Tempering of Steel

G. R. SPEICH AND W. C. LESLIE

Tempering of martensitic steels involves the segregation of carbon, the precipitation of
carbides, the decomposition of retained austenite, and the recovery and recrystallization
of the martensitic structure. Because these several reactions overlap and occur on such

a fine scale, it is only recently that our knowledge of the resulting structures has become
reasonably complete. Our present understanding of the processes involved in the temper-
ing of iron-carbon martensites and how they are affected by alloying elements is reviewed,

TEMPERING is the process of heating martensitic
steels to elevated temperatures so that they become
more ductile, It involves the segregation of carbon to
lattice defects and the precipitation of carbides, the
decomposition of retained austenite, and the recovery
and recrystallization of the martensitic structure.
These several reactions often overlap and they occur
on a very fine scale, so it is only since the advent of
transmission electron microscopy in 1956 that our
knowledge of the structures of tempered martensite
has become reasonably complete.

Each of the processes involved may be affected by
alloying additions so that the tempering behavior of
alloy steels becomes a fascinating but complex sub-
ject. In addition, interaction of trace elements with
former austenite grain boundaries during tempering
may promote embrittlement. Obviously, these subjects
are too large to treat in detail in this short review,
Rather, we treat the basic tempering processes in
iron-carbon martensites and then illustrate how these
basic processes can be altered by alloying elements.

T. C. Bain was closely interested in the tempering

teels during his entire career. He coauthored a

on high-speed steels in 1931 with M. A. Gross-
m. much of which was concerned with the secondary
hara. ring of high-alloy steels.' In his famous book on
alloying elements in steels® he devoted a large section
to discussing the effect of alloying elements on tem-
pering. In his Eighth Hatfield Memorial Lecture before
the Iron and Steel Institute® he discussed the structure
and tempering of martensite as it was understood in
1955, 1t is only fitting that we review our present un-
derstanding of the tempering of martensite in celebra-
tion of his 80th birthday.

STRUCTURE OF UNTEMPERED MARTENSITE

A review of tempering should begin with our present
understanding of the structure of untempered marten-
site since this is the matrix in which the tempering
processes occur,. In steels the parent phase is nearly
always austenite with a fcc structure, but the daughter
phase may have a bee, bet, or hep* crystal structure.

*fee = face centered cubic, bee = body centered cubic, bet = body centered
tetragonal, hep = hexagonal close packed crystal structure.

Lath martensitet is the most commonly occurring

T Alternative nomenclature is massive martensite, dislocated martensite, or low-
carbon martensite.
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martensitic structure; its appearance is illustrated in
Fig. 1. It is typical of all low- and medium-carbon
martensites, The crystal structure of lath martensite
is usually bee, although in low-alloy steels with more
than 0.2 pct C bet martensite is formed. The marten-
site units form in the shape of laths, grouped into
larger sheaves or packets. The substructure consists
of a high density of dislocations arranged in cells;
each martensite lath is composed of many dislocation
cells with an average width of 2500A.*° Typical dislo-
cation densities are estimated to be 0.3 to 0,9 x 10*?
cm/cms. The substructure is superficially similar to
that developed in iron by heavy cold work.®

A different type of martensite predominates in high-
carbon steels and in iron-base alloys with Mg temper-
atures below ambient.*”” This is plate martensite and
its structure is illustrated in Fig. 2. Its crystal struc-
ture may be either bet or bee, The martensite units
form as individual lenticular plates. The substructure
of plate martensite consists of very fine iwins with a
spacing of about 50A. These twins generally do not ex-
tend to the sides of the plates, but degenerate into a
complex dislocation array near the periphery of the
plate,*”

Medium-carbon steels may contain a mixture of lath
and plate martensite so their structure is unusually
complicated, as illustrated in Fig, 3. The ratio of
volume fraction of lath martensite to volume fraction
of plate martensite in Fe-C alloys with various carbon
contents is given in Fig, 4, The amount of retained
austenite at room temperature and the My temperature
of these Fe-C alloys are also given. The relative
amounts of plate martensite are increased when ele-
ments such as nickel are added which lower the Mg
temperature.

CARBON SEGREGATION

Most steels have Mg temperatures above ambient,
Therefore, when they are quenched, there ig some
brief period in which carbon atoms can redistribute
themselves, This process is called quench-tempering
or auto-tempering. Because of the stress fields
around individual dislocations and cell walls in lath
martensite, certain interstitial lattice sites near these
defects provide lower-energy sites for carbon than the
normal interstitial lattice positions.'® Obviously, the
same mechanism operates here as in the strain-aging
of iron, a field extensively reviewed by Baird.'' Also,
when martensite is tempered at low temperatures, the
first step in the tempering process is a redistribution
of carbon to these lower energy sites. In many low-
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carbon steels, because of their high M, temperatures,
Fig. 4, this carbon redistribution has already occurred
during quenching through the martensite temperature
range., We cannot detect such segregation by metal-
lography, but we can detect it by the smaller contribu-
tion of carbon to electrical resistivity or to internal
friction when carbon is an interstitial site near a dis-
location than when it is in a “‘normal’’ interstitial lat-
tice site.'” This effect is illustrated in Fig. 5. A
series of eight Fe-C alloys, in the form of 0,010 in,
thick sheet, were austenitized in vacuum and quenched
into iced brine. The quenching rate was sufficiently
high so that all the alloys transformed completely to
martensite and no carbide precipitated during quench-
ing, Specimens were then put into liquid nitrogen and
the resistivity was measured. The resistivity can be
separated into two distinct regions. In the first, ex-

tending from 0 to 0.20 pct C, the contribution of car-
bon to electrical resistivity is 10 uQ cm/wt pct C,
whereas in the second the contribution is three times
as great, about 30 uQ cm/wt pct C. The lower spe-
cific electrical resistivity in the low-carbon region
results from the segregation of carbon to dislocations
during quenching. With carbon contents below 0.2 pet,
Speich'? has calculated that nearly 90 pct of the car-
bon is segregated to lattice defects during quenching.
Above 0.20 pct C, such sites become nearly saturated
and carbon atoms are held in the ‘““defect-free’’ lat-
tice. It is interesting to note that 0.20 pct C is also
about the carbon content at which tetragonality in mar-
tensite is first detected; this segregation of carbon to
defects can explain the lack of tetragonality at carbon
contents below 0.2 pct. Alternative proposals for this

lack of tetragonality involve a disordering of the car-
han ntAamc halmr 0_21)(:{:‘13

Fig. 1—Structure of lath martensite in
0.02 pct C, 2 pct Mn steel. (a) Light
micrograph, (b) electron transmission
micrograph (L;, L;, Ly represent sepa-
rate laths; the laths are separated by
high-angle boundaries but each lath may
contain many low-angle dislocation cells.

Fig. 2~Structure of plate martensite: (a) 1.2 pct C steel, light micrograph; (b} Fe-30 pet Ni alloy, light micrograph; (c) Fe-30
pect Ni alloy, electron transmission micrograph.
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Fig. 3—Mixed lath and plate martensite
structure in 0.57 pet C steel: (a) light

micrograph, (b) electron transmission
micrograph (plate martensite Iabelled

P; twinned substructure labelled T).
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Fig. 4—Effect of carbon content on relative volume percent of
lath and plate martensite, M, temperature, and volume per-
cent of retained austenite in Fe-C alloys.

Kurdjumov and coworkers'*’** have studied the seg-

regation of carbon to defects in high-nickel, low-car-
bon martensites with low Mg temperatures by meas-
uring the amplitude dependence of internal friction at
liquid nitrogen temperatures after annealing such
martensites at room temperature. The amplitude de-
pendence of internal friction after annealing various
periods at room temperature is shown in Fig. 6. The
slope of the lines in Fig. 6 (labelled @) is a measure
of the amplitude dependence of the internal friction.
Since the main contribution to internal friction at lig-
uid nitrogen temperatures is dislocation damping, a
decrease in Q' indicates carbon pinning of disloca-
tions. In addition, the decrease in the amplitude de-
pendence of @ *(a) has been attributed by Kurdjumov™
to segregation of carbon to dislocations, because the
same decrease in « occurs during strain aging of iron
deformed 5 pct.'® Similarly, in low~carbon, iron-car-
bon martensites with high M temperatures this carbon
segregation is completed during quenching. The Snoek
peak for these steels, Fig. 7, indicates a very low value
compared to a low-carbon ‘‘defect-free’’ iron of the
same carbon content.’® Even when the carbon content
is increased to 0,18 pet, the value of the Snoek peak is
still lower than in the 0.026 pct C ‘‘defect-free’’ iron,
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Fig. 5—Carbon segregation during quenching of iron-carbon
martensites as detected by electrical resistivity measure-
ments. 1?

indicating that most of the carbon is segregated during
quenching, as indicated by electrical resistivity. These
measurements, as those of Kurdjumov, indicate that
carbon is pinned to dislocations and Snoek jumps are
prevented; thus, the height of the Snoek peak is de-
creased. Since carbon can diffuse during the measure-
ments, the Snoek peak is lowered when the specimens
are cooled {see 0.18 pct C data). The value of o de-
creases with increasing carbon content up to 0.2 pct C,
above which it remains constant, as shown in Fig. 8.
This is interpreted as indicating again that dislocations
in martensite are saturated at 0.2 pct C, curve 1, Fig,
8. In annealed iron, curve 2, Fig, 8, saturation of dis-
locations occurs at much lower carbon levels because
of the lower dislocation density,

In high-carbon steels, or in high-alloy, low-carbon
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Fig. 6—Amplitude dependence of internal friction in Fe-29 pect
Ni-0.16 pct C martensite aged various periods at 25°C
(77°F).Y (Q ! is the internal friction, € is the strain ampli-
tude, and « is the rate of change of @ ~! with €.)
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Fig. 7—Internal friction of low-carbon, iron-carbon marten-
sites and ‘‘defect-free’’ & iron.??

steels containing plate martensite with internally
twinned substructure, fewer of these low-energy dis-
location sites are available, In these circumstances,
carbon segregation to dislocations is not the only seg-
regation reaction. Mdssbauer studies'” indicate that
preprecipitation clustering of carbon also occurs. In
this case, the electrical resistivity contribution of
carbon is increased because of the stress fields
created by the clusters.’® It is usually necessary to
study such reactions below room temperature in steels
with low M temperatures since most of the clustering
is completed by the time specimens are heated to room
temperature, as indicated by the work of Winchell and
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Fig. 8—Variation of amplitude dependence of internal friction
with carbon content in Fe-29 pct Ni martensite.?® (Curve 1
martensite; Curve 2 ‘‘defect-free’’ a iron; « is the rate of
change of @ ~! with strain amplitude.)

Fig. 9—Precipitation of e-carbide in Fe-24 pct Ni-0.5 pct C
martensite tempered 30 min at 205°C (401°F).%¢

Cohen.!® Although the use of low-M steels is helpful
in such studies because it avoids quench-tempering,
the structure is changed from lath martensite to plate
martensite. It is not yet clear whether preprecipitation
clusters are ever present in commercial low-carbon
or medium-carbon steels, which are principally lath
martensite with a high density of dislocations., Unfor-
tunately, no investigator has been able to produce the
lath martensite structure in an alloy with an M tem-
perature below room temperature.

Izotov and Utevskii'® have detected early stages of
decomposition of tetragonal high-carbon martensite
by the formation of nodes in electron diffraction pat-
terns. They have interpreted such nodes as resulting
from a clustering of carbon atoms along {001} planes
and distributed on one of the three sets of interstitial
sublattices which lead to tetragonality., Subsequent
heating to 100°C (212°F) or higher leads to the growth
of the clusters and the eventual formation of €-carbide.

METALLURGICAL TRANSACTIONS



This preprecipitation clustering process has been dis-
cussed theoretically by Khachaturyan® and by John-
son.”’® The driving force is a lowering of the total
elastic energy of the lattice, as discussed recently by
Hoffman,?

CARBIDE PRECIPITATION

When steels containing more than about 0.2 pct C
are tempered at temperatures between 100°C (212°F)
and 200°C (392°F), e-carbide {(Fe;.sC, hep) is the first
carbide precipitated, as shown in Fig. 9. This process
is often referred to as the first stage of tempering, but
this is a misnomer, since carbon segregation or pre-
precipitation clustering precedes it.

The habit plane of €-carbide has been shown by
Wells™ to be {100}3; although the carbides appear to
form preferentially on one set of the three possible
{100}3 planes. The orientation relation between -iron
and e-carbide is reported by Wells as (011),,11(0001)¢
and (101)p74(1011)c. The metastable carbide precipi-
tated in a-iron at 100° to 150°C (212° to 302°F) also
precipitates on {100}, although there has been dis-
agreement whether this carbide is- €-carbide, because
in the Fe-N system a nitride similar in morphology
and habit plane has been shown to be FeiN; (bet). Re-
cent work by Langer® does, however, identify this car-
bide as €. The morphology of this carbide is shown in
Fig. 10 and the three sets of {100}, planes are clearly
delineated.”®

In low-alloy steels containing less than 0.2 pet C the
precipitation of €-carbide is inhibited during temper-
ing at 100° to 200°C (212° to 392°F). As mentioned be-
fore, most of the carbon in these steels is at disloca-
tion sites. Most of these sites have a lower energy
than those available in e€-carbide, so there is little
driving force for precipitation,'” Before precipitation
can occur some dislocations must be removed by re-
covery, but the presence of carbon strongly inhibits
recovery, so we have a delicately balanced situation.

Fig. 11 shows the progress of tempering of low-C,
Fe-C alloys at 150°C (302°F), as measured by elec-

0.5pum
—

Fig. 10—Metastable carbide precipitation on {100}a planes in
an Fe-0.013 pct C alloy quenched from 700°C (1292°F) and
aged 6 hr at 200°C (392°F).%
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trical resistivity.”? The region marked A is associated
with the continued segregation of carbon to defects in
the martensite that began during quenching. Region C
is associated with e-carbide precipitation, and B is a
transition region. Below 0.18 pct C, carbide precipita-
tion is very sluggish at 150°C (302°F), in contrast to
tempering of ‘‘defect-free’’ a-iron in which carbide
precipitation is detected at 60°C (140°F) after 1 hr, as
shown in Fig, 12.*” When the carbon content of mar-
tensite is increased to 0.4 pct, the electrical resist-
ivity continuously decreases with time at all tempera-
tures, with no indication of three distinct regions. At
these higher carbon contents not all the carbon can be
associated with dislocations and carbide precipitation
oceurs rapidly even at 150°C (302°F),*

Hdgg carbide (Fe;Cz, monoclinic) is apparently
formed in some high-carbon steels tempered at 200°
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Fig. 11—-Tempering of low-carbon, iron-carbon martensites
at 150°C (302°F) as indicated by changes in electrical re-
sistivity. 12
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Fig. 13—Precipitation of FegC in Fe-0.39 pet C martensite
tempered 1 hr at 300°C (572°F). 12

;" I‘
Fig. 14—Pre01pxtatxon of Fe;C during quenching in AISI 4315
steel.”

to 300°C (392° to 572°F), according to evidence from
recent MOssbauer studies.?® It is a metastable carbide
intermediate between € and cementite. In low-carbon
steels we are uncertain whether Higg carbide appears
in the tempering sequence because the diffraction pat-
terns from cementite and Higg carbide are similar,*
and no Md3ssbauer data are available,

Cementite (Fe;C, orthorhombic) forms when most
steels are tempered to 250° to 700°C (482° to 1292°F),
This is sometimes called the third stage of tempering,
the second stage being the decomposition of retained
austenite, The initial morphology of cementite in mar-
tensite is needle-like when formed either during delib-
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erate tempering, as shown in Fig, 13, or when formed
during the quenching of large sections, as shown in
Fig. 14. The nucleation sites are frequently marten-
site lath boundaries at low temperatures and ferrite
grain boundaries at higher temperatures. Wells* has
shown that in a 24 pct Ni, 0.5 pct C steel the orientation
relation of Fe;C with a-iron is (112)Mll(001)Fe s
[111]Mn[010]Fe c [110]Mn[1oo]F ,c- The habit plane in
the martensite 1s {112}M, the twmnmg plane. A fine
structure is frequently observed in the cementite and
consists of needles parallel to the [010] .. ¢ direction
and the [111],7 direction. S1m11ar results %ave been
reported by Leslie et al . for precipitation of Fe;C in
‘‘defect-free’’ iron; the fine structure of the Fe;C is
shown in Fig, 15 and the orientation relation is shown
in Fig. 16. As the tempering temperature is increased
this plate-shaped Fe;C gradually spheroidizes to re-
duce surface energy. At 700°C (1292°F) the final struc-
ture consists of Fe;C spheroids in a ‘‘defect-free’’ a-
iron matrix.

Alloy carbides that form at 500°C (932°F) and 600°C

150 € 170 HOURS 200C 10 MIN.
Fig. 15—Precipitation of FesC in Fe-0.014 pct C alloy
quenched from 740°C (1364°F) and aged as shown.3?

[IIIJ a

[ill] a

Fig. 16—Orientation of growth of dendritic cementite in fer-
rite.30
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Fig. 17—Recovered structure of Fe-0.18 pct C martensite
tempered 10 min at 600°C (1112°F) (light micrograph).!

Fig. 18—Recovered structure of Fe-0.18 pct C martensite
tempered 10 min at 800°C (1112°F) {electron transmission
micrograph), 12

(1112°F) and which replace cementite because of their
greater stability are discussed in a later section.

DECOMPOSITION OF RETAINED AUSTENITE

The decomposition of retained austenite, if any, oc-
curs at tempering temperatures of 200° to 300°C (392°
to 572°F). The decomposition reaction is the forma-
tion of bainite. It is sometimes referred to as the sec-
ond stage of tempering. Retained austenite is present
in appreciable quantities in low-alloy steels only when
the carbon content exceeds 0.4 pct, see Fig. 4. There-
fore, this reaction is important only in medium- or

METALLURGICAL TRANSACTIONS

Fig. 19—Partial recrystallization in Fe-0.18 pct C marter;;
site tempered 96 hr at 600°C (1112°F) (light micrograph).

Fig. 20—Pinning of grain boundaries by Fe;C in Fe-0.18 pet
C martensite tempered 96 hr at 600°C (1112°F) (electron
transmission micrograph).®?

high-carbon steels and is not discussed further here.
Lutts® has reviewed the data on the second stage of
tempering as well as the data on the first and third
stages of tempering for work prior to 1963.

RECOVERY AND RECRYSTALLIZATION

It is difficult to tell when recovery of the defect
structure begins during the tempering of martensite,
but certainly it becomes an important feature of the
tempering process above 400°C (750°F), Recrystalliza-
tion can occur at 600° to 700°C (1112° to 1292°F), The
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Fig. 21—Completely recrystallized structure in Fe-0.18 pct
C martensite tempered 8 hr at 700°C (1292°F).12

as-quenched structure of lath martensite contains low-
angle dislocation cells and high-angle lath boundaries,
Fig. 1. During recovery, the cell boundaries and the
random dislocations contained between them are an-
nihilated, and a fine-grained, acicular structure is
developed, as shown in Figs. 17 and 18, Recrystalliza-
tion occurs more readily in low- than in high-carbon
steels because the recrystallization process is in-
hibited by the pinning action of carbides on the bound-
aries, as shown in Figs. 19 and 20. The structure ob-
tained after long tempering at 700°C (1292°F), shown
in Fig. 21, consists of ferrite grains with carbides
scattered throughout. After recrystallization is com-
plete, growth of carbide particles and of ferrite grains
are the only kinetic processes that continue, The re-
covery and recrystallization processes in low-carbon
martensite have been studied recently by Speich™® and
by Galibois and Dube.**”** Leslie et al.’* have studied
the recrystallization of shock-hardened iron which has
a defect structure similar to martensite. These re-
sults are compared with the recrystallization of cold-
worked iron in Fig. 22, The shock-hardened iron re-
crystallizes at shorter times than the cold-worked
iron, indicating it has more stored energy than iron
cold-worked 90 pct.

SECONDARY HARDENING

In plain-carbon steels, as in Fe-C alloys, there is
a progressive softening accompanied by an increase
in ductility as quenched martensite is tempered in the
range 100° to 700°C (212° to 1292°F). The hardness
changes little at 100°C (212°F) because most of the
carbon segregation processes are completed during
gquenching, although sometimes a small hardness in-
crease is observed in steels of higher carbon content.
This usually is attributed to increased carbon segre-
gation to dislocations, as discussed by Ansell and co-
workers.**™*" In higher-carbon steels the formation
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Fig. 22—Recrystallization of shock-hardened iron at 500°C
(932°F) .34

of €-carbide at 150° to 250°C (302° to 482°F) results
in a hardness decrease. This step is absent in low-
carbon steels because of the reasons previously dis-
cussed. The formation of a Widmanstdtten array of
FesC rods at 300° to 400°C (572° to 752°F) in both low-
and high-carbon steels also results in large hardness
decreases. Subsequent spheroidization of these car-
bides and recovery and recrystallization at higher
temperatures lead to still further decreases in hard-
ness. The complete process of tempering in iron-
carbon martensites is summarized in Fig. 23,

If, however, carbide-forming alloying elements such
as Ti, Mo, V, or W are added to the steel, a further
and important strengthening reaction occurs in the
temperature range from 500° to 600°C (932° to 1112°F).
This is called secondary hardening or sometimes the
fourth stage of tempering. As a result of this reaction,
hardness approaching that of the as-quenched alloy can
be achieved. An example from the work of Kuo®® is
shown in Fig. 24. This strengthening is a result of the
replacement of coarse particles of Fe;C, which dis-
solve, by a fine dispersion of alloy carbides such as
TiC, V4Cs, Mo.C, and W,C. Chromium additions result
in a retardation in softening, but little or no secondary
hardening because Cr-C; coarsens very rapidly at
550°C in contrast to the more stable carbides such as
Mo:C.*® A large number of different alloy carbides
are possible, These form initially as very fine co~
herent precipitates, primarily on the dislocations
inherited from the as-quenched martensite. Their
small size and fine dispersion compared to the Fe;C
particles are a result of the smaller distances over
which substitutional alloying elements may diffuse
compared to carbon. The replacement of a coarse
FesC dispersion by a fine dispersion of (Mo, Cr).C
at higher temperatures is illustrated in Figs. 25 and
26 for a 10 pct Ni-8 pct Co-2 pet Cr-1 pet Mo-0.12 pet
C steel.*® The (Mo, Cr).C precipitates are almost en-
tirely nucleated at dislocation sites. At peak hardness
Mo.C needles are typically only 100A long and about
15A in diam. Vanadium carbide forms as thin plates
on {100} planes in the martensite. These plates are
only about 100A in diam and about 10A thick. Such sec-
ondary hardening reactions have been extensively stud-
ied by Honeycombe and others.**™*

The secondary hardening reaction can be made even
more effective by further alloying additions. In partic-
ular, small concentrations (less than 0.1 pct) of strong
carbide formers such as niobium increase the peak

METALLURGICAL TRANSACTIONS



Fig. 23—Hardness of iron-carbon mar-
tensite® tempered 1 hr at 100° to 700°C
(212° to 1292°

F).12

DPH

HARDNESS -

0097 %C

2

g

0026 %C

CARBON

200
p=—— SEGREGATION ———

(<02%C)

€-CARBIDE PPT
| (>02%C)

ROCKWELL HARDNESS R,
5 é

)

[ 250%C 0's2%,Ti
1

Mol O-d:lxr

e A
v 3:‘
0-52‘;.<_- %
-

Q

"b

oo% _\\‘

0:19°% C,291%Cr ‘\____/\
Cr
Mol O- II’-".C 3 14% Mo, | Mol

o 100 400

TEMPERATURE,*C

Fig. 24—Secondary hardening of 0.1 to 0.4 pct C steels with
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hardness substantially and tend to delay overaging.
This effect is due primarily to the formation of a fine
dispersion of a second carbide phase, NbC. These par-
ticles seem to form without regard to the preexisting

dislocation

st

Some elements do not directly form carbides but
affect the secondary hardening reaction indirectly.
For instance, cobalt additions to steels are known to
produce a higher secondary hardening peak and to re-
tard softening.** The exact mechanism for this cobalt
effect is still in doubt but in secondary hardening
steels where the alloy carbide is dislocation nucleated
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Fig. 25—Coarse dispersion of FegC in 10 pct Ni-8 pct Co-2
pet Cr-1 pet Mo-0.12 pet C steel tempered 1 hr at 426°C
(800°F). %

a major effect of cobalt may be in preventing recovery
of the dislocation substructure during tempering.**”*®
This provides more nucleation sites and a finer dis-
persion of precipitate. Cobalt also increases the ac-
tivity of carbon in ferrite*® which favors formation of
a fine precipitate dispersion because of the resultant
higher supersaturation. Also, cobalt produces a small
solid solution strengthening effect.*

Some of the effects of Cr, Mo, and Co on the temper-
ing behavior of a 10 pct Ni- O 12 pct C steel are illus-
trated in Fig. 27. As in the work of Kuo,*® chromium
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retards softening but does not give a secondary hard-
ening peak, which is only present when molybdenum is
added to the steel. Cobalt increases the yield strength
even when no secondary hardening occurs but has a
much more pronounced effect when a secondary hard-
ening precipitate is formed because of the reasons
previously discussed.

Secondary hardening is of considerable interest not
only because it retards softening but also because the
fine dispersion of alloy carbide promotes toughness.
The effect of tempering 10 pet Ni-8 pet Co-2 pet Cr-
1 pct Mo steels for different times and at different
temperatures is illustrated in Fig. 28, The toughness
of these steels increases as the tempering time in-
creases because of the dissolution of a coarse disper-

A e il

Fig. 26—Fine disiccation-nucleated dispersion of (Mo, Cr),C
in 10 pct Ni-8 pcr Co~2 pet Cr-1 pet Mo-0.12 pet C steel tem-
pered 12 hr at 510°C (950°F).3
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sion of cementite similar to that shown in Fig. 25 and
its replacement by the fine alloy carbide dispersion
shown in Fig. 26. Small alloy carbides do not nucleate
voids as easily as the larger cementite particles and
the toughness increases. It is interesting to note that
for short tempering times the toughness continues to
increase even though the yield strength also increases.
During this period coarse Fe;C precipitates are dis-
solved and fine (Mo, Cr).C carbides are formed. For
longer tempering times the more normal behavior oc-
curs by which the yield strength decreases because of
overaging and the toughness increases. During this
period, only the coarsening of (Mo, Cr),C carbide oc-
curs. An optimum tempering time is thus required to
achieve the maximum toughness for a given yield
strength,

EMBRITTLEMENT DURING TEMPERING

Martensite is tempered to improve its ductility, but
tempering must be done with care, or ductility will not
be improved. As shown in Fig. 29, if tempering is
done between 230° and 370°C (450° and 700°F), embrit-
tlement can occur in a number of different AISI
steels.?” This phenomenon is termed ‘‘500°F embrit-
tlement’’, It is believed to be associated with a criti-
cal carbide morphology present when Fe;C first forms.
It may be caused by film-like carbides precipitated on
grain boundaries and subboundaries.*® This phenom-
enon is a serious handicap to the development of op-
timum strength and toughness. If one uses a low-alloy
steel containing silicon, this problem of 500°F embrit-
tlement can be avoided. Silicon inhibits the tempering
of martensite, When 1.5 pct or more silicon is pres-
ent, the rate of softening becomes zero at about 250°C
(500°F), Silicon inhibits the tempering of martensite
by two processes: 1) it inhibits the growth of carbide
particles, and 2; it expands the range of temperature
in which €-carbide is stable.

'f an alloying element is more soluble in cementite
thar ir ferrite, as are Mn, Mo, Cr, and W, it is not
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likely to have a pronounced effect on the rate of growth
of carbides precipitated from martensite, although it
may affect the structure, nucleation sites and rate of
nucleation of the carbide. Alloying elements insoluble
in the carbide, such as silicon, may have a very large
effect upon rate of growth of carbides. Owen* pro-
posed that the technologically important inhibition of
the tempering of martensite by silicon was due to the
rejection of silicon by the growing carbide particles.
The buildup of silicon around the growing particle
causes an increase in the activity of carbon in this
region, thereby decreasing the flux of carbon to the
particle and decreasing the rate of growth., Keh and
Leslie® determined the effect of silicon on the rate of
growth of carbides, with the results shown in Fig. 30,
The rate of growth is compared with the growth of car-
bides in an Fe-Mn-C alloy. The effects were meas-
ured in ferrite, not in martensite, but that is unim-
portant, The effect of silicon is quite striking. During
aging at 200°C (392°F), the carbides in the Fe-Mn-C
alloy (FesC) grew to a maximum dimension of 14,500A
in 20 min, In the Fe-Si-C alloy, the carbides, which
are not Fe;C, grew initially at 200°C (392°F) at about
the same rate as in the Fe-Mn-C alloy, but soon
reached a maximum size characteristic of the aging
temperature, after which growth ceased. The maxi-
mum size was about 2000A at 100°C (212°F), 3000A

at 200°C (392°F) and 8000A at 300°C (572°F). These
temperatures cover the range in which silicon inhibits
the tempering of martensite. It seems probable that
the effective mechanism is that proposed by Owen,
wherein each growing carbide, whether precipitated

in ferrite or martensite, is encapsulated by a high con-
centration of silicon, which eventually nearly halts the
migration of carbon to or from the particle. If this is
correct, the movement of silicon atoms away from the
growing carbide particle must be aided by some means
that have yet to be elucidated.

‘Recently it was reported that during the tempering
of a 0.5 pet C, 0.8 pet Mn, 2.0 pet Si steel, e-carbide
precipitated at 150°C (302°F), Fe;C at 500°C (932°F),
but that at 300°C (572°F) a new hexagonal, high-silicon
(9 pet) carbide, called v, was precipitated.” Gamma
is supposedly an intermediate carbide between €-car-
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bide and FesC. Confirmation by others of this inter-
esting claim is desirable.

The last topic we will discuss is temper embrittle-
ment. This occurs in quenched and tempered steels
when they are held in or slowly cooled throush the
temperature range 370° to 565°C (700° to 1050°F), The
embrittlement—a loss of cohesion at prior austenite
grain boundaries—is believed to be caused by segrega-
tion of antimony and phosphorus and, to a lesser ex-
tent, of arsenic and tin to prior austenite grain bound-
aries during austenitizing of the steel.®*™™

The susceptibility of a steel to temper embrittle-
ment is also enhanced by segregation of alloying ele-
ments, particularly manganese and chromium, to
prior austenite boundaries. Apparently the embrittling
elements are arranged near the grain boundaries and
move to the embrittling configuration only in the tem-
perature range 370° to 565°C (700° to 1050°F). Below
about 370°C (700°F) the mobility of the embrittling
elements is restricted and above about 565°C (1050°F)
they return to the unembrittling configuration. As a
result the embrittlement is characterized by a “‘C”’
curve, with a nose between 500° and 550°C (932° and
1022°F). Embrittled steels can have their ductility
restored by heating at temperatures above 565°C
(1050°F), for a few minutes at 593°C (1100°F), for ex-
ample. There is an enormous amount of information
available on the subject of temper embrittlement, but
the phenomenon is so complex that no simple model
has been proposed that satisfactorily explains all its
features.
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