Influence of Boron on the Decomposition of
Austenite in Low Carbon Alloyed Steels
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The influence of boron on the isothermal decomposition of Fe-NigCg.12 (Wt pct) steels
has been investigated. The isothermal y — pro-eutectoid ferrite reaction was studied by
quantitative metallography and dilatometry. It was clearly shown that boron slows down
considerably the nucleation rate of ferrite on y -grain boundaries. End-quench experi-
ments performed on Co.15-Cr-Mn industrial steels emphasized the changes in hardena-

bility with thermal history.

Particular attention was devoted to the study of the state and location of boron in the mi-
crostructure of the steels studied. Ion microscopy, alphagraphy and transmission electron
microscopy were used to this effect. Tt was confirmed that boron segregates easily to y -
grain boundaries during cooling, which results in the precipitation of iron boro-carbides.
This precipitation was shown to occur both in stable and metastable austenite, prior to the
¥ — pro-eutectoid ferrite reaction. The precipitates were identified as Fe,y(B, C) (FCC
structure with a ~ 10.6A). The grain boundary Fe,,(B, C), were shown to have a parallel
cube-cube orientation relationship with one of the neighboring grains. The role of the
Fe,q(B, C)6 precipitates with respect to the y — proeutectoid ferrite reaction is discussed.

THE peculiar role of boron with respect to austenite
decomposition in medium and low carbon steels has
been a subject of research for at least 30 years. The
potent effect’ of minute additions of boron (a few tenths
ppm, in wt pet) on hardenability offers one of the least
expensive ways of improvement of the properties of a
variety of steels. It is therefore hardly surprising that
a strong interest®**® would develop for this addition
at times when alloying elements are rare and/or ex-
pensive.

In spite of the obvious advantages of boron addition,
users have often shown reluctance for boron-contain-
ing steels. Among various complaints, one of the es-
sential ones was the seemingly nonreproducible effect
of boron on hardenability, The lack of precise under-
standing of the role of boron throughout the processes
of austenite decomposition was certainly a major stum-
bling-block. A considerable effort of research was
therefore devoted to boron-containing steels in the

1950°s,%"® but the results were somewhat unconclusive.

The main reasons for this must certainly be found in
the inherent difficulties of dealing with parts per mil-
lion of an element of low atomic number (Z = 5). In re-
cent years, the renewed interest for boron addition®*®
and the general progress of methods of materials re-
search have offered a new incentive for basic studies
of the effect of boron on hardenability. In this frame-
work a study of the effect of boron on austenite decom-
position (essentially ¥ — pro-eutectoid ferrite trans-

formation) was carried out in low carbon alloyed steels.

Isothermal decomposition experiments and standard
Jominy tests were conducted to assess hardenability.
A particular emphasis was placed on the study of the
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location of boron in the microstructure after various
heat treatments, which required the extensive use of
transmission electron microscopy, alphagraphy and

ion microscopy.

I — MATERIALS — EXPERIMENTAL
PROCEDURE

1 — Materials

The study was carried out both on laboratory and
industrial heats. The composition of the laboratory
heats was selected so that the steels (even without
boron) would have fairly large incubation times for the
vy — pro-eutectoid ferrite reaction. This led to select
Fe-Nig-C,. ,, alloys (with or without 50 ppm B - wt pet).
The choice of nickel was brought about by the fact that
this element is a known y - stabilizer with no affinity
for carbon and full solubility in Fe. The carbon con-
centration was chosen in the ‘““low-carbon’’ range since
it is well documented that the effect of boron is particu-
larly intense in low-carbon steels. The full chemical
compositions of these laboratory heats (steels A and B)
are given in Table I (wt. pct).

These heats were vacuum melted and cast into 3 kg
ingots which were homogenized at 1200°C (4 h) and
rolled to 17 x 17 mm rods (finishing temperature
~ 1000°C).

Two industrial heats were also selected for this
study and their chemical compositions are given in
Table I (steels I A and IB). They are Mn-Cr grades
with C ~ 0.18.

Table 1. Composition of Laboratory Heats A and B, Wt Pct

Ni C B Al N 0 Fe
Steel A 6.30 0.12 0.0 0.006 0.003 0.003 compl
Steel B 6.25 0.12 0.0050 0.005 0.003 0.002  compl
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Table H. Composition of Industrial Heats A and 1B, Wt Pct

C Si Mn Ni Cr Mo Al B
Steel A 0.185 0.235 124 0296 0942 0.027 0,012 <0.0005
SteelIB 0.174 0.237 1.25 0294 0929 0.028 0.07 0.0100

These heats were melted in an electric furnace and
cast as 2.7 metric ton ingots. They were subsequently
forged into # 32 mm bars (forging temperature in the
range 1100 and 1200°C) and normalized 30 min. at
925°C.

2 — Heat Treatments — Kinetics Studies

The steels A and B were used to study the dissolu-
tion and precipitation of borides during austenitizing
treatment. Various austenitizing temperatures, rang-
ing from 900°C to 1250°C, were investigated. These
experiments were performed on small samples (10
%10 x 2 mm) which were water quenched after austen-
itizing. Precipitation studies were performed by step
quenching such small samples at temperatures in the
range 950 to 600°C.

The kinetics of the y — pro-eutectoid ferrite were
carefully investigated in steels A and B. Small sam-
ples (10 x10 x 2 mm) were austenitized for 1 h, then
isothermally held at 600°C for various lengths of time
and quenched in water. Metallographic polished and
etched (nital =~ 2 pct) sections were subsequently used
for the determination of transformation curves by
quantitative metallography (quantimet B). A limited
number of isothermal dilatometric experiments were
also performed to verify the results obtained by quan-
titative metallography. Hand - countings on optical
micrographs of appropriate magnification were also
used for the determination of the average number of
ferrite particles per unit area of a metallographic pol-
ished surface.

In steels TA and IB, the hardenability was determined
by the standard Jominy test. Thermal treatments were
performed on @ 32 mm bars and a subsequent Jominy
test was then performed on such samples (end-quenched
with 850° - 30 min. austenitizing). The hardness mea-
surements on the end-quenched Jominy samples were
performed at a sufficient depth to avoid any interference
from superficial decarburizing or deboronizing.

3 — Detection and Localization of Boron in
Steel

This aspect of the study is essential for an improve-
ment of the understanding of the effect of boron in steel.
It was therefore most carefully considered in the course
of this study. Since boron was present in the steels in-
vestigated at a concentration level of the order of a few
tens ppm (wt pet), i.e., a few hundreds ppm (atomic pct),
methods exhibiting a specific sensitivity for boron, or
trace sensitive in general, were required. The loca-
tion of boron was therefore mainly studied by alphag-
raphy and secondary ion spectroscopy techniques. A
limited number of Auger electron spectroscopy ex-
periments were also conducted.

The method of boron autoradiography used is the fis-
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sion track etching technique described by Hughes and
Rogers.10 Various authors have shown that the a par-
ticles resulting from the nuclear reaction

g (nth, a)'Li

(where nt stands for thermal neutrons) could be eas-
ily detected by their damage tracks in cellulose ni-
trate*'2 or cellulose acetobutyrate'®*® (it must be
mentioned here that ‘‘natural’’ boron such as that used
to alloy the steels is a mixture of 81.2 pet 'B and 18.8
pct °B). The autoradiographic method used in the
course of the present work consisted in placing a cellu-
lose nitrate film in close contact with a polished sam-
ple surface and irradiating the whole in a reactor (in-
tegrated flux ~ 10> n™/cm?).

After exposure, the film was stripped from the metal
and etched in an aquecus 10 pct NaOH solution at 60°C
for 10 to 30 min. The etched film was then observed
by means of optical microscopy (or scanning electron
microscopy, after metallizing).

Secondary ion spectroscopy’**® is becoming an in-
creasingly widespread technique for the detection (with-
out atomic number limitation) of trace elements. The
CAMECA secondary ion microprobe SMI 300 used dur-
ing this study has a mass sensitivity of the order of
107" to 107*? grams. This instrument easily permits
the detection of boron in steels,™® even at the ppm level.
The CAMECA instrument, like various other ion mi-
croprobes, can be used to obtain filtered ion micro-
graphs, which give the location of a selected element
in the microstructure, with a resolution of 1 to 5 pm.
Such micrographs are obtained from areas ~ 250 u in
diam on the polished flat surface of the steel sample.

A limited number of Auger electron spectroscopy
experiments were performed on intergranular rupture
surfaces. The fractures were done iA-sitif in a Physi-
cal Electronics Auger Spectrometer and the Auger
spectra obtained with a cylindrical mirror electron
analyzer.

4 — Microstructure Characterization

This was carried out by standard optical microscopy,
scanning electron microscopy and transmission elec-
tron microscopy (thin foils - replicas). A particular
emphasis was put on the identification of precipitate
phases by thin foil electron microscopy and selected
area diffraction.

II — EXPERIMENTAL RESULTS

1 — Isothermal y — Pro-eutectoid Ferrite
Reaction Kinetics

The laboratory heats A and B have been used for a
study of y — pro-eutectoid ferrite reaction kinetics at
600°C (after 1100°C - 1 h austenitizing). The reaction
temperature was selected, after preliminary experi-
ments, as a temperature well suited for isothermal
step-quenching experiments as well as isothermal
dilatometry experiments. The austenitizing conditions
were chosen after measuring the average y - grain size.
These measurements indicated that, after 1100°C - 1 h
austenitizing, the y - grain size was reproducible and
similar in both steels {in fact, the mean grain diameter
was about 10 pct larger in steel B). This temperature
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was also deemed necessary to obtain complete disso-
lution of boron-containing precipitates (see below I1.2).
The optical micrographs of Fig. 1 show that the fer-
rite formed at 600°C is of the “Widmanstitten’’ type
and is grain boundary nucleated. The slowing-down
effect of boron on the nucleation of pro-eutectoid fer-
rite is already apparent on these micrographs. The
transformation kinetics were determined by dilatom-
etry and quantitative metallography and the results are
presented in Fig. 2. In this figure, the experimental
results are normalized (100 pet transformation at 10°
s). One can readily see the satisfactory agreement be-
tween dilatometry and quantitative metallography data.
The retarding effect of boron on the ¥ — pro-eutectoid
ferrite reaction is also quite obvious. The transforma-
tion curves are of the sigmoidal type, as is expected
for a phase transformation involving nucleation and
growth. A Johnson-Mehl analysis of these curves leads
to the results presented in Fig. 3. These curves permit
a clear distinction of the time-range of grain boundary
nucleation prior to site saturation. Site saturation oc-
curs for ~ 10° seconds in steel A and 5- 10° s in steel
B. Beyond site saturation, the exponent n of the John-

Steel A

Steel B
Fig. 1—Optical micrographs of samples of steel A and B par -

tially reacted at 600°C for 10® s, after 1100°C - 1 h austeni-
tizing.
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son-Mehl formula is of the order of 1 in both steels A
and B.

In order to study more precisely the nucleation of the
y — pro-eutectoid ferrite reaction (which is essential
as far as hardenability is concerned), the average num-
ber of ferrite particles per unit area of a polished and
etched sample, was determined by hand-counting on
optical micrographs. The results of these measure-
ments are shown in Fig. 4. It is difficult to evaluate a
true volume nucleation rate from the number, N, of nu-
clei counted per unit area on a plane of polish. It was
therefore decided to determine a two-dimensional nu-
cleation rate N, such as:

No= . AN
s T 1-X(H dt

where X(t) is the fraction of austenite transformed.
The variation of N, with time is shown in Fig. 5. For
all observable conditions, Ny decreases rapidly with
time in steel A, whereas it goes through a maximum

at an intermediate reaction time in steel B. It is clear
that boron greatly decreases the rate of grain boundary
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Fig. 2—Isothermal transformation curves of steels A and B
at 600°C (1100°C - 1 h austenitizing).
—Quantitative metallography: Steel A (C)
Steel B (O)
—Dilatometry: Steel A (@)
Steel B (W).
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Fig. 3—Isothermal y — pro-eutectoid ferrite reaction at
600°C (after 1100°C - 1 h austenitizing): Johnson-Mehl plot.
(Steel A [@] - Steel B {O]).
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Fig. 4—Average number of ferrite particles per unit area of
polished metallographic surface, as a function of reaction
time at 600°C (1100°C austenitizing); Steel A (@) - Steel B
©).
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Fig. 5—Nucleation rate at 600°C for Steel A (®) and Steel B
©).

nucleation of ferrite, but that, for times of the order of
site saturation, the number of ferrite particles is not
substantially different in both steels. It seems, there-
fore, that boron does not drastically change the aver-
age number of nucleation sites (at least in the present
case).

A limited number of experiments concerning the iso-
thermal ¥ — pro-eutectoid ferrite reaction were con-
ducted at 650°C on the industrial steels TA and IB.
These experiments again confirmed the inhibiting ef-
fect of boron on the grain boundary nucleation of fer-
rite.

The austenitizing temperature was set at 1100°C in
the experiments just described. However, austenitizing
temperature is an essential parameter of grain bound-
ary nucleated transformation such as the y — pro-
eutectoid ferrite reaction. It was therefore decided to
investigate the influence of this parameter on the over-
all decomposition kinetics. In order to achieve this
purpose, the complete transformation curves at 600°C
were determined after various austenitizing conditions
and the average y - grain size was measured on optical
micrographs of suitably etched samples. From these
two-dimensional measurements, an average three di-
mensional y - grain size, D, was obtained from the
classical formula:

D = 1.55/(N4)"?

(where N, is the number of grains per unit area on the
plane of polish).
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To appreciate and compare the various austenitizing
temperatures, the transformation kinetics were char-
acterized by an appropriate ‘‘incubation time’’ 7,
namely the time necessary to reach 10 pct transforma-
tion at 600°C. The complete set of results in presented
in Fig. 6 where 7 is plotted versus D. These data show
conclusively that 7 is always substantially larger in the
boron-containing steel than in the boron free steel, for
a given austenitic grain size. This is true up to the
largest y-grain sizes (corresponding to austenitizing
1 hour at 1200°C). 1t is worth noting, however, that the
effect of boron on hardenability is more noticeable for
small y-grain sizes, where the relative variation of 7
is larger than that observed for larger grain sizes.
This remark emphasizes a general observation accord-
ing to which boron is most effective for low austenitiz-
ing temperatures.

2 — End-quench Experiments

This part of the study concerns only the industrial
steels 1 A and IB. The main purpose of these experi-
ments was to show the effect of a previous heat treat-
ment on the Jominy hardenability. The end-quench
tests were all carried out after austenitizing at 850°C
for 30 min. The results obtained are presented in Figs.
7 and 8. In all cases, the hardenability was measured
by the hardness J20 (Rockwell C) at 20 mm from the
quenched-end. The influence of a previous austenitiz-
ing treatment (followed by water quenching) is shown
in Fig. 7. Whereas the hardenability is hardly changed
in the B-free steel, a decrease with increasing austen-
itizing temperature was observed in the B-containing
steel. However, the austenitizing time did not appear
to affect the results. It was found that the loss of hard-
enability of the B-containing steel was not erased by a
second austenitizing treatment at low temperature
(925°C - 30 min.) prior to the Jominy test,

The effect of cooling after austenitizing on the hard-
enability of steel IB is described in Fig. 8. It is ob-
served that, whereas the hardenability of the B-free
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Fig. 6—~Variation of incubation time 7 with average v-grain
size D: Steel A (O) - Steel B (®).
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Fig. 7—Influence of a previous austenitizing treatment on the
Jominy hardenability of Steels IA and IB.
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Fig, 8—Influence of cooling after austenitizing on the Jominy
hardenability of Steel IB.

steel IA isnot noticeably affected, measurable effects
appear in the case of steel IB. The detrimental influence
of the austenitizing temperature is more pronounced in
the case of water quenching than in the case of slow cool-
ing or step-cooling.

The end-quench experiments reveal therefore the
prime importance of the prior thermal (and, certainly,
thermomechanical) history of the B~containing steel
to be tested by a standard Jominy experiment.

3 — Microstructure — Boron Location

{a) $Fe*
Fig. 9—Steel B, austenitized 1 hour at 1000°C and water - This essential part of Fhe study was malr‘lly con-
quenched. Ion micrographs, with secondary *Fe’, 1!B" and cerned with: the dissolution of borides during austen-
2¢* ions (O; primary). itizing, the precipitation of borides during cooling and
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the location of boron in the microstructure of isother-
mally decomposed samples.

a) Dissolution of boron in austenite: This problem
was studied by ion microscopy on samples rapidly
quenched from various austenitizing temperatures
(1 h - 900 to 1250°C). Small samples (2 mm thick) of
all four steels investigated had fully martensitic struc-
tures after water quenching (the martensite would usu-

11B+
Fig. 10—Steel B, water-quenched from 1250°C - 1 h austeni-
tizing. Secondary !B’ ion micrograph (Oj primary ions) re-
vealing grain-boundary borides.

{a) 96Fe”

Fig. 11—Steel B: step—quenching 1100°C - 1 h~—= 750°C -1 h
+ water -quenching. Ion micrographs, with secondary BFe’
1B and 2C" ions (0; primary ions) showing large grain-
boundary boro-carbides.
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ally contain fine cementite particles indicative of
quench-tempering).

The austenitizing and quenching treatments were per-
formed essentially on steel B. A typical set of ion mi-
crographs is shown in Fig. 9 (1000° austenitizing tem-
perature). The **Fe’ ion micrograph has a poor con-
trast but confirms the fully martensitic structure of
the as-quenched sample. The "B* micrograph reveals
the presence of both large and small boron-containing
particles. The *C* micrograph indicates that carbon
is present in those large particles. The *Fe* image
also seems to indicate the presence of Fe in the same
particles. It is therefore logical to assume that these

(b) UB*

(c) Bc*
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large boron-containing particles were undissolved at
1000°C (and below). The origin of the smaller borides
apparent on the "'B* image will be discussed later in
this paper. Upon raising the austenitizing temperature
to 1100°C, one no longer observes the large boron-con-
taining particles. This seems to indicate a complete
dissolution of those borides above 1000°C. However,
after austenitizing at high temperature (1100°C and
above) a fine borides precipitation along y-grain
boundaries was clearly observed after water-quench-
ing (Fig. 10).

From these ion microscopy experiments on marten-
sitic quenched samples of steel B, the following points
can be emphasized:

—for low austenitizing temperatures, large boro-
carbides stay undissolved.

—with the composition of steel B, complete dissolu-
tion is obtained between 1000° and 1100°C.

—precipitation of borides along y-grain boundaries
can occur even during water-quenching from high au-
stenitizing temperatures.

b) Precipitation of borides on y-grain boundaries:
Since the dissolution of boron could be considered
complete at 1100° in steel B, a number of experiments
were performed to ascertain the temperature range of
the borides precipitation on y-grain boundaries during
cooling, as well as the precise nature of these borides.

Step-quenching experiments in the stable austenitic
range, followed by ion microscopy observations, re-
vealed that the precipitation of borides occurs rapidly
below ~ 950°C. Typical ion micrographs are shown in
Fig. 11. The precipitates there are rather coarse, be-
cause of the long holding time, and are easily observa-
ble also by optical microscopy. For shorter times the
*B* jon micrographs are similar to that shown in Fig.
10. The *°*Fe*, 'B* and '*C* images shown in Fig. 11
again suggest that the grain boundary precipitates
(long known as “Boron—constituent"1’”) are iron
boro-carbides.

A complete crystallographic identification of the
precipitate boride phase was carried out by transmis-
sion electron microscopy on extraction replicas and
thin foils, in spite of experimental difficulties (easy
dissolution of the borides in the usual etching and pol-
ishing solutions). A typical thin foil electron micro-
graph is shown in Fig. 12. Selected area diffraction
patterns indicated that the precipitates had an FCC
lattice with a ~ 10.6A. This permitted their identifi-
cation as the iron boro-~carbide Fe, (B, C);. This boro-
carbide was originally identified by Carrol, Darken
et al.® in the course of a study of the Fe-B-C phase
diagram. The ‘‘Boron-constituent’’ was also recently
identified as Fe,4(B, C), in various low carbon steels.
19,20 The Fe,4(B, C); boro-carbide is isomorphous to
the well known M,,Cq carbide and its lattice param-
eter is also approximately three times that of austen-
ite.

It is well established that the M,,C,; carbide nucle-
ate with a parallel (cube-cube) orientation relationship
with the parent austenite (in Cr-Ni stainless steels for
instance).?"»22 1t was therefore considered particularly
important to verify whether such an orientation rela-
tionship existed for Fe,,(B, C); precipitating in the au-
stenite of carbon steels. Unfortunately, for such steels,
austenite is not directly observable, unless by hot stage
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Fig. 12—Steel B: step-quenching 1100°C - 1 h — 600°C -
5000 seconds + water -quenching. Transmission electron
micrograph showing grain-boundary Fey3(B, C)¢ borocar -
bides) in an untransformed (fully martensitic) area.

microscopy. An alternate way is to determine the ori-
entation relationship between Fe,,(B, C), and martensite
lattices. ¥ one assumes that martensite and parent au-
stenite are related by a Kurdjumov-Sachs® orientation
relationship, it is then possible to determine the
Fe,,(B, C)¢-austenite orientation relationship. 1t is
worth noting here that since one is dealing with grain
boundary precipitates, the orientation relationship (if
any) should exist with one of the former y-grains and
not with the neighboring grain across the boundary.
Selected area diffraction patterns, such as that
shown in Fig. 13, revealed a definite orientation rela-
tionship between the FCC lattice of Fe,;(B, C); and the
BCC lattice of a set of martensite plates on one side
of the former y-grain boundary. This was confirmed
by the joint use of selected area diffraction patterns
and dark field micrography. In the example described
in Figs. 13 and 14, a grain boundary Fe,(B, C), pre-
cipitate formed in steel IB by isothermal holding at
850°C for 2 h (austenitizing 1300°C - 30 min.) is shown
to have its (111) plane exactly parallel to the (110) plane
of a set of martensite plates. Moregve}:, the reciprocal
lattice planes (111)} 1, tensite @nd (110)Fe (B, ), are ap-
proximately parallel (Fig. 13). The orientation relation-
ship between martensite and Fe,;(B, C)e can then be sum-
marized as:

(lll)Fe23(B,C)5 i (llo)martensite

[lio]Fe23(B,C)6 1 [111] martensite
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Fig. 13—Selected area diffraction on a grain-boundary boride

in Steel IB (step-quenching 1300°C -1 h—~ 850°C - 2 h

+ water -quenching).

— (a) — Experimental diagram.

—(b) — Indexation showing the Kurdjumov-Sachs orientation
relationship.

This is the Kurdjumov-Sachs (K-S) relationship between
FCC and BCC lattices. I one then assumes that a sim-

ilar relationship holds between parent austenite and mar-

tensite, it can be safely deduced that the two FCC lat-
tices of austenite and Fe,,(B, C), are parallel (cube-
cube relationship). This is, of course, true only on one
side of the y grain boundary (Fig. 14).

¢) ¥ — pro-eutectoid ferrite decomposition: The lo-
cation of boron in the microstructure of samples of
steel B partially reacted at 600°C was investigated. As
mentioned earlier, the pro-eutectoid ferrite formed in
steels A and B after austenitizing as 1100°C consist es-
sentially of Widmanstitten ‘‘saw-teeth’’ and blocky al-
lotriomorphs, according to the Dubé-Aaronson classi-
fication.”»®

For holding times too short for ferrite nucleation,
ion micrographs (Fig. 15) clearly reveal a grain bound-
ary segregation of boron in what appears to be distinct
particles: the **Fe* micrograph of Fig. 15 shows a fully
martensitic structure, whereas the *'B* image indicates
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(b)
Fig. 14 —Steel 1B (same as Fig. 13); Dark field images with:
-a- (110)p7 and (333)}?923(}3’(;)6 (common spot). -b - (011)p7.
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(b) UB*
Fig. 15—5teel B untransformed after 300 seconds holding at
600°C (1100°C austenitizing). Ion micrographs with secondary
6Fe” and !'B* ions (O primary ions).

the presence of borides on y-grain boundaries and also
inside the grains. There appears to be a boron-free
zone (a few um thick) on both sides of the y-grain
boundaries.

After holding times sufficient to reach the y — «
transformation range, ion micrographs such as those
shown in Fig. 16 are obtained. The *°Fe’ images re-
veal clearly the two phase martensite-ferrite micro-
structure and the 'B* images are quite similar to
those obtained for shorter holding times (compare
Fig. 16 with Fig. 15). Boron-autoradiographs, such
as that shown in Fig. 17, confirm the grain boundary
‘‘segregation’’ of boron in partially reacted samples
but do not have a sufficient resolution to reveal indi-
vidual borides. Thin foil transmission electron micros-
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(a) *Fe

(b) 1B
Fig. 16—Steel B partially transformed after 10* s holding at
600°C {1100°C austenitizing). Ion micrographs with secondary
6F¢” and !!B" ions (O primary ions).

copy on partially reacted samples of steel B showed
(Fig. 18) the presence of grain boundary borides (sug-
gested by the ion micrographs). Selected area diffrac-
tion confirmed that they were Fe,,(B, C)s. It is also
worth noting here that the morphology of those grain
boundary Fe,,(B, C), precipitates is akin to that of
M,4(B, C), in austenitic Cr-Ni steels and Fe,,(B, C)g
precipitates in Fe-Ni-B austenitic steels.”®

In numerous instances (both in steels B and IB), it
was observed that the grain boundary boro-carbides
seemed to inhibit the development of ferrite on one
side of the y-grain boundary (Figs. 19 and 20). A sim-
ilar observation was made by Ohmori.'® The observed
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(a)

(b)

Fig. 17—Boron alphagraph (a) and related optical micrograph (b). Steel B partially transformed at 600°C (1100°C - austeni-

tizing).

(a)

Fig. 18—Thin foil transmission electron microscopy on Steel B, partially transformed at 600°C. Micrographs showing
Fey3(B, C)g along former y-grain boundaries in martensitic -ferritic () and fully ferritic (b) areas.

‘‘occultation’’ is a result of inhibited nucleation and
growth of ferrite. It was however possible to show
that this ‘‘occultation’’ occurs on the side of the y-
grain with which the Fe,,(B, C), precipitate is semi-
coherent. This point is of particular importance as
far as the role of those precipitates with respect to

the y — pro-eutectoid ferrite reaction is concerned.
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(b)

III — DISCUSSION

1 — Behavior and Distribution of Boron in
Austenitic Phase

A precise knowledge of the state and distribution of
boron in austenite is the key to the understanding of
the effect of boron on austenite decomposition. The
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Fig. 19—Steel I B isothermally reacted at 650°C for 4 min.
(1300°C -} h austenitizing). Optical micrograph showing oc-
cultation of ferrite by grain boundary Fey(B, C); precipitates.

Fig. 20—Steel B, isothermally reacted at 600°C for 5000 sec-
onds. Transmission electron micrograph showing the occul -
tation of ferrite (F) by grain-boundary Fey(B, C), precipi-
tates (M = martensite).

main results of the present study are relative to the
dissolution of boron-containing phases during austen-
itizing and to the segregation and precipitation of boron
at austenitic grain boundaries during cooling. Ton mi-
crography experiments (such as those presented in
Fig. 9) demonstrate that, at low austenitizing temper -
atures (7 = 1000°), some large boron-containing pre-
cipitates were not dissolved. The smaller borides
present on the ''B’ image of Fig. 9 can probably be at-
tributed to precipitation during cooling. The nature
and amount of the undissolved particles has not been
precisely determined in the course of this study. 1t is,
however, clear, from correlated ion micrographs, that
these particles are iron boro-carbides, formed during
the previous thermomechanical history of the steel
studied. The existence of such undissolved borides has
been reported by various authors,'”'® who are in gen-
eral agreement on their nature (Fe,(B, C), and/or
Fe,(B, C)). An appropriate technique of phase analysis
would be highly desirable so as to make possible a
measure of the amount of boron present in these un-
dissolved boro-carbides. Various experimental pro-
cedures have been proposed to this effect®® and de-
velopments should be forthcoming.
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For austenitizing temperatures above 1000°C, it was
noticed that the coarse iron boro-carbides were dis-
solved. However, rapid cooling could not prevent some
segregation of boron to grain boundaries in what ap-~
pears to be individualized precipitates. The whole
question of segregation of boron to y grain boundaries
is still fairly unsettled. The two main problems are:

a) whether grain boundary segregation occurs at high
austenitizing temperature or during cooling.

b) whether the grain boundary segregation of boron
is in a truly ‘‘atomic’’ form or in the form of borides.
Concerning item (a), the interpretation of experi-
ments is conflicting. An essential aspect of this prob-

lem lies in our impricise knowledge about the type of
solid-solution Fe.-B and the equilibrium diagrams
Fe-B*”*“* and Fe-C-B. It seems, however, likely
that boron exists in some type of interstitial solution
in austenite,® probably in close association with va-
cancies so as to accommodate its unusually large
atomic radius. Various recent experimental results
3% suggest some type of ‘boron atoms-vacancies’’
interaction. Concerning the segregation of boron to
austenite grain boundaries, Simcoe et al.® believe that
an increased grain boundary adsorption of boron occurs
with increasing temperature. This would, according to
these authors, speed up the precipitation of borides
during subsequent cooling. This interpretation is dis-
puted by Grange and Mitchell,*” and various authors
;37 who notice that the amount of boron segregated

(in atomic or precipitate form) increases with decreas-
ing cooling rate (from a given austenitizing tempera-
ture). For instances, Ueno and Inoue® using an alphag-
raphy technique, showed that boron segregation was un-
detectable in a low carbon steel (containing 5 ppm B)
quenched in helium gas from 1350°C, but that clear
grain boundary segregation was observed after air-
cooling from the same austenitizing temperature. Sim-
ilar experiments were performed by the authors of the
present paper, both on carbon steels and an austenitic
Fe-Ni,-B, ., Steel. In the latter case,” no boron seg-
regation could be observed (by ion microscopy) after
water quenching of small samples from 1200°C, but
evidence of grain boundary borides could be seen in
air cooled and furnace-cooled samples. A further ar-
gument towards the segregation of boron during cool-
ing has been put forward by Grange and Mitchell'” who
showed that, in a deformed and recrystallized steel,
the new grain boundaries were the ones to which boron
segregated during cooling or holding at an intermedi-
ate temperature. Similar observations were made by
Dulieu and Irani.® The existence of a boron-free zone
on both sides of y-grain boundaries, after step-quench-
ing treatments (as shown in Fig. 15 for instance), is
also indicative of a rapid migration of boron during
cooling. Such a rapid and complete migration is likely
to be due to a vacancy-aided diffusion.

Whatever be the final answer to question a), the im-
portant fact is still that boron is present in substantial
amounts at the austenite grain boundaries, in the tem-
perature range of interest for austenite decomposition.
Various attempts have been made to distinguish a true
“atomic’’ segregation of boron from a fine precipita-
tion of borides. The difficulties of that task are mul-
tiple and satisfactory experiments have yet to be de-
vised. The shortcomings of most experiments have
been that they relied on a single technique of charac-
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terization of boron segregation (selective etching, al-
phagraphy, optical metallography). For instance, it is
highly questionable whether one can differentiate ‘‘seg-
regated’’ boron from ‘‘precipitated’’ boron by alphag-
raphy, contrary to recent published data.®” Careful
electron microscopy observations coupled with alphag-
raphy and ion micrography reveal indeed the limitation
of low magnification techniques such as alphagraphy.
For instance the fission track-etching alphagraph of
Fig. 17 does not permit a distinction between ‘‘segre-
gated’’ or ‘‘precipitated’’ boron, when electron mi-
croscopy observations (Fig. 18) reveal the presence

of individual borides. On the other hand; C-curves for
borides precipitation, such as those drawn by Grange
and Mitchell,*” are too dependent on the limited scale
of observation provided by optical microscopy. Con-
sequently, the boundaries of such precipitation curves
are at best approximative and do not give any informa-
tion on the presence of a zone of ‘‘atomic’’ boron seg-
regation, if it exists. Auger electron spectroscopy on
intergranular rupture surfaces should be an attractive
technique as far as detecting an eventual ‘‘atomic’’
segregation of boron.* The difficulty is to perform

the Auger analysis on the relevant surface (i.e., to
make sure the surface is wholly intergranular). The
few experiments performed in the course of the pres-
ent study showed a clear B peak on intergranular rup-
ture surfaces of samples with grain boundary borides
already observable by electron microscopy.

The present study has dwelt on identifying the grain
boundary borides which precipitate for temperatures
below approximately 950°C. These precipitates have
long been known as ‘‘boron-constituent’’ and the pres-
ent study, as well as recent published results, shows
that they are iron boro-carbides Fe,,(B, C)q, with an
FCC lattice and a ~ 10.6A. The existence of this com-
pound was first mentioned by Darken et al.' as one of
the various phases in the Fe-B-C phase diagrams.
More recent investigations*”*' indicate that their lat-
tice parameter can vary from 10.58 to 10.62A when the
ratio B/B + C increases. The precision of the electron
diffraction patterns obtained in the course of our study
was not adequate to determine the value of this ratio.
It is likely, however, that the formula is closer to
Fe,,B, than Fe,;Cq in the case of the steels studied.

The orientation relationship between the FCC lat-
tices of Fe,,(B, C); and the parent austenite grain was
shown to be of the parallel (cube-cube) type. Ohmori*®
has recently reached a somewhat different conclusion,
namely that there existed a twin-relationship between
Fe,(B, C), and austenite. All the results of the pres-
ent investigation indicate however the parallel rela-
tionship only. Such a relationship is well documented
for the M,,C, carbide in Cr-Ni austenitic stainless
steels. Singhal and Martin,22 for instance, have shown
that grain boundary nucleated M,,C, precipitates bear
a cube-cube relationship with one or other of the two
grains bordering the grain boundary. Kegg and Silcox**
have recently shown that the ratio » of corresponding
atomic positions in austenite and M,,C, is high. It was
shown to be highest for {111} planes (» = 0.78) and still
large for {110} and {100} planes. The interface be-
tween precipitate and parent austenite is therefore
often {Il)ll} and recent electron microscopy observa-
tions*® have shown that such semi-coherent interfaces
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contain interfacial dislocations. Since Feny(B, C)g is
isomorphous to M,,C, and has also a lattice parameter
very close to three times that of austenite, it is hardly
surprising that it would nucleate with the parallel cube-
cube relationship. No extensive trace analysis was car-
ried out in the low carbon steels to determine the crys-
tallographic nature of the interface with the matrix. It
is however likely that the nature of the interface is of
the same type as that of M,;C, in austenitic steels.
Another evidence of this is the ‘‘puckering’’ of the
grain boundary due to the precipitation of M,,C; and

Fe B, C)g. This is indicative of a low energy inter-
face between the grain boundary precipitates and a
neighboring grain.*®*

It is worthwhile to mention here that the precipita-
tion of M,,(B, C)s (with M = Fe, Cr) is a general fea-
ture of boron-containing austenites. Besides Cr-Ni
stainless steels and carbon steels, this precipitation
was also observed in austenitic Fe-Niy-B alloys.”™

2 — y — Pro-eutectoid Ferrite Trans-
formation — Hardenability

The experiments conducted in the course of this study
confirm the large effect of boron on austenite decom-
position kinetics.

The isothermal kinetics study of ¥ — pro-eutectoid
ferrite decomposition in steel A and B (base Fe-Nig-
C,.,») shows clearly that boron diminishes considerably
the nucleation rate of ferrite on y grain boundaries
(Figs. 4 and 5). This observation is in a%reement with
the conclusions reached by Simcoe et al.” and is essen-
tial to explain the effect of boron on hardenability. A
careful examination of the data presented in Figs. 2
and 4 shows that the number of nucleation sites is not
noticeably affected by the presence of boron. This can
be further demonstrated by plotting the number of fer-
rite particles measured on a polished section versus
the amount of transformation (Fig. 21). It is therefore
the activation of ferrite nucleation which is affected by
boron. The formula generally put forward for the fer-
rit%s grain boundary nucleation rate N, can be written
as:

7(30., — 0.n)°2

Yo YY
Ny = Kexp — | —————" + AF RT
v [3 (AFy + AFg)? D}/
where:

~0yy and oy, are the interfacial energies for y/y
and v/« interfaces.

— AFy is the volume free energy change accom-
panying the formation of ferrite.

— AF is the volume strain energy attending the ap-
pearance of embryos of ferrite.

— AFp is the free energy of activation for the diffu-
sion of carbon.

Most theories proposed so far to explain the influ-
ence of boron on ferrite nucleation on y-grain bounda-
ries have tended to look for a change in the surface
energy term or in the diffusion term AFp to explain
the effect of boron. Tt is indeed quite unlikely that such
minute concentrations of boron would greatly affect
AFy, as pointed out by Sharma and Purdy in a recent

aper.*
’ l‘)/’ariOus authors®*>* have proposed a mechanism
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Fig. 21—Average number of ferrite particles per unit area of
polished metallographic surface as a function of transforma-

tion (pct) at 600°C. Steel A (@) - Steel B (O) (data are correc-
ted to take into account the small y-grain size differences be-
tween both steels, after 1100°C austenitizing).

which assumes that boron segregation (in an ‘‘atomic’’
form) lowers the energy of y-grains boundaries enough
to account for the inhibition of ferrite nucleation. 1t has
further been generally assumed and stated that, when
boron-containing precipitates form consecutively to the
‘‘atomic’’ segregation, the inhibiting effect should de-
crease.” " This idea proceeded from the rationale
that any grain boundary phase would necessarily pro-
vide extra nucleation sites. The serious limitations
relative to the mechanism involving an ‘‘atomic’’ deg-
regation of boron reside in the lack of definite experi-
mental evidence. Even the recent extensive study (us-
ing alphagraphy) of Ueno and noue®” falls short of pro-
viding a clear distinction between ‘‘effective’’ boron
‘“‘segregated’’ or ‘‘precipitated’’ as fine precipitates.
On another hand, various studies which attributed a
loss of effectiveness of boron to the precipitation of
grain boundary borides are notoriously limited by the
resolution of the methods used (mainly optical micros-
copy).

The present study has shown that a clear inhibiting
effect of boron on the nucleation of ferrite existed dur-
ing the 600°C isothermal decomposition of austenite of
the Fe-Nig-C,, ,, steels, after austenitizing at 1100°C.
It was also shown that, in the same conditions,

Fe,(B, C), precipitated as fine particles on y grain
boundaries before the onset of the y — ¢ reaction
(Figs. 15 and 16). It was therefore felt that an essen-
tial part of the problem lies within the role such grain
boundary particles might play with respect to the nu-
cleation of ferrite, at a later time. The precipitates
being Fe,y(B, C); and having nucleated in parallel ori-
entation with the parent y-grain, the interface between
the precipitate and that grain is therefore of substan-
tially reduced energy when compared to the energy of
the y grain boundary. It is therefore expected that the
nucleation of ferrite could be inhibited on that side of
the grain boundary. This is indeed experimentally ob-
served (Figs. 19 and 20). The other interface of the
precipitate (with the neighboring y-grain) is fully in-
coherent and can be considered as having an energy of
the order of the grain boundary energy itself (several
hundred ergs/cm?). Therefore, if the precipitates are
small enough so that they do not provide large extra
areas of incoherent boundaries, the net result can be
an inhibition of the ferrite nucleation (when compared
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to a boron-free steel). This situation should progres-
sively be altered by thecoarsening of the grain bound-
ary Fe,.(B, C), precipitates.

The case of multiple nucleation on grain boundaries
has been discussed by Nicholson®” who emphasized the
importance of the nature of the interface between the .
first nucleated phase and the parent matrix. Very re-
cently, in a review article on ferrite nucleation, Sharma
and Purdy?® have put forward a mechanisim of inhibition
of ferrite nucleation by grain boundary Fe,,B,C; boro-
carbides which is essentially that proposed by the au-
thors of the present article. Sharma and Purdy also
emphasized that the grain boundary boro-carbides
could act as nucleation-inhibiting agents at early re-
action times and favor ferrite nucleation when they
have coarsened. This latter point was also supported
by the results of the present study. In order to empha-
size the importance of the size and distribution of grain
boundary Fe,,(B, C), precipitates, a series of isother-
mal decomposition experiments was performed on steel
B, with or without intermediate holding at 800°C for 20 h
(this intermediate treatment provoked a coarsening of
grain boundary precipitates as shown in Fig. 22). A
comparison of reaction rates at 600°C (Fig. 23) reveals
a clear effect of the holding at 800°C, which leads to an
increase in transformation rate (a loss in hardenability).
1t appears, therefore, that large coalesced borides have
less of an inhibiting effect than finer ones. A similar ob-
servation was made by Ueno and Inoue.?’

The influence of austenite grain size on the y — pro-
eutectoid ferrite reaction kinetics (at 600°C) was briefly
discussed in the presentation of the results summarized
in Fig. 6. These results show clearly that, in steel B,
the inhibiting effect of boron existed for all austenite
grain sizes, i.e., for all austenitizing temperatures in-
vestigated (up to 1250°C). The apparently smaller slope
of the 7 vs D line observed in steel B seems to be a
general feature of boron-containing steels.* An ex-
planation for this behavior must be looked for in vari-
ations in size and distribution of grain boundary bo-
rides according to austenitizing temperature.

The end-quench experiments conducted on steels TA

Fig. 22—Grain-boundary Fe,;(B. C); precipitates formed by
isothermal holding 20 h at 800°C. Scanning electron micro-
graph (secondary electrons) on a polished and lightly etched
(Nital 1 pet) sample of steel B.
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Fig. 23 —Steel B: Isothermal reaction curves at 600°C (austen-
itizing 1050°C). No intermediate holding: (@). Intermediate
holding (20 h - 850°C): (C).

and IB underline the prime importance of the thermal
(and thermomechanical) history of the boron-contain-
ing steel, as far as hardenability is concerned. When
the hardenability is measured after low-temperature
austenitizing (such as 850°C in the present case) it is
now clear that precipitated borides will not be dis-
solved. The available boron concentration in solid so-
lution is therefore quite dependent on the previous heat
treatment. Moreover, the amount and distribution of
undissolved borides is also highly dependent on that
history. One expects that this would have a direct in-
fluence on the rate of austenite decomposition during

a subsequent treatment (such as an end-quench test
from 850°C). For instance, it is likely that undissolved
fine borides would then be more detrimental for hard-
enability (i.e., catalytic of ferrite nucleation) than large
coalesced borides. The variations of hardenability ap-
parent in Figs. 7 and 8 could be explained by such a
rationale,

IV — CONCLUSIONS

The study of the isothermal reaction y — pro-eutec-
toid ferrite in Fe-Ni,C, ,, steels has confirmed the
strong inhibiting effect of boron on the grain boundary
nucleation of ferrite.

The precipitation of borides at y-grain boundaries
was extensively investigated and the results can be
summarized as follow:

— The precipitates are Fe23(°B, C)e with an FCC lat-
tice and a parameter a =~ 10.6A.

— The precipitates nucleate in austenite with a paral-
lel (cube-cube) orientation relationship with one of the
neighboring grains.

— The range of precipitation of Fe,,(B, C), during
cooling covers both stable austenite (7 < 950°C) and
metastable austenite.

The role of the grain boundary Fe,,(B, C), precipita-
tion with respect to the y — pro-eutectoid ferrite re-
action was discussed and it was suggested that, con-
trary to a general acceptance, these precipitates could
have an inhibiting effect on ferrite nucleation. It is
however clear that the whole question of the effect of
grain boundary borocarbides on hardenability will not
be settled definitely until critical particle size and dis-
tribution are determined and related to optimum boron
concentrations.
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Finally, the great influence of the thermal and ther-
momechanical history of boron-containing steels on
their hardenability was emphasized.

Further work is however needed to reach a com-
pletely satisfactory understanding of the mechanisms
necessary to explain the effects of boron. Progress is
likely to depend on the developments of new methods of
characterization and microanalysis of materials. Re-
search in this field should stay lively in the years to
come due to the development of boron-containing steels,
which are made increasingly attractive by the general
price increase of alloying elements,
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