b,:tween 250 and .300 r.p.m. 

A 2% nital solution was used to etch the specimens after the polishing 

operation. 
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All photoniorographs vere made vith a Bausch and Lomb n.s Metello­

ecope vith a type O Caii,era att.aehe,:i. The source of illumination. was a 4.5 

amperEl carbon arc. The photomicrographs were made at 100 diameters. This 

magnification was achieved by the use of a 16 mm. achromatic objective and a 

7. 5 mm. hyperplane eyepiece with the ground glass at 30 centimeters. Eastman 

commercial ortho 4tt x 5" sheet film was used and developed in Eestman 

developer 61.A. The prints were made on F4 pa.per using D72 developer. 
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RF.SULTS AND DISCUSSION 

Before discussing the results, it is desirable to outline in 

detail the various powder samples usea end the history or the compe.ets 

studied in this investigation. 

Power samples were coded by numbers as follows: 

Sample No. 0 - Plast-iron power grade All - AlO from the can 

as received. Not deoxidized. 

Sa-rnple No. 1 -- Plast-iron powder grade All - A.10 with 2-1/2 

pounds of Reynolds unpolished standard varnish aluminum powder added per ton 

of iron powder. This povder was not deoxidized. 

Sample No. 2 - Same as powder sample No. l except th~t the powder 

was deoxidized as described previously in an atmosphere of hydrogen for 2 

hours at 600° C. Deoxida.tion carried out after the alumi..11um powder was 

added. 

Sample No. 3 - Plast-iron povder grade All - AlO deo:xhUzed 

before adding 2-1/2 pounds of Reynolds unpolished alu~..inum powder per ton of 

iron powder. 

Sample No. 4 - Plast-iron powder, grade All - AlO, deoxidized 

nnde·r an atmosphere of hydrogen for 2 hours at 600° c. 

After compacting all compacts were sintered for 2 hours at 1100° C 

followed. by ce.rburizing in a commercial CF..rburizing compound for 24 hours 

at 9300 C. All compacts were sintered in s.n atmosphere of hydrogen, except 

those so noted in the 1:i.st of compacts coded by numbers as follows: 

Compact No. l - Powder srunple No. O. 

Compact No. 2 - Povder mm1ple No. 4. Compact cold worked with a 
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hammer after sintering. 

Compact No. 3 - Powder sai~ple No. 4. 

Compact No. 4 - Powder sample No. 2. Compact cold worked with a 

hammer after sintering. 

Compact No. 5 - Powder aam.ple No. 2. 

Compact No. 6 to 10 inclusive - Powder sai:2ple No. 2. These com­

pacts will not be discussed in this paper because the structl.lrea were the 

same as Com.pact Mo. 5 and would therefore merely be repetition. 

Com.pact No. 11 - Powder sanple o. 
Compact No. 12 - PowdE:ir sample O, cold worked with a hammer after 

the sintering operation. 

Compact No. 13 - Powder srun.ple No. ,. 
Compact No. 14 - Povder se.mple No. 3, cold worked uith a hal:'llner 

after sintering. 

Compact No. 15 - Powder sample o, sintered in vacuum. 

Campa.et No. 16 - Powder sample o, sintered in vacuum, and cold 

worked with a hammer after the sinterine operation. 

Compact No. 17 - Powder saDple No. 1, sintered ln vacuum • 

Compact No. 18 - Powder sample No. 1, sintered in vacuUlll, and cold 

worked vith a hammer after sintering. 

Te.ble 1 lists in tabular form the pertinent informBtion a.bout the 

various compacts. 

Under the column labelled "normality", table l, the folloYing code 

ws used to distinguish the degrees of.abnormality recognizec"l in the ve.rious 

compacts, 



A• Slightly abnormal 

B = More abnormal 

C • Very or most abnormal 
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This code of abnormality was based on the appearance of the structure at 

100 magnifications. By "slightly abnormal" is meant a structure with cementite, 

very little ferrite and a fairly recognizable structure of pearlite. A. 

"more abnormal" structure is one vi.th less pearlite am' wider bands of 

ferrite. The "very or most abnormal" structure consisted almost wholly of 

ferrite and cementite. Very little, if any, pearlite could be found in 

specimens labelled "C" in the column head "abnormal." 

Under the heading a1.1stenite grain size, the only distinction made 

is "coarse" or •tine." In practically all cases in this investigation the 

structures were so abnormal as to preclude the assignment of e. definite grain 

size number with any degree of accuracy. 

The results of this investigation ares 

That pure powders can be riixea, compacted, sintered, and earburi21ed 

satisfactorily to produce steel of a given composition. 

That an abnormal structure is obtained in a "pure" iron-carbon 

alloy and in a "pure" iron-carbon-aluminum alloy when peck ce.burized by the 

McQuaid-Ehn procedure. The structure seems to be most abnormal in those 

eases where the pure iron powder was compacted, sintered, and carburized 

without previously deoxidizing the powder under hydrogen. This is especially 

noted in compacts Nos. 1 and Nos. 12, both of vhich a.re very abnormal and were 

compacted without deoxidizing the iron powder sample. Compact No. 12 was 

cold worked after the sintering operation whereas compact No. lws.s not. It 

vould seem sate to assume that some deoxidation of the compact takes place 



TABLE 1 

Aluminum Addition 
Compact Powder Before or After Cold Carburized ,, Austenite 
Number Number Deoxidation Deoxidized 'Worked Sintering Hrs. Norme.lity Grain Size 

Before After No Al. Yes No Yes No ~ Vac. Norm. .Abnorm. Coe:rse Fine 

1 0 X X X X 24 C X 

2 4 X X X X 24 C X 

3 4 X X X X 24 B X 

4 2 X X X X 24 B X 

5 2 X X X X 24 B X 

6 2 X X X 

7 2 X X X 

8 2 X ' X X 

9 2 X X X 

10 2 X X X 

11 0 X X X X 24 C X 

12 0 X X X X 24 C X 

13 3 X X X X 24 B X 

14 3 X X X X: 24 B X 

15 0 X X X X 24 A X 

16 0 X X X X 24 A X 

17 l X X X 24 A :x 

18 1 X X X 24 A X 
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during the sintering operation at 1100° C for 2 hours. However, it would 

be expected that this deoxidation would not be as thorough as with those 

compacts made from powder whieh had been deoxidized previous to the compacting 

qpere.tion. Then, too, the compacts which were fabricated from deoxidized 

povder were also surjeoted to the same .sintering operation. lt can, there­

fore, be seen that they were probably more thoroughly deoxidized than those 

which relied entirely on the sintering operation for deoxidation. A survey 

of table 1 indicates that the most abnormal structures were obt,ained in 

those compacts made from powders which had not previously been deoxidized 

under hydrogen. 

Previous work (2) has indicated that for a pure iron-carbon alloy 

an abnormal structure results during pack earburising, but the.ta normal 

structure is the result when the alloy is earburized in an o:xygen free 

hydrogen-hydrocarbon atmosphere. However, the evidence to support this 

statement is somewhat weak since "pure" iron from six of seven different 

sources showed some abnormality even in oxygen free carburizing. One of the 

six abnormal structures was not quite so abnormal as were the other five. 

"Pure• iron from one source only produced a completely normal structure when 

carburized in a hydrogen-hydrocarbon atmosphere. 

Other work (3) presents evidence that a "pure" iron-carbon-aluminum 

alloy behaves likewise under pack ca.rburising and under an oxygen free hydro­

gen-hydrocarbon atmosphere. This implies that o,cygen free carburising 

must obtain in order to get a norm.al structure in "pure" elloys or iron­

carbon and in "pure" iron-ce.rbon-aluminum alloys. 

If as indicated in these previ.oue papers abY>t.111!11:rti:ity is the result 

of oxygen during pack carburizing• why- then -should not all compacts in this 
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investigation exhibit the same degree of abnormality? Since the pack 

ee.rburizing trea.tment of the compacts for this investigation were all ee.rried 

out for 24 hours at temperature, it seems reasoncble to conclude thtl.t the 

cycle was of sufficient duration to "oxidize" the compacts to the same degree 

and therefore the same degree of abnormelity should exist 1n all compacts, 

This, however, is not the ease, for all degrees of abnormality were found 

to exist in the ve.rious compacts. Furthermore, it is somewhat difficult to 

conceive of oxygen being e.lsorbed by the iron compacts treated in e. com­

pound since eerburizing in itself requires the absorption of carbon which 

is basically a reducing operation, In addition if the absorption of oxygen 

talcea ploee when earburizing in compound vhy then are not abnormal structures 

produced in every instance when carburizing in com.pound? 

These questions make for interesting speculation and the results 

of this work do not lend enough information to conclusively answer them. 

Further work and experimental data will need to be performed and collected 

to satisfactorily explain the 1momalies. 

An interc.·sting observation or the photomicrographs is the.t in the 

moet abnormal structures 90 to 95% of the cementite is concentrated around 

the voids in the compacts. (See Photomiorogre.phs ?fos. 1 e.nd 12). Very fev, 

if any, voids are located in the wide bands of ferrite. Since the eolid 

metal c01npacts for this investigation were shaped from powders by pressing, 

the density is lower and the number bf voids greater than in comparable 

rolled or hot worked metal. The concentration of the cementite around the 

voids or the voids in the eementite is especially pronounced 1n the very 

abnormal structures consisting almost completely of eementite and ferrite. 

It is questionable as to exactly how to interpret this phenomena of the 
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voids being almost entirely concentrated in the oementite, It might pos­

sibly be explained by the fact that the voids are areas of oxygen segre­

gation. Or it may be that the voids provide passage vays for the gas carrying 

the carbon into the speeim.en to form cementite and the cementite did not 

diffuse throughout the specimen. However, in the lese abnormal specimens 

the voids did not appear to be concentrated in the cem.entite and the voids 

did not show up as pronouncedly when examined under the microscope after 

the polishing operation. The final polishing of the non-deoxidized iron 

powder on the 600 alundum wheel was considerably more critical than the 

other compacts because of the apparent tendency to exaggerate the voids as 

observed under the microscope. 

A survey of the structures after pack carburizing indicates that 

the degree of abnormality in the specimens remains approximately the same 

whether the aluminum was added before or after the iron powder was de­

oxidized under hydrogen. Photomicrogra.phs of compact Uo. 4 and compact No. 

14 show approximately the same degree of abnormality. These two compacts 

were subjected to the same treatment procedure except that in compact No. 4 

the aluminum powder was added before the iron powder was deoxidized while for 

compact No. 14 the aluminum powder 11as added after the iron powder was 

deoxi.dized under hydrogen for 2 hours at 600° c. 

Another lnteresting observation is that compacts 15, 16, ii and 18 

which were sintered under vacuum consistently showed the least abnormal 

structure after pa.ck carbur1zin.g. Compacts 15 and 16 were pressed from the 

iron powder wi.thout previous deoxidetion. Compacts 17 and 18 were pressed 

from iron powder with 2-1/2 pounds of alu.m.inum per ton or iron without any 

previous deoxidation. Photomicrographs of compacts Nos. 16 and 18, the cold 
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worked specimens are included in this paper. Compacts 15 and 17 were 

identical in composition except that they had not been eold worked and there­

fore the carbon penetrated deeper thereby not delineating the hypereutectoid 

sone ae clearly-. '!'his trend in the direction of normality may indicate that 

hydrogen in solution is a contributing factor in causing •pu.re" olcy'gen free 

iron to become abnormal during pack carburizing. Further work vill be 

required to clarify this observation. 

r 
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CONCLUSIONS 

W1thout me.ldng unsupported assumptions, it ia believed that the 

following conclusions may be drawn from this investigation. 

1. Satisfactory steel specimens can be produced by. compacting, 

sintering, and carburizing "pure" iron powders. 

2. An abnormal structure is obtained in a •pure• iron-carbon 

e.lloy and in an iron-carbon-aluminum alloy when pack carburiaed by the MoQuaid­

Ehn test. This seems to be true whether the iron powders were deoxidized 

or not before the carbur1z1ng treatment. However, the abnormality is moat 

pronounced when us1n..r powder which had not been deoxidised, and which had 

been sintered in hydrogen. Using the same powder and sintering in vaouo 

gave a less aonormal final structure after pack carburising. 

3. There is some reason to believe that hydrogen is a contributing 

factor in causing an abnormal structure in the alloys studied in this 

investigation. 

4. The cementite former' during pack carburising tended to con­

centrate around the voids in the pressed compacts. 

5. The evidence does not indicate that oxygen is the sole cause 

of abnormality during pe.ck-cerburizing. 
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' i 

> 

Compe.ot lo. 1. I 100 

Str;)oti.1re comiists 'W'holly of cementH,e ond ferrite; Note 

ooncent..ration of' voids in the cement.ite and bow the voids seem to be 

exaggerated by the pol:i$hin.g operation. 



Ccapaat Bo. 2. I 1:00 

Structure cons1ete of terri te, cr.!.en~i te and. l"Maarl1 ~• 
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Ccnpe,ot Wo. 4. X 100 

Note that the structm-e 1a lese abncrrmal than. compact Noe. l and 2 • 

.. 
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tfote again the very ai::normal. structure consisting solely of cemen­

t:1 te and ferrite with the cenient:ite concentrated around the voids. Again 

the voids were exngpere.tec by :polishing. 



• 

Cot11pact No. 14. X 100 · 

Stru.eture consists predominately of territe and cementite with 

some pearll te. · 



• 

28 

Compact No. 16. X 100 

Structure consists of ferrite,· cementite and pearlite. Con'tJ)fl.Nl 

this st.Tuoture with oompacte Noa.land 12, which vere processed 1n the seme 

manner except that compaot No. 16 we.s sintered in vacuum. 
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«•1r\!lt:: 1'!15:Gffl....,,_, ., if: tP'!:1:· ~.~' 

• 

Compact No. !ES. X 100 

Structure consists of eementite, ferrite B.nd pea.rlite. 
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SUGGISTIONS FOR FUTURE INVESTIGATIOI 

1. Make and study compacts fabt1icated from iron powder which has 

been deoxidised under hydrogen followed by a period of heating in vacuo, 

thereby attempting to get oxygen tree, hydrogen free compaots. Cerburize 

some compacts in a hydrogen-hydrocarbon atmosphere and other eompaets by 

pack earburizing~ This could be done vith various eombinat!ona using iron 

a.lone and iron 'W'i th aluminum ad<ied. 

2. Make up and study some compacts with various amounts of 

manganese added before and after dem.dation or the iron powder in an effort 

to determine 'Whether alloying elements of the deep hardening type contribute 

to normality when the.compacts ere pack carburised. 

3 • Car17 out the oa.rburising v1 th a hydrogen-hydrocarbon gs.4 to 

determine difference in structures when compared with pack oarburi.sing. 

4. Investigate varying amounts or aluminum added to the iron up 

to about 3% aluminum. 

5. Sinter various combinations of oxygen free, h,-drogen free 

compacts in an atmosphere of nitrogen .followed by pack.cuburizing some 

compacts and carburiz1ng other canpects in hydrogen-hydrocarbons • 

• 
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