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Effect of Boron on the Hardenability of High-Purity Alloys

and Commercial Steels
By Thomas G. Digges, Carolyn R. Irish, and Neabit L. Carwile

A study was made of the action of boron in relation to the hardenebility of high-purity
alloys varFing in carbon content.  The effectivensss of boren in enhancing the hardanabilicy
of these alloys and certain ateals iz believed to be due to ita metion in reterding the rate of
nueleation of ferrite and carbide while in solld solution in austenite. The hardenability of
ihe boron-treated alloys, as determined in terme of the eritical cooling rate of small specinens
austenitized at & wide range of temperatures, varied with the pricr history snd with the
carbon content. "The hardenatility of & commercial boron-trested steel, as dotortoined by
the end-quench test, was algo sensitive 1o prior thermel trestments. PBoron wes lost In the
deearburized zone of commercisl steels, and lis rate of diffusion apparently is of the same
order of magnitude as that of carbon.  The heat treatment of speeimens of the allays and
steels to produce & horon <onstituent snd the microstructures of the slloys a8 cast and as
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homogenized are deseribed.

I. Introducticn

In & previovs investigation [1],' evidence was
obtainad that the effectiveness of boron in en-
hancing the hardensbility of certain stesls de-
pended upon the form of the boren at the time of
quenuhmg and not necessarily on the total
‘amount of boron present. This observation was
based on a determination of hardenability by the
end-quench tert. As the study was carried out
during & pericd of national emergency, but little
attention could be given to the mechanism of the
effect of boron on hardenability. The present
investigation was made aa a further study of the
hardenabilicy of boron-treated alloys and steels
with particular attention directed to the action of
boron on the hardensbility of thesa materials.

High-purity alloys copsisting of: (1} iron and
boron, (2) iron and cackon, without and with
boron, and (3) iron, earbon, and menganese,
without and with horon were prepared in the
laheratory, and commercial open-heerth stecls
were procured for use in this investigation, De-
termination was made of the hardenability in
torms of the eritical eooling rate of the iron-carbon
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and ron-carbon-manganese alloys when gquenchad
from varjous temperatures. The end-quench test
also was used for evaluating the hardenability of
the iron-earbon-manganese alloys and the eom-
mercial stesls. A metallographic study was made
of apecimens prepared from the alloys in the gon-
ditions as cast, as forged and homogenized, and as
heat treated in various waya to precipitate a boron
constituent. Experimente also were made to
determine whether boron was lost during the de-
carburization of commercial steels and for deter-
mining the rate of diffucion of boron in austenite of
theze steels.

II. Previous Investigations

Considergble work has been carried out hy
different investizators in studying the ircn-boron
equilibrium  zystem. The published diagrams
{2, 3], however, were of little value in the present
study lLocause of inconsistencies, especially in the
solubility of boron in the slpha and gamma fields,
and deficicncy in information on alloys containing
the relatively low amount of boren now used com-
mercislly in  boron-treated steela (0.0005 to
0.005 percent of boron),

The action of boron in inereasing the harden-
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ability of steel is not definitaly known, but tente-
tive explanations have been reported in the litera-
ture. These theories may be classified on the
basiz that the improvement is due to boron in
soiid solution in sustenite, and a reaction of boron
with some other slement to change the condition
of the latter.

Grange and Garvey [4] assumad the presence of
boron in steel in both an effective and an ineffec-
tive form. The effactive form is cepable of dis-
golving in, gustenite, whereaa the ineffective boren
does not entet int¢ austenite solid solution. The
stnell boron atorm is pictured ss forming an
interatitial solid solution with gaymms iron. The
boron atoms are preferentially located in the
grain boundaries of the austenite just prior to ita
transformation, snd their presence lowers the rate
of gruin boundary nucleation and thus increases
hardenahbility. As boron has =z relatively low
solability in asustenite, some of the boron atoms
may be precipitated s zotme compound and thus
form a “fillm” at the austenite grain boundaries
that is supersaturatad with respect to these atoma.
This precipitate scemingly occurs rapidly and in
advonee of the usual trensformation of austenite
to ferrite; only those boron atomms that remain o
solid solution are effective in decressing the rate
of nucleation of ferrita and hence in increasing the
tima required for austenite to transform. Heating
etee] at a bigh temperature for a long time may
convert offective into ineffective boron; the latter
may be some etable chemical compound of boron
that gradually forms at high temperature, Lip-
pert [5] stated that boron, similar to apy other
alloying element, muet be in solid solution to be
effective in inereasing hardenahbility.

Chandler and Bredig [6] were of the opinion that
pitrides act as nucleating sgents in the desom-
position of austenite, particularly for the rejection
of ferrite. The hardenability effect of boron,
either alona or in combination with other ela-
ments, appears to be the influence of w fluxing
agent upon the particle size of nitrides of other
elaments, such as those of silicon, aluminmmo:,
titanium, gnd zirconium. Thus boron conwverts
particles of harmmful critical] size into particles of
larger size muable to effect nueleation.  Corson [7]
assumed that horon increases hardenability by its
action in removing something in the steel {possibly
free nitrogen) that exists in very smeall amounts by
weight and which has a deleterions effect on

846

hardenshility. Bain [8] apparently was of the
opinicn that beron has little effect as en alloying
alement but mora likely acts az & sort of cleansing
ogent, perhaps in some connection with the
nitrogen content of the ateel, Dent and Silles [9]
were inclined to believa that the effact of boron on
hardenability was dve to a dispersion rather than
a solution in austenite. Presumably the boron in
excess of the small amount required for maximum
hardenability reacts with some other constitucnt
in the stesl.

Dipges and Reinhart [1] found no definite
correlation between the amount of boron added
or retained in experimetital (induction melted)
and commercial open-hearth steels and the harden-
akility as determined by the end-quench test.
In many of the aluminum-killed experimentel
steels, the optimum hardenebility was obtained
with amall additions of boren {0001 % or less
ratained), whereas in other ateels the harden-
ability incressed continuously with incresse in
boron {about 0.0015 to 0.006 %), In still other
steels, the addition of boron as a simple or com-
plex intensificr was either without effect or im-
paired the herdenability. The hardenability of
boron-freated steals waried also with the stete of
deoxidetion and with the nitrogen content. High
acid-seluble nitrogen {mulfuric acid) wea usually
detrimenial to the effect of boron on hardenability,
but it was possible to retain the effect in high-
nitrogen steels (low-soluble nitrogen) by fxing
the nitrogen with strong nitride-forming elements,
such a8 titanium. With the commercial boron-
freated steels, tha magnitnde of the harden-
ability effect was independent of the amount of
boron added or retained and the chemical composi-
tion of the intensifiers used.

Bosz [10] speculated that boron inereases harden-
ability of stael by the removal of the last trace of
oxygen, but boron iteelf 18 harmful to harden-
ability; a small amount of oxygen is also detri-
mental to hardemability. QGrosemann [11] sug-
gested the possibility of the boron being present,
at least in part, as stable carbides.

III. Alloys and Steels Used

The chemical compositions of the high-purity
wlloys and the steels used are given in table 1.

In preparing the alloys, one lot of electrolytic
iron was used as the base material. Moelting was
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by induction heating of the cherge in crucibles of
high-purity magnesin, except for the two alloys
containing menganesa (B13 and P14}, which were
melted in eommercial criciblos of beryllia, Ad-
ditions as required were made of carbon and elec-
trolytic manganese in the initial charge, whereas
the boron was addad to the molten metal as com-
mercial ferroboron econotaining sbout 12 percent
of boron. The heats were not deoxidized with
gluminum or silicon. Melting sod suhsequent
solidification of the ingot were carried out in vacuo
obtained by means of a mechanical vacuum pumyp
rated to atiain A vacuum of 0.02 p of meroury.
In most cases, the system was vacuum tight aas
was indicated by the manometer after standing
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for 12 to 15 hr. without operating the pump. The
boron additions were made by means of a apecial
holdor without disturking the vacuum,

The manganese, nickel, and ecobalt contenia
were npproximately the same for cach alloy, except
for two (B13 and Bl4) in which the mangsnese
was intentionally added. These impurities had the
gulfur and phosphorns sontents, a9 determined for
several of the alloys, wera about the same as those
contained in the electrolytic iron usad az the base
material. In some cases, there wae some pick-up
in silicon and slumioum {incident to the melting
operation) especially in the alloys prepared in the
commercial cruciblaz. The resulta of the vacuum
fusion analyses showed that the oxygen and nitro-
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gen contents of the alloys were low except for the  C12 and C14), and Grainal! No. 1 (Steal C19).
relatively high valuea for oxyoen of the twe iron-  Theee stecls wera received in the form of het
horon alioys (B3 and B4) not treated with carbon;  rolled 1¥-in. rounds.
0.004 to L0055 percent of oxy wad obtained m . ) )
the boron-treated alloys B2 angﬁnﬂé. IV. Auvstenite Grain Size

Some of tha ingots of the high-purity alloys Since the hardenability of most steels ia infin-
werg hot forged to g ranee of about thres-quaviers  enced by the size of the graing at the fime of
to one-third of their original diemeters. The  quenching, a4 determination was made of the
outer surfaces of these forged bars were removed  grain size established at the quenching tempera-
by machining prior to carrying out a homegeniz-  tures of sach alloy and steel uged in carrying out
ing treatment by heating in vacuum at tempera-  the criticel cooling rate and end-gquench tesis,
tures ranging from 1,700° to 1,900° F for varying  Grain size measprements were made by the
periodz. The evacuated tube containing the bare  method described by Jeoffries [12] or by estimating
was cooled from the high temperature in air.  the grain number by comparing the microscopic
Miergzeopie examination of the cross ssction of  image at 100 dismatera with an American Socisty
tha hara after the homopenizing treatment indi-  for Testing Materials standard greain siza chart,
catod a fair degreo of uniformity in digtribution of The resultz obtained on the small specimens
tha carbon. Specimens subsequentiy used for {eet  usad for determining the criticgl cocling rate are
purposes were prepared from the original ingots  summarizod in table 2 and iliustrated by typical
{as ¢ast) or from the bars as homogentzed. photomicrographa in figures 1 and 2. In soms of

The commercial steels were from the same  the quenched specimens, the parent austenite
“gplit” open-hearth heat as that used and de-  grains could be revealed by a contrast etch of the
geribad in a previous investigation [1]. The boron  martensite {fiz. 1}, or by the presance of zmall
additiona were made In the mold with Grainal amounts of ine peaclite located ut their boundaries
No. 79, (Steel 8 and 11}, Ferroboron (Steals  (fg. 2, A).

TasLe 2,  Awzbendle gragin atze of the otloye

Emall gpeeituens, Inillally a8 bonweenized or 8 Ak, wore heated rapidly o the required tamperature, kebd st this ternperaturs for 15 min. betire coallng Ak
various rabes.  The same specimens were used to determine critbeal cosling raves.
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Although an attempt was made to heat the
specimens relatively rapidly through the trans-
formation temperature range, the heating rates
varied to some degree with the different specimens
and with the maximum temperature attained.
- Asp previously shown [13], the grain size at tein-
peratures somewhat above Aey of high-purity iron-
carbon wlloys varied with the rate of heating
through the transformation temperature rangs;
the austemte grain size increased markedly with &
decresse in rate of heating. Varintions wero
sometimes obtained in the grain size of the dif-
ferent spocitmens of o selected alloy, espectally B2
gnd B10, when heated to the same temperature,
83 ia illustrated for alloy B12 in figure 1, C end F,
and occasionally s wide variation in the size of the
grains was obtained in the same specimen (fig.
1, D and E). Grain-zize measurements made on
the latter specimen are practically meaninglass.
In some cases, the variation in grein eizge at a
selected temperature of different specimens of the
same alloy was as great or greater than that due
to the raoge in temperature used. {(Compare
fig. 1, C and F with fig, 2, D and F.) Because of
these conditions, the same epecimens were used
for determining the austenite grain size and the
hardenability. That the austenite gran szize of
one of the zlloye {B13) is affected by the rate of
heating or by prior thermal treatment is shown by
the photomicrographs of fizure 2. The grain size
at 1,500°, 1,700°, and 1,900° F of an end-quench
Sﬁﬂvﬂi.men iz shown in figure 2, A, B, and C and
that of considerably amaller specimens (used in
determining the critical eooling rote) in figure 2,
D, E, and F. The grain size of the end-quench
" pecimen incrensed with a changs in temperature
from 1,500 to 1,700° F, but there was praciically
no further increase in size when heated to 1,900°
F. The average grain zize of the small specimens
was unaffected by this ranpe in austenitizing
temperatures, Tho same specimen was used for
end-quenching from each temperature, and the
small specimens were prepared from this bar
aiter the quench from 1,900° F. The bar was
normalized at 1,660 F prior to each quenching
treatment. The specimen for cnd-quenchine was
hezted in a furnace at the desired temperature for
45 mn (teta] tbme in faroeco), and it required
an estimated time of 10 to 15 min to attain the
temperaturs of the furnace. The small specimena
were heatad from room temperature to the susteni-
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tizing temperature in epproximately 2 min and
wera held at femperature for 15 min (in furnace

for 17 min) before quenching; it required about

6 to 8 sec to heat each specimen through the trans-
formation temperature range. All specimens had
an initial structure of fine pearlite and farrite, but
variations thus existed in the rate of heating and
time at the austenitizing temperature of the two
serics. It is noteworthy that the grain size estab-
lished at 1,500 F was somewhat finer in the Jarge
then in the small specimen (fig. 2, A and D),
although the rate of heating was slower and the
time at temperature was greater for the large then
for the small specimens; the grain size should in-

. eregse, not decrease, with tima at austenitizing

temperaturc. The trend for the grain =size at
1,500° F of this iron-carbon-manganese alloy
econtaining 0.04-percent aluminum (Bl14) to in-
crease wilh #he faster rate of heating is the revarss
of that observed previously in high-purity iron-
carbon alleys. It was shown [13], however, that
the apstanite grain size at the temperature ordi-
narly used in hardening an alumioum killed com-
mercial eteel containing 0.5-percent carbon in-
creased with increase in rate of heaiing through
the transformation temperaturoe range.

Intermediate or coarse grains were established
at each austenitizing temperature of each alloy
(table 2 and fig. 18). This is to be expected, as
the alloys were of relatively high purity with the
presence of only stmall amocunts, if any, of the
grain-refining elements {pther than carbon) except
for the 0.04-parcent sluminum in B13.

The austenite gran size of zome of the alloys
varied with the initial condition of the specimens
(tahla 2). At a selected temperature, the size of
the greing in an initially hemogenized specimen
was either epproximately the same or coarser than
that of tho same alloy mnitislly as cast.

With an initial strueture as homogenized, the
avernge size of the austenite grains of alleys B7,
B12, B13 {all without beron) B6 and B5 {(aach
with boron} was not significantly affectcd by the
range in wustenitizing temperatures used. How-
ever, there was some increase in grain size of alleys
B2 and B10 {without beren), and B2 and Bi4
{with boron) with & change from the lower to the
higher part of the range in austenitizing tempera-
tures.

With en initial sfrueeture as cast, the avcrage
size of the austenite grains of alloys B8, B2, and B5
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{all with boron) was somewhat finer at the Jower
than at the higher austenitizing temperatinres,

Apparently, boron had no consistent effact on
the austenite grain size sbd cosrsening tempers-
ture of these high-purity alloys.

V. Hardenability
l. Procedure

Numeroug methods have been proposed and
used for determining the hurdenability of steel.
The selection of & method depends largely upon
the nature of the information desired aod range
in hardenahility of the steels or allays. The
atandard end-guench test iz widely used commer-
cizlly for measuring the herdenability of low alloy.
steels (intermediate hardenability), but it iz not
well suited for the shallow hardeming type {plain
carhon} or for the desp hardening alloy steels,
gluch as thoze that harden through inW-in. rounds
or larger sections by cooling in air.

In carrying out & fundamentsl study of harden-
ability, it s & common practice t0 measure either
the cocling rate at & sclected temperature or the
eooling time or rate through a temperature in-
terval during the quenching operation, and then
evaluate the epoling time or rate in terms of the
strugture or hardness of the quenched specimen.
However, different parameters, including tempera-
ture intereals, etroctures, and hardneeses have
been used by various investigators. French [14]
nsed the cooling rate at 1,330° F, Boeghold and
Weinman [15]) at 1,300° F. and the time to cool
from 1,350° to 900° F., and Fost, Fetzer, and
Fenstermacher [16] used the rate at 1,000° F. to
evaluate herdenahibity; values for the cooling
rate at 1,300° F. are includad in the chart prepared
by the American Society for Testing Matarinls
[17] for presenting data obtained in the end-
quench test. Grosemann [18] and cowerkers used
the time required to cool from the quenching tem-
perature to that hailf way down to the temperature
of the quenching medinm, and they arbitrarily
selected & atructure consigting of 50-percsnt mar-
tensite and 50-percent pesrlite (ferrite and car-
bide) a3 the division between the hardened and
unhardensd econdition. These data hawve been
used extensively in computing the hardenahbility
from the chemical compositiona of the steels.

The izotherma) transformation diagrams {S or
TTT enrves} for numerous stesls [18] show that the
decomirosition of austenite to aggregates of ferrite
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and carbide {pearlite} iz most rapid in the tem-
perature range of about 1,110° to 930° F (nose of
eurve) but in some steels, notably the deep harden-
ing type containing high molybdenum, the ness
of the isothermal transformation curve may ocenr
in the lower part or below this range, To com-
pletely harden a steel by quenching, it is essentisl
to cool with spfhcient repidity to prevent its
austonite from transforming in this temperature
range. If by a continuons quench to approx-
mataly room temperature, the austenite is cooled
through the range of 1,110% to 930° F without
decomporing, it remainz wnebanged until a tem-
perature i2 reached that is favorable for its trans-
formgtion to meartensite, This spplies to most
steals in which pearlite rather than bainite limits
the formationn of martensite. At some cooling
rate, called the critical cooling rate, tha austenite
of a steel that ia capsable of hardening by quench-
ing juet begine to teansform at the nose of the
S-curve. The eritical cooling rate, therefore, is an
index to bardenability. The slower the eritical
cooling rate, the deeper iz the hardening of the
steel. Published data show that the tempersture

© of the inttia] transformation of austenite to marten-

site is not affected by the rate of cooling, that is,
the start of the Ar'’ or Ms temperature iz not
depreszed by rapid cooling.

A determination of the critical cooling rate was
used at this Bureau in a study of the hardenahility
of high-purity slloys of iron snd carbon 120],
With suitable equipment the method ia capabla of

-producing results of 4 high degree of aceuracy, and

it 18 spplicable for alloys with a wide range in
hardenakility. This method was, therefora, selee-
ted for vase in the present study, In addition, the
standard end-quench test was used for evaluating
the hardenability of the two alloys containing
manganzee (B13 and Bl4, table 1} and for deter
mining the effecta of quenching temperature snd
initial strueture on hardenability of the com-
mereigl atéels.

. [a) Crtioal Cooling Bate

The apparatus and procedures used {or obiain-
ing time-temperature cooling curves were similar
to those described in apme detail in & previcus
report [20]. The essential features consisted of
nsing specimens approximately 1/10 in. square by
.04 in. thick with one wire of 8 32-gage chromel-
alumel thertnocouple spot welded o the center of
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a flat face and the other wire welded to the oppo-
site face. The specimen was heated rapidly
{usually the spccimen atiained the austenitizing
temperatura within 2 min) in an atmeosphera of
dry nitrogen, or in vacuo, to the required tein-
perature and heid at temperature for 15 min.
before quenching directly in heliom. Cooling of
the specimen was recorded photographically by
means of an Einthoven string galvonometer ap-
parates, and a time-temperaiura cooling curve
was plotted from this record. Metallegraphic
examination was made of the ¢ross section of the
quenched specimen a short distance from the
points of contactz of the thermocouple wires, and
the structure of the specimen wae correlated with
its cooling time or rate. The quenching teinpor-
ature used ranged from 1,425°, 1,500°, or 1,600°
to 2,000 F, depending upon the carbon content
of the alloy.

The singunt of fine pearlite {podular troostite)
or bainite contained in the guenched specimen
was estimated as 0.0 percent, trace, .2, 1.0 or
over 1.0 percent. The photomicrographs of
figure 3, A, B, and C were used as a “‘atandard in
making this estimate. In a continuous quench of
these high-purity elloye, the initial transformation
product of austenita, which was formed at the
nose of the S-curve was fine pearlite us iz illus-
trated in figure 3; some bainite also waa formed in
some of the specimens of the two alleys {B13 and
B14), which contained about 0.7-percent mangs-
nade.

(b} End-Quench Test

The precedure as recommended by the American
Socicty for Testing Materiale [17] was regularly
followed in making the standard end-quench test,
except that when higher quenching temperatures
than those usually recommended were used, the
quenched bar wes ground to a depth of 0.030¢ to
0.045 in. preparatory to meking the hardness
measurements; with the high-purity alloys (B13
and Bl4), the same specimen was used for each
of the three end-quenching treatments. These
specimens were not exactly round at the time of
carrying out the last two treatments, as they con-
tained either two or four flata ground on the sur-
foco for use in the prior determination of hardnoess.
A special fiztnre was used for positioning the
apecimen for making the Rockwell hardnoess
Mmeasnrements,
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2. Reaults
() Fron-Crrben Allays

Critical Cooling Hete. A photographic record
of the time-temperature relationship, which was
obtained with each specimen during the quencn,
permits an evaluation of these data In terms of
the cocling time or rate at any selectad tempera-
ture or temperaturs interval within ths rangs
corresponding to that of the start and finish of the
quench (austenitizing and approximately room
temperatura, respectively).

Specimens Initially az Homogenized. The relu-
tion of the time reguired to eool specimens through
three temperature ranges to the astructures of the
iron-carbon alloys iz given in figures 4 to 10,
These specimens were prepared from initially
homogenized bars and were quenched from various
temperatures. In thesa fipures, the curves repre-
sent the relation of the cooling time for the forma-
tion of 0.2-percent fine pearlite {critical cooling
time) to the quenching (austenitizing’ tempera-
ture. The values for the specimens, which weora
cooled too rapidly to allow the critical amount of
asustenite to transform (et the nose of the S-curve),
ghould fall below the cuarve, whereas the values
for the specimens containing more than 0.2-per-
cent pearlite should lie above the eurve. There
were some inconsistencies in this relation that
may bave been caused hy a variation in grain
size at the austenitizing temperature or by chemi-
cal inhomogeneity. As is illustrated in figure &,
however, no definite correlation was obtamed
between cooling time and stuueture of initislly
homoganized specimens of the alloy Bé containing
0.32-percent earbon and 0,0021-percent boron
when quenched from temperstures ranging from
1,600° to 2,000° F, Tt is believed that the rela-
tiva ineffectivenses of boren in improving the
hardenability of some of the specimens may be
due to a change in the form of boron in the svaten-
ita brought about during the hot-working (forgiag)
or homogenizing process, Ewvidenee supporting
this view wil be discussed laster in connsetion
with figure 15.

The relation of critical eooling time to quench-
ing temperature of an alloy was quite similar for
each of the three tempernture intervals vsed, as is
shown by the shape of the curves. This is to be
expected because of the exponential type of cool-
ing curve that was obtained on quenching the
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gmall specimens from the austenitizing temnpera-
ture in gas &t & rate sufficiently fast to prevent less
than abrout 5 percent of the austemite transforming
to relatively eoft productz.  Thus s determination
of the evoling time through any one of the threa
temperaturc ranges used appears o be as anitahle
as the remaining two for correlating with the
microstructure in eveluating the hardenability of
thesa alloys. Obvionsly, however, the wvalues
used to express the hardensability in terms of the
critical cooling time or rate will vary with the
temperature ranges used. Since a determnination
of the cooling rate through the ranpe, 1,110° to
930° F {twse of S-curve] was used in previous
investigations to evaluste the hardenability of
high purity iron-carbon alloys, this temperature
range was agaih selected for vwse in the present
study. The eritical cooling rats, therefore, ia
taken ns the average cooling rate between 1,110°
and 930° F {600° to 400°% ) which produced in,
the quenched specimen a structure of martensite
with fine penrlite in an amount estimated to be
0.2 percent.

The relation of critical cooling rate to gquenching
temperature of initially homogenized specimens of
iron-carbon alloys, without and with boron, is
shown in figure 11, For alloys without horon, the
critical cooling rate decressed continuously with
increase in quenching temperature when the ear-
bon content waz 0.32 parcent (B8}, but the criticn!
cooling tate of the alloys with 0.50- or .54-percent.
carbon {B7 and B12) was not appreciably affeeted
by changes in quenching temperatures within the
range from 1425 to 2,000° F. With (.70-percent
carbon (B16), the critical cooling rate was approx-
imately constant when the alloy was gquenched
from temperatures within the range of about 1,425°
to 1,600° F, the rate decreased rapidly with change
in guenching temperature from nbhout 1,600° to
1,800° F and then less rapidly with a further in-
crease in gquenching temperature.

For the alloys with boron, the eritieal cooling
ratc dectessed continucusly with increase in
quenching temparature when the carbon was 0.47
percent (B2), but with 0.74-percent carbon (B3
the rate was constant for quenching temperatures
up to 1,600° F. The eritical eooling rate of the
latter alloy decreased somewhat with increase in
fquenching temperature from 1,600° to 2,000° F.
Ag previously stated, no consistent relationship
waa shown between the cooling rate snd structure
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produced by quenching initially homogenized speq-
imens of the 0.32-percent carbon—0.0021-percent
boron alloy (B&).

The influanee of boron on the hardenability of
alloys with about 0.5- and 0.7-percent earbon 13
shown by & comparison of the positions of the
curves of figure 15, The improvement in harden-
ability of the boron-treated alloys was confined
principally to the high range in gquenching tem-
peratures for the alloyy of the 0.5-percant carbon
type and to the low range when the carbon con-
temt was about 0.7 percent. Apparcntly this im-
provement iz a secondary effeet, possibly due to o
change in the grain size &t the sustonitizing
temperatures,

The relation of critical cooling rate to austenite
grain size of the iron-carbon alloys is given in
figure 12. The general trend was for the harden-
ability of the allows, without and with beron, to
increase (eritical cooling rate decrsased) as the
size of the anstenite graine increasad.  The eritical
cocling rate of the 0.74-percent carbon—0.0028-
percent boron alloy ranged from about 500% to
D00* F per second without an appraciakle change in
austenite grain size,

To determine the primary effect of boron on
hardenahility, & comparison sheuld be made of the
critical cooling rate of alloya of the same earbon
content, without and with boron, when quenchod
from temperatures sufficiently high to engure com-
plete golvtion and uniform distribution of carbon
in austenite of the aame grain size, Unfortu-
nately, in the present experiments these eonditions
were not met for wide ranges in both carbon
content snd size of the awvstenita graine. How-
cver, the data obtained from figure 12 permit such
a comparizon 1o be made of the alloys with austen-
ite grain sizez of about 10 and & grains/in.® at 100
diameters (ASTM No. 4 and 3}, When the criti-
cal cooling rate iz plotted agsinst the carbon con-
tent of the alloys each with the same austenite
grain size (10 or 5 grainsfin.?at > 100}, no signifi-
cpnt improverment is shown in the hardenability
dus to boron {fig. 13},

It i= noteworthy that a change in austenita
grain size of ahout one ASTM number of a given
boron-free ulloy initially as hemogenized hod con-
siderably more effect on its hardenability than the
addition of about 0.002 percent boron, provided
the austenite grain size was not changed. [

Spectmens taitinlly 48 cast. The hardenability
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of high-purity-iron-carbon-boron alloys may he
affceied by hot-working, or thermal treatmoenis
carriad out during the conrsz of their preparation.
Teats, therefore, were made on specimens prepared
from boron-tregted ingots (s cast) containing 0,32,
0.47, and 0.74 perceni of carbon, reapectively
{B6, B2, and B5) and on a baron-feee alloy with 0.50
pereent of carbon (B7). The effect of the initial
structural condition on the hardenability of the
0.50-percent carbon alloy without horon was not
marked ; glightly higher eritical cooling rates wers
required with initially cost than with homegenized
specimens when the guenching temperature was
within the range of about 1,500° to 1,600° F and
lower rates in the formet specimens when quenched
from 2,000° F',

The relation of cooling time to structure of
apecimens, inmtially as cast, of the 0.32-perecent car-
hon-—0.0032-pereent boron alloy when quenched
from different temperaiures is given in fgure 14.
The curves show the relation of eritical eooling
time to quenching temperatura. More consistent
results were obiained with these specimens than
with those prepared from the homogenized bar of
the same alloy (fig. 5).

The relution of critical coobng rate to quenching
temperatura of soma of the alloya initially as cast
{eurves A) and mitially as homogenized (curves B}
iz summarized in figure 15. With an initial strue-
ture ag cast, the hardenability was markedly im-
proved by the addition of boron to alloys contain-
ing* (.32~ or 0.47-percent earbon, but the presence
of boron ity the (.74-percent carbon alloy agein had
no material effect on the eritical cooling rate.
The lower herdenability of the initially casté
specimens of the 0.74-percent earbon alloy when
quenched frem 1,425% or 1,500° F was due to
incomplete solution and nonuniform distribution
of earbon in austenite at these temperatures, as
avidenced by the presence of frec carbides after
guenching. As previcusly atated, the initially
homogenized specimens of thoe 0.32-percent car-
hon—0.0021-percent boron showed nonuniforism
hardening characteristics. Because of this con-
dition, it was necessary to use the results obtained
with initialiy homogenized specimens of the alloy
without boron as a bagis for eveluating tho effect
of initial structure on the hardenshility of the
boron-treated alloy containing 0.32-percent car-
bon. Considerably higher cooling rates were
required to completely harden the 0.32- and .47
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percent carbon alloys in the initial condition as
homogenized then ws cast when guenched from
alike temperatures within the range of 1,500° or
1,600° to 2,000° F.

The observed difference in hordenability cannot
be sacribed to a grain-size effect, as the sizos of
the graing established at the austenitizing tem-
peratures for 0.47-percent earbon 0.0020-percent
boron glloy were nearly alike in the two sertes of
gpecimens, and the average size of the austenite
graing obtained at each austenitizing temperature
of the 0.32-percont carbon—0.0021-pereant boren
alloy wasa slightly finer in the initinl condition as
cast than as homogenized (teble 2). As boron
improved the hardenability of the two alloya (0.3
and 0.5% carbon) in the infiial condition as cest
but was practically withouat affect after hot-work-
ing and homogenizing, it is clearly apparent that
the action of boron on hardenahility waa adversaly
affected during the course of these treatments,
probably by the exposure to the relatively high
ternperature requited for forging. In carrying out
the forging operation, the ingotz (1 to 1% in. in
diameter} were placed in a furnece within the
temperature range of 19007 to 2,100° F, in a
reducing atmosphere, held in the furnace for ¥
to 1 hr and then forged, without reheating, with a
drop hammer to approximately % in. in diameter;
forging was completed at a temperature above
Ar;, and the forged bars wore cooled in air.
Microscopic examinstion of cross sections of
the forged bLars showed the presence of & decar-
burized layer at thé surface of the 0.47-percent
carbon alloy (B2} and no appreciable decarburiza-
tion of the 0.32-percent carbon alloy {B8). The
usual procedures as previcualy described were
followed in removing the outer surfaces from the
forged bars and in carrying out the homogenizing
treatments,

Theare waa no pick-up in tha amounts of nitrogen
or oxygen during the forging and homogenizing
operation 23 shown by the results of anslysiz by
the wecuum fusion method on specimens of the
0.32-percent carbor alloy {B8), Tho resulis of
determinations for boron by chemical analysis on
bars as forged (B2) or a3 homogenized (B8} showed
the presence of sufficient boron {0.0026%, tabla 1)
te enhance the hardenability of each alloy.

Grange and Garvey [4] also found that when a
boron-treated steel 8 heated at a very high
temperature for & very long time, the incresss in
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hardenability dus to horon graduslly diminishes
and finally disappears, although the boron content
asz messured by analysis remains unchanged.
Thay express the opitien that possibly part or
ull of the efficacy of boron in enhancing harden-
ability is lost when the steel is heated for relling
or ferging,

The results summanized in figure 15 for initially
cast specimens alsp show that the boron-treated
alloys containing G.32-percent and 0.47-percent
carbon bad eritical cooling rates of the same order
of 'magnitude when sustenitized slike, and these
rated were, In mll cases, slower than thoze of the
boron-trested alioy containing (.74-percent car-
bon; in hypoeutectoid plain-carbon ateels, the
hardenability incresses with an eresss in carbon
content, provided all other factors that affect
hardenability are alike. Thus the action of boron
on the hardenability of these high-purity alloys,
as caat, varied with their carbon content; the
affectivencss decreased with sn incresse in carbon,
the improvement being very pronounced with
0.3-percent, intermediate with -0.5-pereent, and
nil with .74-percent carbon, Rahrer and Arm-
strong [21] and Grange and Garvey [4] nlso re-
ported the above trends with commercial steels,

The hardenahility of certain commercial boron-
treated [4] and experimentsl [1] steels decreazed
with an increase in guenching temperature. It
iz interesting, however, to nate from the results
given in figure 15, thet the hardenability of these
horon-treated slloys did not decrease with an
inerease in quenching temperature.

{E} Iron-Corbon-Mangonege Alloye

Critical Cooling Rate. Tha relation of cooling
time to structure of the iron-cerbon-manganese
alloys, without and with 0.0024-percent boron,
when quenched from varicus temperstures, is
ghown in fipures 16 and 17, respectively, and the
relation of eritical cooling rate to quenching
temperature is given in figure 19, Varistion in
quenching temperature from 1,5600° to 2000° F
hied no materisl effect on the critical cooling rate
(fiz. 19) or average size of the austenite prains
(table 2) of the alloy without boron (B13), whereas
with the boron-trented alloy (B14) the trend was
for the hardensbility to incresse slightly with
temperature and for the grain size to increase with
& change in temperature from 1,600% to 2,000 F.
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End-uench Test. The curves obtained from
the results of the cnd-quench test of the iron-
carbon-manganese alloys are given in figure 15,
and the relation of quenching temperature to the
distancsz from the quenched end of the bar cor-
responding to Rockwell hardness valuzes of a2
{609, martensite) and C50 {95657 martensite) is
shown in fizure 19,

When a comparieon is made on the basis of the
distances from thc quenched end for Rockwell
values of C42 or C50 (fig. 19), the hardenability
of each alloy was increased slightly by a change in
quenching tempergture from 1,500% to 1,700° F,
kut there was no further improvement by increas-
ing the tempersture to 1,900° F. The obsarved
improvement in hardenability with a change in
quenching temperature from 1,50G° to 1,700° may
be due o & grain size cffect.

The effeet of boron on the hardenshility of the
iron-carhon-mangenese alloys as determined by
critical cooling rate and by the end-quench tests
iz also shown by the results summarized in fizure
19. For each austenitizing temperature used, the
hardepability was enbanced by the presence of
horon. This improvement appears to be a pri-
mary rather than o secondary effect, as the differ-
ences in grain size of the alloys at each tempers-
ture is insufficient to aecount for the magnitude of
the observed effects, For example, the specimens
of both allove used for determining the eritical
cooling rate had approzimately the same grain
gize at 1,500° and 1,600° F, but the herdenability
of the alloy econtaining boron was considerably
higher than that of the slley without boron; &
part of the obzerved inersage in hardanahbility of
the boron-treated alloy when quenched from within
the temperatite range of about 1,700° te 2,000° F
may be due to its larger grains {table 2).

The incrense in hardenability of the iron-carbon-
manganese alloys by the addition of boron was
considerably more marked when measured in
terms of the critical cooling rate than by the end-
quench test,

{c} Commercial Stecls

End-tJuench Test, It was shown previously [1]
that the hardenability as determined in the end-
quench test of certain boron-treated experimental
and commercial etesls wes effected by the gquench-
ing temperatore. In some of the steels, the hard-
enability was increased by inereasing the quench-
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ing temperature above the usual recommended
range; whereaz in other steels the hardenability
was not affected, or waa decreased by this changa.
With apacimens initially normalized from the isual
recommended temperature range, it was ghown
[1] that variations in quenching temperature from
1,550% to 1,500° F had no material effect on the
hardenability of boron-treated asteels (table 1) C14
{0.0036%; B), and C19 (3.0001%, B); the hatden-
ahility of the base steel C15 {without boron) in-
creased elightly by increasing the quenching tem-
perature from 1,550° to 1,500° F, but the hardena-
bility of another boron-trented steel C12 (0.0022%
B) wes decreased somewhat by increasing the
quenching temperature from about 1,550° or
1,650° to 1,000° F. Sevcral of these commercial
open hearth steels (table 1), all prepared from the
game heat, were selected for use in a further stedy
of the factors, such ag variations in initial stnic-
ture, austenite grain size, ete., that might influencs
the hardenahbility. '

" The results of some of the end-quench tesés
made on the eommercinl steols containinge 0.43-
percent carbon, 1.6-perecnt manganese, and vary-
ing amounts of boron are summarized in fgure 20.

The influence of boron on the hardenakility of
thesa stecls when normalized and quenched from
the usually recommmended temperatures ia shown
by the relative position of the curves in figure
20A. The hardenability of each steel (Cg, C12,
C14, and C1%) was markedly improved by boron,
but the retention of 0.0001 percent was nearly as
effective as retaining 0.0036 percent. As theae
results wera oblained on specimens that were
normalizad snd end-quenched from recommended
temperatures, the curves are used az a basis for
correlating the hardenability of the stesls after
various thermal treatmenta,

A change in normalizing tempersture from
1,650° to 1,000° F fcllowed by end-quenchiog
from 1,550° F did not sppreciably affect the
bhardenability of the base ateel (C15), or boron-
treated steels O, C14, (fig. 20, B} and C12, but
the hardenability of steel C19 with 0.0001-percent
retained boron was decreased diphtly by this
change. The hardenability of these steels was
not significantly affected by guenching from
1,900° F in water prior to end-quenching from
1,550° F, as is illustrated for steels €15, 9, and

19 in figure 20, C {C14 not included in the test). -

That steel C19 is sensitive to prior thermal treat-
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ment ia clearly shown by the results suwnmarized
in figure 20, I), E, and F. Ttz hardenability was
of the same order of magnitude a3 the base atesl
when the specimens were treated altke by heating
to 1,900° F followed by cooling in another furnase
at either 1,550 or 1,425° F for 30 imin before
end-quenching (fiz. 20, D and E). However, the
hardenahility of the steels with hizher bhoron
content was not apprecialbdy affeeted by these
treatments (steel C12, fiz. 20, D and sieels (9
and C'14, fig. 20, E). Furthermore, the harden-
ability of ateels C9 and Ci4 was not changed by
increasing the time of holdiong at 1425° F from
¥ to 5 bhr. before end-quenching., The slight
improvement in the hardensbility of the base
steel (compars sutves of steel C15, fig. 20, A and
E) waa probably due to an increass in prain size
with the higher svstentizing temperature {1,550°
and 1,900° F, respectively). The hardenability
of boron-treated steel C19 wsa nleo impaired by
an initial treatment that consisted of henting to
1,900 F, cooling in another furnace at 1,435° F
for 30 min, sod then gquenching in water before
cnd-guenching from 1,550 F {fiz. 20, F). The
hardenability thus impaired (specimen CI9 A),
however, was restored to approximately its normal
value by increasing the temperature of the end-
quench tesi from 1,550 to 1,750° F {(specimen
19 B).

V1. Effect of Quenching Temperature on
Ar" Transformation

Many of the photographic records obtained
during the continuous cooling of small epecimens
by quenching directly from various austenitizing
temperatures showed an arrest in the cooling curve
in the temperature range of martensite formation.
The clarity of the arrest as shown in the photo-
graphs ond from & plot of the time-temperaturs
eooling curve varied with the carben content of
the allovs and with the rate of cooling. A sum-
mary of the data from these photographic records
indicated a very definite trend for the temperature
of the start of the transformation of austenite to
martenaite (start of the Ar* or Ms) in the high-
puriiy &lloys to increase with inerease in quenching
temperature. Because of this unexpocted relation,
attempts were made to obtain the Ms point in
scvern] of the alloys (B2, B7, B13, and B14) by a
quench-temper technigue as deseribed and used
by Greninger #and Troiano [22]. Thesa alloys,
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however, are relatively shallow hardening, and the
Ma point was not accurately determined by this
method. A decper-herdening commercial steel
(014} was, therefore, selected for determining, both
by thermal snalysis and by the metallographic
methed, the influence of quenching temparaturcs on
the temperatura of the Ms point.

Specimens of stecl Cl4 were quenched direetly
from the austenitizing temperatures and the tem-
peratures of the start of the formation of marien-
site were obtaiticd from the photographic records
in the usual manner. The procedures as already
deseribed for preparing smoll specimens, heating,
quenching, and recording the sooling eurves, were
alao followed in carrying out these tests. The
average value as determined from cooling curves
on. two to four specimens quenched from each of
the selected temperatures are given in figure 21.
Again the trend was for the temperaturs of Ma to
increase with increase in quenching temperature.
Howavor, additiona] tests on specimens that were
auetenitized at either 1,600° or 2,000* F and then
cooled and held in the tempersture range of 1,500°
to 1,600° F before quenching, showed values for
the Ms temperature that were only slightly higher
than those ehtained in austenitizing and quenching
direetly from the lower temperatures. Other
spacimens that were austenitized at 2,000° F and
then cooled, without decomposing the auvstenite,
t0 a temperature within the range of about 1,100°
to 900° F before quenching, gave an average valie
for the Ms point that was about the same as that
obtained on quenching direetly from 16800° T,
Furtharmore, the resplie of daterminations by the
metallographic method show no appreciakle differ-
enee in the temperature of the Ms point with
quenching temperatures of 1,600°, 1,300°, and
2,000° F. The obszerved increase in the Ms fem-
perature with ineresse in quenching temperature
" is apparently duc to the method of thermal anal-
yeis and is probably not & characteristic of the
alloys,

The average size of the austenite prains in spec-
imens of steel C14 ranged from about ASTM grain
number 5 to 2 with change in texmperature from
1.660° or 1,600° to 2,000° F. This range in grain
size had no significant effect on the temperature
of the start of the formation of martensite as deter-
mined by the metallographic method.

VI. Diffusion of Boron in Austenite of
: Commercial Steels

The penetration of boron in low-carbon steel
has been investigated by Tachischewsky [23] and
hy Camphell and Fay [24]. According to Camp-
boll and Fay, the boron and carbon steals show
many similarities in the mechanism of their ab-
gorption and diffasion phenomens. In the ah-
gence of nitrogen, they found that the penetration
of boron followed a normal diffusion eurve but
when s boron-treated specimen was hemted at
o00* C in ammonig, the nitrogen displaced the
horon at its surface. They concluded that at
900° O boren had a greater affinity for nitrogen
than it had for iron.

Specimens of three of the commereial boren-
treated steals {11, U112, and C14, table 1) were -
decarburized by heating in & reduocing atmosphere
{mixture of natural and manufactured gas with
air, moisture not retmoved) at 1,550° or 1,500° F
for 8 hr gnd then ¢ooled in mira, The dapth of
decarburization wee estimated metallographically,
and the boron content in the decarburized layer
was determined spectrographically. 'The results
ohtained sre summerized in table 3 and llustrated
in figure 22, The depth of the decarburized layer
of a apecimen of steel C14 decarburizad at 1,900° F
is shown by the structure reproduced in the photo-
micrograph at the top of figure 22, snd the heavy
horizontal line represents the neminal boron
content (L0038 %) ae determined spectrographi-
cally. There was & high concentration of boron at
the original surface of the specimens, which prob-
ably was due to a reaciion of the diffusing boron
with oxygen in the Iurnace atmoaphere to form
boron oxide (By(y); the specimens were colored
dark during the decsrburizing treatment. The
boron content slightly below the originsl surfaca
{about 0.003 in. for specimens of Cl4, fig, 22) was
ususlly lesa than the value that could be accurately
determined by the methode employed (limits of
geneitivity were ahout G.0M2 and 0.0005 % boron).
A concentration gradient extended from this zona
where the boron waa practically depleted to &
depth usaelly as great or greater than the severaly
decarburized layer. The approximate value of the
coeflicient of diffusien of boron D) as computed
from experimental results obtained with this
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gpecimen * also indicated thet the rate of diffusion
of boron in gamma iron waz of the sseme order of
magnitede as that of earbon. Thus the rate of
diffusion of boron in austenite at 1,550° or 1,900° F
appears to be equivelent to or slightly grester
than that of ecarbon in sieels conteaining 0.4
percetit of carbon, It i therefore logical to assume
that the mechanism of the diffusion process for
boron in austenite is quite similar te that of carbon.
That ig, the boron atoms are located in the inter-
gtices of the pamma iron Iettice.

VII. Structures of the Alloys and Steels

A metallographic examination was made of tha
high-purity alloys used to evaluste hardenability
in the conditions as east, forged, and homogenized.
The examination was sxtended to melude spen-
meng zpecially heat-treated to develop a con-
atituent containing boron in each of the boron-
treated alloys and steels listed in table 1. Some
of the gpecimens containing a boron conetituent
were examined with an electron microscope,

L. Initinlly as Cast and o= Homogenized

Numercus particles in the form of sphetoids
and stringers were observed in the structures of the
boron-trested alloys contsining 0.3-, 0.5, and 0.7-
percent carbon in the conditions as cast and as
bomogenized, as ia illustrated in the photomicro-
grapha of fipure 23. The trend was for the pavticles
tg form in the ferritic areas especially when the
proeutectaid ferrite was located in the parent
sustenite grain boundaries. These particles ap-
penr to be carbides, some of which are complex
{fig. 23, E), as is indicated by their reaction to a
picral or nital etch (differentially sttacked, fig. 23,
E, not appreciably nitacked, fig. 23, A, B, and )
and to an electrolytic etch in a sodium cyanide
solution (attacked, fig. 23, F). The rcanltz of
micro hardness mesasurements uging the Knoop
instrument with a 25-g load also indicated that
the particles wera hatder than the ferrite matrix.
The carbide particles also were observed in the
primary austenite grain boundaries of polished

¥ The anthor are indebtod to Sl Wells, Crrmepls Inatitate of Technolgy,
for oom pating 86d reporting thed spprosinsbe vallls af the rate of diffesion of

. biwon In this specimen (at 1,000° F, D= 20060 emtfeesy.  Additlonal and

couptdarably more prediss teats to dabarmioe the ke of Alftudon of biton In
high-porty iren-carban alloys contalning 0,22 percetié of garbon (BS and BA)
Aol ' axperimentsl and cnmmarcial ateels mmder varying eotdilions are new
in progresz in (hag labgeatory. ‘The eeanlts will ba published &t & later
date by Welk,

Boron-Treated Klloya

TABLE 3.—Boren contend of decarburized layer of commerctal
Boron-{redted slosls

The Umlta o sanaltivity of the spetmopaphic motheds wace 0.000%-perrent
for the low, aud QUK rerornt boron for the high concentratlons. ‘Thess
determinatbons were cogfiomd to layers 0t and 0002 o, immed|stety below
the surfaces, respectively, Ench value tor boron glven o the table B the
reailf of % single determinstlon, aod the depdh ta that of the suviaee at whick
thvi: furt waa struck, ot the depeb o which the pit dwe Lo tha are extanded,

T spacimens wore ground bo the dealrsd depths with Boron-fees wheels,

Bt oot el af g Eoneae—
Dwpt! [
11 ole Cu
Dagarhw e 025 b b [0,
ta. ki) ki T
T XN o L2 (Rt
.l (46 Rl i
e L] -z . DOHNS
L W <R = MR < {HMKA
. T <, o2 =, OiHR2 = O
o1 < My =, (N <, (NN
o2 +, 0006 < S < U
02z . 0005 <, D005 00
Nirr <0005 < D005 N -]
i) < DS < NS N
(A < 0NS < DONS . OIE
L CHl <L NS < NN oI
HE - NN - MM SEL
] - D - DT AN
061 T .3 ANKD
054 <, (NN -l AN
080 N D007 1
I L0007 (UL ]
0T . 00DE L00ZL 003
T .00 0 K
K] K] L0021 L0034
Drecarbarized 0,01 £o 042 jod
o 0o 023 ana Qe
001 < (NS as . Nt
1 - -
- < D002 o DA D2l
A <. DDBZ « D003 LT

1 Diptamer from the surtsey of the aperdmen as decarboriesd. Thesa sur-
fases were grodnd priar to decarburlzling.

t The apecimint wera decarburlzed by hesting st 1,900° F in & redurcing
atmoaphere for 8 he, Bpllowsd by coollng In mlca,

! The =perimets wers decarborized by heating at 1,660 F in a redocing
stowaphere for 4 Wi, fallgwed by eapling o mica,

but unetched epecimene of the 0.47-percont car-
hon—0.0020-percant boron alloy as cast (B2, fig.
23, D). Binee the free carhide particles were
ohserved principally in the high-purity alloys con-
taining boron, it iz logical to believe that most of
these particles are cementite containing boron,
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The structure of the alloys as cast and az homo-
penized consisted of proeutectoid ferrite, pearlite
varying somewhat in degree of finemess, and
gpheroided carbides (fig. 23, A, B, C, E, and F).
Obviously, the relative amounts of ferrite and
pearlite varied with the carbon content.

2. Heat Treatments to Develop a Boron Constituent

Grange and Garvey [4] described a metallo-
graphic test for determining the presence of
boron in stesl, and they attempied to correlate
the observed amounts of a constituent in specially
treated specimens with the actusl boron content
and hardenahility. Essentially, the test consisis
of auvatenitizing small specimens (sbout % in.
thick) at a high temperature {2,000° o 2,100° F
for 10 min.) followed by cooling rapidly in a lead
or zalt bath at 1,200° F (temperature of this bath
may be changed to svit existing conditions),
bolding at this temperature for a sufficient time
to allow the coustituent to pracipitate, and finally
cooling to room temperature preferably by quench-
ing in water or brine. The original surface layer
of the heat-treated specimen is removed prepara-
tory to polishing and then etching in picral for
metallographic examiostion st & magnification of
approximately 500 diameters, They found that
the constituent (dark-etching dots) glwaya formed
as a partinl or continuous network in the parent
austenite grain boundarjes of the specially treated
specimens of steels containing & minimum of
0.0004—pearcent boron. The hardenability of their
gteals correlated somewhat batter with the amount
of boron constituent thah with the actual boren
content, but they concluded that the hardena-
bility of boron-trested steels can he safely esti-
mated only from the results of a hardenability
teat, The precise nature of the eonstituent wuas
not known, hut to the authors it appeared to be
an irgn boride probably containing ecarbon and
other alloying elements.

A boron constituent was observed in specially
treated specimens of the boron containing alloys
pnd steels listed in table 1; only very small amounts
were observed in & commereizl steal with O.0001-
percent boron {C19} and possibly a trace in car-
burized specimene of iron-boron alloy (B13) ini-
tially with relatively high oxygen content. Some
of thesa specimeng were heat-treated according to
the procedure recommended by Granga and
Garvey, but other spocimens heat-treafed gquite
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differently frequently contained thiz constituent.
The results are illustrated in figures 24, 25, and 26.

The tendency for the carbides to spheroidize in
high-purity iron-carbon-boron alloys is {urther
illustrated in the photomicrographs of figure 24.
Although this specimen, in eocling from 1,900° F
was held for only 1 min in the temperature vapgs
where pearlite is formed, the final structure indi-
catee that the time waz ample for some spheroidiz-
etion of the earbides to oceur in a coarse peariite
area; the spheroids as shown extending linearly
across the photomicrographs in figure 24, A and B,
werp abtackod Ly eiching electrolyticaily in a
sodium cyanide solution. The dark etching dots
{halieved to be & heron constituent) in the marten-
gite aress (fg. 24, ) are considerably smaller then
the earbides located in the farritic area, Addi-
tional study is needed to identify positively the
former particles. It is of interest to note the
continuity in the swlinement of both size particles
m the form of & partial network located in the
prior auatenite grain boundariss.

The trend was for the boron constituent to be
concentrated in the parent nusenite grain hound-
aries of the specially treated specimens of the
alloys and steels (fiz. 25, A and B). However,
some dark etching particles often were ohserved
within the grains of these and of other specimens
that ware cooled rapidly, directly from high sus-
tenitizing temperatures, as is Hlnetrated in figure
25, C and D. The result ohtained on & small
specimen of & commercinl steel (Cid) that was
austenitized at 2,000° ¥ and quenched into iced
aodium hydroxide solution (fig. 25, C and B in-
dicatea either that all of the boron {0.0036 27}
was not in seletion in the austenite at 2,000 F
or that the formations of the precipitate cannot be
entively suppressed by oxtreraely rapid cooling
from this temperature. The constituent also wes
ohservad in other apecimens of this ateel that were
cooled from the sustenitizing temperature (2,000°
T} in air or in oil.

Many of the data indicated that the solubility
of boron in gammsa iron decreased with an in-
creaze in temperature bot, in & few cnses, the
results also indicated that the aslubility inereased
with the temperature,

The number, size, and distribution of the boron- -
containing particles varied with the amount and
form of boron and with the conditions used in
heat treating the specitaens, inchuding austenitiz-
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ing temperature and atrnosphere, rate of cooling,
temperature of quenching bath, and time held in
the lath if at elevated temperature, and tempera-
ture of reheating.

Furthermore, the suecceas in revealing the pres-
ence of the boron constitucot in these specimens
varied approciably from time to time, with the
polishing and eiching technique, as is illustrated
in figure 25, C and D. Although a similar pro-
vedure for preparing this specimen was followed
on iwo occasions by different persons, it is eppaceat
that considerably more of the “dots” are shown
within the parent austenite graina in figure 25, D,
than in figure 25, C.

The boren constituent was chservad in a speci-
men of a high-purity iron-boron alloy with less
than 0.0l-percent carbon that was heated to
2,000° F and then cooled in a lead bath at 1,700°

. F {gammna field} for 5 min and finally quenched in

godinom hydroxida sclution &t room temperatura
(fic. 26, A). The dark etching constitnent deline-
ated the gamma {auatenite) grains, and it also
precipitated within the grains on percslle]l planes
thus giving the appearance of twinning. Although
no appreciable decgrburization could cecur during
the gustenitizing of thiz epecimen (less than 0.01 %
carbon) the boron constitvent did not extend to
its original surface; the left edge of the photo-
micrograph in figure 26, A, corresponds o the
surface of the quenched specimen. Sorne, but
not all, of the constituent was dissolved on reheat-
ing this specimen in lead at 1,660° F for & min;
cotnpare the amount of the constitvent as shown
in the photomicrograph of figure 26, C, with that
of A and note in C that the ferrite grain boundavics
appoar to be loceted independently of the network.

If it is assumed that all the oxygen in this B4
alloy (0.008 %, by vacuum fusion analysis) reacts
with the boron to form a boron exide of the com-
position B.(, sufficient boren would still be avail-
able to produce the obearved constituent. How-
ever, in another glloy (B3), which contained 0.021-
percent oxygen and 0.0028-percent horon, there
is not sufficient boron to react with all the oxygen
to form this ¢ompound. Specimens of the latter
alloy wera suhjected to various hest trestments,
a6 summarized in table 4, preparatory to carrying
out the meiallographic examination in the usual
manner. No boron constituent was obgerved in
any of these specimens, thus indicating that the
constituent is not an oxide of the metal boron.

Boron-Treated Alloys

Hewever, what might be traces of the constituent
ware obearved in the carburized zong of speeimens
of thiz alloy that were pack carburized prior to
the special treatment tdesignated as 9 in table 4).

TarLe: 4. Hesl treatmend of epecimens of fron-toran alloy
(B8 <04l pereend carbon, 00028 percent boren} do
detelap o boron conaftfuend

Heat trostmant. |
Dealgmation of treatment Fatnace Lend bath
‘TeiLpharie 1 Teunjers-
‘tute Timra tare Time
°F, mis. =R min.
1 2, 30 2 R R
] 2, 00 5 [ R
3 2, 000 T S R
) 2,000 3 1, 200 ]
5 =, 000 3 1, 200 5
L] 2, 00 3 1, 300 1
k) o 3 1, 500 2
] & 00 ] 1, 800 5
] pAL L) a 5

1 The prodedure was bo plnes Ehe spidimen 1o the Aamass 34 eoDeoton
for Lhe tiroo 83 Indiested and then cither guoeh diccctly inte sodinn hy-
droxlde at room lomperaturs (freatments 1, 2, snd 3t o traosler to p lJead
bath st temperatars for dme 53 indicated before quenching in sedlum by
droxlde at room temperature, A medocing atmosphere {grephite crucibe
contalning powdersd charecal) was ueed In the furnace for carrying ot
treatmoerta 3, 4, 5, and 6 and an oxldideg stmeephers (sbrd for the other
treatmlents.

It should be pointed out that the particles com-
posing the chain-like constituent appear, at high
magnification, to be similar to inclusions, s is
illnstrated in figure 26, B. Possibly the con-
atituent wae diesolved by the acid {picric) or was
removad by polishing and the two oval or round
spots (fig. 26, B) are voide in the specimen. A
preliminary examingtion of this and several other
gpecitnetis  with the electron microscope was
unsuccessfel in determining if thess “dote’” are
merely voids. An attempt to measure the hard-
ness of the boren constituent by means of micro-
bardoess tests (KEnoop instrument or Tukon
Tester) sleo was nnstecesafnl. .

The easz with which thiz constituent was
formed and observed in specirnens of tha high.
prrity alloys waried with tha initial structural
conditions. Usually, the constituent was con-
giderably more proncunced in specially treated
specimens preparad from the as-cast ingots than
from homogenized bars, In some of the latier
apecimens it was recognized metallographically
with certainty only in an occasional field, but it
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waz nover observed in severely  decacburized
portions of any of the specimens from the alloys
snd steels (fig. 26, A).

Specimens prepared from various exparimental
high-nitrogen steals described in a previous report
[11 were subjected to different ircatmonts to
develop the boron copatituent. The eonstituent
wias hob observed in the spacimens coatelning
high-soluble nitrogen (0.01 to 0.03 £ soluble in
gulfuric acid), whereas it was readily produced in
specimens of steels containing similar amounts of
nitrogen that were treated with titanium to fix
the nitrogen as titenium nitride. Thus the boron
constituent iz not a nitride, Presumably com-
pounds of boron snd oxygen or boron and nitrogen
axisted in gpecitnens of the high-oxygen alloys or
high-soluble nitrogen steels contsining boron in
which the chain-liks constituent was not de-
veloped. It should be pointed oub that sneh
compounds were not identified in these specimens
as polished and unctehed or as etched. The
boron conetituent developed in these tests there-
fora, was not an oxide or & nitride, and it does not
appesr to be & carbide. Tts exact identification
is not established, but it is believed to be an iron
boride.

Attempts were mada to correlate the boron con-
stituent, as chserved in specially heated specimens
with the hardenability of the high-purity alloys
and some of the experimental high-nitrogen steels.
As previoudy stated, the boron constituent was
observed in specimens prapared from the ingots
and from homogenized bars of the boron-treated
alloys conlaining 0.32, 047, and 0.74 percent of
carbon. but in some of the initially homogenized
specimens the amount of the constitvent was con-
piderably less than that of specimens from the
ingote. The hardenability of all the initially
homogenized alloye and of tha 0.74-percent-carbon
alloys as cast was hot materinlly enhanced by
boron. With the high-nitrogen steels the har-
denability a2 determined in the end-quench test
wae not significently improved by the addition
of boron and no horon ecnstituant was obsarvad
in the metallographic test when the soluble nitro-
gen was relatively high whereas the hardenebilicy
wis increased by boren. aad the constituent was
obesrved when the nitropen wae fized with
titenium.

It ia ¢lear, therefore, thatb the presence or ab-
senice of the boron constituent as determined by
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the metallographic teat often indicates the re-
sponse in hardensbility of the steel to a boron
treatment but it is not always a celiable eriterion
of this effect.

IX. Mechanism of Bomn Effect on
Hardenability

A anmmary of the preszent results and those
published previously strongly supporta the belief
of the authors that the effcctiveness of boron in
enhancing the hardenability of certain steels is due
enfirely to its action while in solid solution in
sustenite, Only the portion of tha boron that is
in solution at the time of quenching contributes
toward an increase I hardenability. The boron
undisenlved or in the form of compounds ia either
without effact, or possibly decreases hardenabality
Ly acting as transformstion centers for nustenite
in the temperature range where pearlite is formed. .

Iu addition to dizselving in austenite, boron can
¢xiat in gteel in the form of compounds with nitro
gen, oxygen, irom, and carbon. Some of these
componnds are stable and are not decomposed at
temperatures ordinarily used in the heat treatment
of horon-treated steels, whereas other compounds
containing boron may be partially or entively
decomposed at these temperaturea. Some data
indicate an increase i selebility of beron in
ganms iron with increaging terperature, whereas
obher results indicate a decreass in solubility with
ingreasing temperature in this field.  In any event,
only a very small amount of boron is retained in
solution at heat-trosting temperatures, and it s
possible to obtain the maximum response in the
hardenability of certain steals by relatively minute
additions of this element,

With ateels, isothermally transformed, it was
shown [19] that the addition of boron did not de-
crease the rate of formation of pearlite in the tem-
persture range just below Ae, (coarsa pesrlite),
but boron had & marked effect in retarding the
rate of formation of pearlite in the tempeorature
range corresponding to the noge of the S-eurve
(fine pearlite). Pearlite iz formed by a process of
nucleation and growth. [i has also been shown
[25] that the rate of growth ia the poverning factor
in the rate of formation of coarse pearlite, whereas
the rate of nucleation is the controlling factor in
the rate of formation of fine pearlite. When
boron enhances the hardenability of & steel, thera-
fore, it decreases the rate of aucleation and not the
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rate of growth of ferrite and carbide. The boron
atom, believed to be located interstibially in the
gamima iron lattice, is effective in retarding either
the rate of formation of nuclei or the rate of their
growth to the critical size necessary for transforma-
tion to begin, or both.

X. Summary
A seriea of high-purity iron-carben alloys vary-

ing in carbon content and other high-purity alloys
containing 0.4 percent of carbon and 0.7 percent
of manganese were preparced for use in this investi-
gation. Several steels from a commereial open-
hearth hest also were included in the testing pro-
gram. The hardenability of the iron—carbon al-
loye as affected by variations in initial structural

_conditions apd in quenching tempernture and of

the iron-carbon-manganese alloys as afected by
variations in quenching temperature was deter-
mined in terme of the critical cocling rate. In
addition, the end-quench test was used for deter-
mining the hardenability of the iron-carhon-
manggnese alloys In some of the experiments car-
riad out with the commareial steals. Wide use was
mude of the metallographic test described by
Grange and Garvey [4] for detecting the presence
of koron in the form ¢f & constituent io specially
treated apecimens of the high-purity alloys, com-
mercigl steals, and other experimental steels con-
taining high nifrogen.

The addition of ¢.002 parcent of horon bad no
matetial effect on the austenite grain size or grain
coarsening temperatures of the high-purity alloys.
As theze alloys were not deoxidized, except with
carbon and in one alloy by some aluminum picked
up from the crocible, the test specimens contained
intermediate or coarse prains at relatively low
austenitizing tempoaratures.

The general trend in the high-purity alloys,
without and with horon, was for the critical cooling
rate to decrease (hardenability ineresass) as the
gize of the austenita graina increased.

The influence of boron on the hardenability of
the iron-carbon salloys wvaried with the initial
coadition of the alloys and with the carbon con-
tent. Tha hardenability of the slloys containing
0.3, 0.5, and 0.75 percent of carbon initially as
forged and homogenized and the 0.75-percent-
carbon alloy as cast was not significantly affected
by the addition of boron. However, the harden-
ability of the ingots (as cast) containing 0.3 and

Boron-Tregted Alloys

(.5 percent of carbon was markedly improved by
the boron. Each of thesa fwo ingots showed
gpproximately the same degree of hardenahility,
and they were somewhat docper hardening than
the boron-treated 0.75-percent-carbon alloy.

The hardeaability of initially forzed and homo-
genized iron-parbon-manpaness slloy was en-
henced by the presence of boron.

Evidence was obiained that the response in
bardenability of a comrherefal steel containing
0.0001 percont of boron was sensitive to prior
thermal history. The hardenability of this steel
was firat impaired and then restored to its normal
value by certain heat treatments.

Boron wae loet in the decarburized zone of
commereial steels. Evidence indicated thet the
diffusion rata of boron in austenite iz of the same
order of magnitude as that of carbon.

A boron constituent was ohserved in specially
treated specimens of the iron-carbon and iron-
carbon-mangsnese alleys aed in &n iron-boron
alioy with 0.011 percent of boron. It was not
obeerved in similarly treated specimens of an iron-
boron alloy containing relatively high oxygen and
{.003 percent of horon {(except possibly a trace in
specimens initially packed carburized} or in some
experimental boron-treated steels containing hiph-
soluble nitrogen. Thus the number, size, and
distribution of the boron-contuining particles
varied with the amount and form of the boren
and alse with the conditions vsed in heat treating
the specimens. The presence or absance of a
boron constituent as detetmined in the metal-
lographic test often indicated the response in
hardenability of the alloy or steel to the boron
treptment, but the test was not always a reliable
criterion of this effect.

The effectiveness of boron in inereasing the
hardenability of certain alloys and steels is helieved
to be due to its gotion in retarding the rate of
nucleation of farrite and carbide while in solid
solution in pustenita.

The authors are indebted to Ellen H. Coanelly
and G. Da Yries, former members of the ssction,

“for assistance in preparing the high-purity slloys

and in carrying out some of the teats. The
speetrographic analyses were made by C. H,
Corlisa, chemical analyses by J. L. Hague and
K. ID. Floischer and gas analyses by J. T. Sterling.
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Ficure 20. Efect of prior hislory on the hardenabifily a8 delerminedin the end-quench losb of eome commerciol seels
condeining 048 percend of carbon ond L8 percent of menpanese.

Bteal C15 without borem; OO, 00003 pereent of B {rrainel No. 79); C12, 00022 peyesnt of B (ferrabomn); O34, (oS pereeot f B (lermbaren)) G189, 10000
percent of B (gramal Mo_ 1), Albspeeimens were held Gy 45min In the Iornaos st temperarabe juat prioe b end-jaénching except 23 indicated. A, Specimens
ooralleed Bt 1,057 F palore etd-quenching rom 15507 F; B, apfeiinens wemalized sy 190° F bedore eod~juenching from 1LAHP F; C, specimens yanbehed
from LaQl® F i1 waket Belizng and-quenching from 1,800 F. I speelebens juriaalized 2t LA F ochwated b0 1,90° F, then cooled to 1,550° F aned hald for 3
oijw heloke eml-quinching; E, specimens anrnaliced af 6607 F, reheatod fo 1,207 F, then cooled to 1,225 F and held far 30 min bafore end-guenching; F,
specliiins normedized st 1LAT F, ehested ko 1,90° F, then coled o 1,425° F end  held for 20 min then quenched o water. 'The specimens wara then trealed
B follows: Specimens Gl A snd OO rehwated to 1,650 F and end-aneoched; specimen C19 B rebostead to 1,750° F and end-quenched.
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