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1. GENERAL

Chapter 4 -
METHODS OF DETERMINING RESIDUAL STRESSES#*

Stresses that remain in a body after thé factors givling rise to
them have been withdrawn are known as residual stresses;** The céuses
of the appearance of residual stresses are irfeversible changesr(non-‘
uniform plastic deformations, phase transformations, and so forth) |
that are not uniférm throughout the volume of the sblid.

A mechanical method of determining residual stresses has been pro-

posed by N.V. Kalakutskiy [2]. It is based on the following considera-

tions. The residual stresses are mutually compensated within the body —

‘their resultant and moment are zero in any sectlon, as proceeds di-

rectly from the body's equilibrium conditions. If some part of a
stressed body 1s removed, the stress equilibrium in the rest of it
will be disturbed. Elastic deformations will arisg in it; on measure-

ment, these will enable us to determine the values of the residual

stresses.

The mechanical method has been developed only for bodies'of the.
simplest symmetrical shapes: cylinders, tubes, plates, and so forth,
and cannqt be applied to bodies with complex shapes, 1l.e., to~th¢ ﬁa-
Jority o% real objects. Moreover, the distribution of the residual
sfresses depends to a considerable degree on the shape of thé bvody.

ﬁse of the mechanlical method is limited further by the fact that
the pleces subject to investigation are usually complétely.or, more
rarely, partially deétroyed. '
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residual stresses from the measured deformations.

Below we conslder a number of speclific cases in which the mechan-
ical method 1s applled to determine‘residual stresses of the first kind.
2. DETERMINATION OF RESIDUAL STRESSES IN CYLINDRICAL BODIES

Every stressed state is characterized by three principal stresses.
For cylindrical. bodies,,these stresses are axial radial and tangentilal
(or circumferential) Figure 1 shows a volume element that has been
1fcut out of a cylinder. ‘The arrows indi-

" Gate the principal-stress vectors. The

radial stresses cﬁ are directed along

theﬁradius of the cylinder's circumfer-

ence, the axial stresses %5 along the

axis of the cylinder, and the tangential

stresses Of along'the normal to the mer-
Fig. 1. Diagram of

stressed state in cylin- idional plane. ‘
drical body. 1) o, ; 2)
The methods of Zaks [Sachs], Kala-
5 3) o,.

kutskiy and Davidenkov are extenslively
used for Investigation of resldual stresses in cylindrical objects.
The Zaks Method '

The surface of the cylinder and its faces arevground in such a
way that the faces are parallel to one another and perpendicular to
the axis of the cylinder. - The prepared cylinder 1s carefully measured:
the diameter is measured in three directions in each 6f three zones
and the length along three different symmetrlcally located generatrlces

'(Fig. 2). After these measurements have'been taken, the cylinder 1is
center-drilled through its axis and the diameters and 1engths of the
cylinder again measured at the same points as previously. Then the
hole 1s bored out progressively.(by steps) and the same measurements
repeated after each boring operation. The boring steps must be suffi-

) , 3. _
FID-TT-62-1762/1+2

I
i
{
!
jﬁ

L




ciently small to produce the largest possible number of points for the

stress dlagrams, but not so small. that the deformatlons produced by -

the boring cannot be measured with sufficient accuracy.

Fig. 2. Dlagram il-
lustrating measure-
ment of dimensions

of cylinder in deter-
mining residual
stresses by Zaks
method: a;, a'y, a"l,

a5, a'y, a"2, ag,
a'3, and a"3 are the

points of deforma-
tion measurement on

three dlameters meet-

ing at an angle of
120 in three bands,

1, b2 and b3

the points at which
the deformation in
length 1is measured.

The measurements are used as a basis for

‘:;computing th° deformation of the cylinler af-
;pter each boring operation and the residual
"3stresses in the 1ayer removed are determined .

. “aafrom the average values of the cylinder's di-

ametral and length deformations.

The stresses are computed-by the follow- B

ing formulas (3):

e [(l.—h%.-.A]:" (1)

"= 1=-p® X

oy - B (2)
lf” .- '-;f '.-‘ (3)

where f_ 1s the soecimen'e sectional area
with respect to the outside dlameter, f 1s
the area of the drilled pole, E is the normal
elastic modulus, p is Poisson's coefficlent,

. On.-{-;i:
A=l

where ¥ 1s the relative change 1in the dlameter
on boring the cylinder and A 1s the relative

change in the cylinder's length.

The derivatives dA/df and d6/df appearing in.Formulas (1), (2)

and (3) are computed graphically from curves of the variation of & and

A as functions of the area of the drilled hole £ (Fig. 3).

For these curves to be smooth, the experimental data must be cor-

-4 o
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rected slightly when they are plotted.

' .;e.‘v ) For convenlence in graphic calculation
%Jﬂ 1/§:J ‘. of the derlvatives, the values of © and

  am — P a A may be increased by a factor of 10°.

_ '§m B .,u{y : To compufg the derivative at the

;glvw : ,,A“Jr‘d’. : ~ required point'éféiﬁg curve (for given

0200 400 600 800 7000

"2 Nnowade nonepewozo cevenun f, met values of & and by OP of A and f_), a tan-

~ Flg. 3. Example of A and gent ls passed and the slope of this tan-
- @ _[sic] as functions of f. 7 ‘
1) Deformations & and A, gent to the axls of abscissas 1s com-~
3. ' : ' .
x10°; 2) °§°Ss'se°ti°na1 puted. The sign of the derivative 1s de-

area f, mm".
termined by the sign of the tangent in

the quadrant in question. _

The line is passed tangent to the curve very easily wlith the aid
of a mirror [4]. For this purpose, a mirror standing perpendicular to
the paper is adjusted in such a way that the reflectlon seén in 1t
wlll be a smooth exfension of the curve. Given this condition, the
edge of the mirror coincides with the normal to the curve. Once we
have located the direction of the normal at the point in question, we
may also draw the tangent.

After computing the axial, tangential and radial residual stresses
for the various‘layers, we may plot curves of these stresses over the
section of the cylindrical object. The correctness of the stress deter-
minatlion may be established by checking fé see whether the resultant
of the axial stresses and the moment of thé.tangential (circumferen-
tial) stresses are zero; the sum of the circumferential stresses (or
the stresses constructed as a function of the square of the radius)
should also be zero. .

In determining residual stresses in hollow cylinders (thick-walled
tubes), the approaéh ;s the same as with sdlid cylinders, except that

-5 -




the central holes are not drilled. The stresses are determined by per-

forming successlve boring operations on the tube and measurling the di-

_ametral and length de‘fo‘rmations..'

Calculation of the residual stresses with progressive boring-out

. of the cylinder has .a‘ shortcomingl in that_the‘magnitude and dist_ribl.;l-

tion of the stresses in the surface layer can be‘obtained.only by ex-‘

.< _trapolation, since the -cylinder can be bored out only to a certain limit.
To obtain the complete residual-stress curve, the cylinder-boring .

experiments must be supplemented by investigations of" another specimen,

the outer surface of which is turned for measurement of the inside-

diameter deformation of the cylinder instead of that of the outside ;

- dilameter.

When outside layers are removed, the stresses'are computed by

the following formulas:

e l W
Oy = ",‘," % R |
[(f g ’;"' -]:". o o (5)
== ,f,{.""’j‘%ﬁ""'; - (6)

Basically, the symbols in these formulas have the same signifi-
cance as in Pormulas (1), (2) and.(3); £, 1is the area of the cylinder's
internal cross section‘and f is the area of the outside cross sectlon
of the cylinder, ‘which changes on turning

The full stress diagram is constructed by juxtaposing the partial
curves obtained on boring and turning ‘the cylinders.

The use of two cylinders can be recommended only when'the stress
curves 1n these cylinders are fully identical. However, this is'diffi-
cult to arrange. Consequently, the complete curve is determinedAon a

single cylinder, which 1s subJected to successive boring and turning
-6 - )
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operations [5].‘Here, extrapolation to the Surface of the cylinder is
supplanted by 1nterpqlation over the thin central part of the cylihder
that remains after all machining has been completed; thils enables us
to determine with high precislon thé superficial stresses, which are {
usually of the greatest interest. . |

_ In this case, the cylinderlis first bored and the residual stresses
computed for 1its internal reglon on the basis of the changé in outside
diameter and length, using Formulas (1), (2) and (3). Then -the remain- 1
der of the cylinder is turned and the residﬁal stressés computed for
the outside of the cyiinder by Formulas (4), (5) and (6) after-measur-

ing the changes in its length and inside diameter. However, these re-

sldual-stress values will not correspond to the true initial stresses fd
because of the changes that have been wrought by the earlier boring .
operation. For determination df the true stresses, therefore, it is
necessary to compute those residual stresses that were relieved in the
cylinder's outside layers during the preliminary boring work, using !
the formulas . |
Gam—gIst (7) o
s )
= |f.-'.' .J.;" & {9)
D A=ptaty |
0=+, <

where Ar and or are thé relative changes in the length and outside ai-
ameter after preliminary boring of the cyiinder. |
The true residuai stresses In the outer layers of the dylinder
are equal to the algebraic sﬁm of the stresses éqmputed by Formulas
(4), (5) and (6) in turning the cylinder and the stresses computéd by -
Formulas (7), (8) and (9).
In many cases, it 1s sufficient to determine only the axial or
-7 = | '




only the tangentlal and radlal stresses.

If we study only the axlal stresses, they may be computed by For-
‘mula (1) or (4), in which A 1s replaced by A (X is the relative'change
in the cyiinder's length) and ‘the denominator (1 — ue) may be dropped.

It is necessary, however, to note that with this method of deter-

mining the axial stresses, the tangential and radial stresses that are“

practically always present in cylindrical components are deliberately

not taken into account, so that the axial- stress value obtained is usu-r

ally on the 16w side.

Like the axial stresses, ‘the tangential and radial stresses may
be computed by Formulas (2) and (3). for boring and b& Formulas (5) and
(6) When,the ¢ylinders are turned, replacing 6 by ¥ and discarding (1 -

- 9. | | o |
If the investigation of residual stresses is to be 1imited to
measurement'of only the tangential and radial stresses, the test ob-
Jects are dlsks cut from the cylinder The thickness of such disks
should be no greater than 1/5 of 1ts diameter, it is limlted to relieve
the axial residuval stresses [6].

The method set forth above for determining the residual stresses
in cylindrical products is well-known in_the literature as theAZaks
method. . |

| The basic deficiency of the Zaks method, which makes 1ts use par-'
ticularly difficult in industrial laboratories, consists in the small
magnitude of the strains that are subject to measurement and -in the
extreme sensitivity of the method to”temperature factors. The latter
prevents undertaking measurements when the object has not been held at
the temperature 1In question for 2-3 hours (depending on its size), and
it 1s necessary to take parallel measurements on some control specimen
that remains'unchanged during the entlre operation.

-8 -
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The method -has yet another shortcoming (which, incidentally, 1is
inherent to most other methods). In deriving formulas for calculation
of residual stresses, we‘assumed axial symmetry of the stress distribu-

tion and constancy of this distribution on the test length. In many

cases, however, the stresses may be distributed asymmetrically. Fur-

ther, the end effecp, which upsefs.the'upiformity of the residual-
stress curves along the cylinder axis, arisés in deterﬁining'residual
stresses in cylindrical articles. The influence of‘the end effect fdr'
cylinders extends to a depth:of the same order as the cylinder'diam-
etern[7]. :

Dependab;e results may be obtained by the Zaks method only in

' cases where the cylinder length exceeds its diaﬁeter or wail thickness

by a factor of at least 5-6 [8].

Together‘with this, only the Zaks method takes fuil and irre-
proachable account of the three-dimensional stressed state, and it is-
therefore most correct from a theoretical standpoint.

The Method of N;N. Davidenkov

For thin-walled tubes, the Zaks method is rendered virtually use-~

less due to the small magnlitude of the deformations subject to measure-

ment.

Consequently, N.N. Davidenkov proposed another method baéed.on
measurement of bending deformétions rather than tensile or coﬁpresgive
deformafions [9].'. | |

For determining tangential résidualAstresses by this method, a

segment of tube is slit along one of 1té generatrices and then layers of

metal are removed progressively (for example, by etching) from the out-
slde and inside surfaces of'thg tube, with measurement of the diameter

change each time.

The total initlal tangential residual stresses in thin-walled sec-

-9 -
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tions are composed of three combon_ents:

Gy =0y + OO0 (10) |

where o, are the residual stresses relleved when the ring is split; SN

are the residual stresses that exlst in each layer of the tube when f

removal of all preceding layers is completed; ¢3‘1s a cor;ectidn that ‘

takes into account the ﬁésidual streéses-re;ieved‘In‘thgﬁiayeg‘whenzﬂ
all preceding layers are removed. | | | . _.

These components ére determined (on removal of 1nterna1v1ayer§)~

by the respective formulas: , o p"- ‘ S 4“ R

- W~ PO S

“so—a - (12)

2E« [—-3«:(0.—0,)-;- - = o - : }

=30—2)D
. D,

D—2 ., D-a | e
=l Bt L) )
(N (S : -

In these formulas E is the elastic modulus, a is a‘coefficient taking

into account the impossibility of curvature for the ring walls in the | |
axial plane due to the cylindrical shape: a = 1/(1 —-u2)§ T is'the

Poisson coefficient, p is the radius of the median circumference of:

the ring, Z' 1s the distance of the layer under consideration from.the
median circumference, 6 is the thickness of the ring wall, D is the _
outside diameter of the ring aftef splitting along a generatrix; AD 1is -
the measured change in the outside diameéer of the ring on splitting %
(positive when the diaméter.1ﬁéreases),rwﬁich is equal to the spread

of the split ends divided by n, a is the distance between the centep“' B

of the layer under consideration and the ouﬁéide surface of the ring;
aﬁd.g is the present coordinate of all 1ayer§ between 6 'and a.
The derivative dD/da is determined graphically from the qurve'of
D = f(a). The quantities j:xdq and ‘jggx’dD‘ are found graphically (or by
- 10 -
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rough calculation) from curves of X = wl(D) and x° =,¢2(D) constructed
on the basis of the experimental data. |

To determine the axlal stresses, narrow strips are cut from the
" tube parallel to 1ts axls and the deflectlion that appears on cutting
_15 measured. Then suécessive internal layers are removed, e.g., by

etching, and the deflection of the strips again measured.

The axlal stressesvare computed by the formulas

Gce = ) 40+ 055 7 | ©(ab)
. ‘ °
_ 25(———4- B .
R )’ B9
G;-.—- ;"" %3. E ) (16)
o= [ Bt asn. (17)

where b is half the distance between the supports of the instrument
used to measure the deflection, f is the deflection that arises when
the strips are cut out (positive if the strip turns 1ts convex side
toward the tube axis); the‘otﬁer symbols have the same significance‘as
in the earlier formulas. |

The derivatives and integrals are found graphically from the
curves of o .

f = @l(a) and x = ¢2(f)f

Since determination of residual stresses by the Davidenkov method
presupposes progressive etchiné away of outsilde or inside layers, com-
plicatlions arise In study of stresses in tubes whose material does not
lend ltself to etching or doés not etch wiﬁh sufficieﬁt uniformity.
Mechanical removal of layers is difficult in thls case because second-
ary plastic deformatlons may arise in the tubé after sectioning along
the geheratrix (due to its low rigidity). In this case, a special
method for mechanical removal of layers may be employed [10]. .

-1l -
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The tube under study 1s broken up lengthwise into a number of seg-
ments,‘bored out stepwlse to various dlameters and then sectloned
through these steps. The individual rings with'different wall thick-
.nesses obtained In this way are qut along a generatrix and the corres-
ponding diameter changes are measured. Assuming that the magnitude and
distfiﬁﬁtion of the resldual stresses are the same in all segments of
the tube, wé may compute the tangentilal stresses in the individual
rings and thus find their distribution over the thiékness of the tube.
Method of N.V. Kalakutskiy | |

The Kalakutskiy method [2] is used for investigation of tangen-
tial stresses in disks (solid or cut from thick-walled tubes).'Here 1t
is assumed elther thaf there are no axial stfesseg in the piece or
that they'are relieved in cutting out thé template, the thickness of
which must be as small as possible and, in any event, no gfeater thaA
1/5 of the diameter.v

Essentially, the method consists 1n cuttiné up the disk intora
series of concentric rings and meqsuring the changes'in their diameters
due to the cutting. These chaﬁges (as in the Zaks methpd) are very
small, not exceeding a few hundredths of a millimeter, and are sensl-
tive to temperature fluctuations. Consequently, the measurements should

.be made with great care. The calculations themselves are quitelcumber-
some. _

The Kalakutskly method 1s based on the use of the familiar Lamé
formulas for thick-walled cylinders; the technique of the application
conststs in the following. . |

After the disk is cut out, 1ts surface 1is ground and the rings to

be cut out of it are scribed on lts surface. Marks are made on the cen- -

terlines of these rings across three or four diameters (small crossed
scratches afe‘made or shallow cores are taken) and a comparétor‘is used

- 12 -




to measure thelr sizes. Then ring-shaped grooves that separate the fu-
ture rings are turned through (or marked) and the outside and inside
radil of each ring are measured. After this, the rings are cut out and

the marked dlameters of the central circumferences are again measured

on each ring.

The calculatlons amount to determining the r§ciproda1 pressurés
experienced by the rings (which are ‘equal to thé radlal compressiveT ~¥
stresses) from the -magnitude of the measured~(absolute)'displacement_

of the median circumference of the ring u according to the formula

1—mn , Pa's— Pe'y

TTE Ta-a
2.2
'_|+p '.'.(pl'—'h) . .
+. E I(f-:—’:) hd (18)
where r 1is the average radius of the ring, r, and r, are the outside

and Inside radii of the ring, Py and b, are the inslde and outside
pressures (positive for compression) which are equal to the radial
stresses, E ié the elastic moduius, and p 1s the Poisson constant.

The following éalculation procedure can be recommended (from the
outside ring toward the inside ring¥*).

The outside ring is free from loads along its external perimeter.
Thus, setting Pi, = 0, we determine Py from the equation for u; here
(as everywhere in the material that follows), the sign of the variable

u 1s reversed, since the deformation forms not under load but when the

" load 1s released.'

The computed Pyy also acts on the second ring. A correctioh is in-
troduced to account for the finite wldth of the cﬁt. Assuming that the
pressure varies linearly on the small extent of the ring width; we em-
ploy linear extrapolation. If the ring width is dénoted by a and the
cut width'by ¢, the external pressure on the second ring is equal to

- 13 -




Paa= p..(l +-£-) .

Passing through the second ring, for which Pop, has already been
determined, we find p,, from Eq. (18). As earlier, the correction

¢
P3u™Prs +(Pas—P2) "+

is introduced on passing through the third ring

Continuing further in the same manner, we finally arrive at the
last, inside ring, for which we should find pnv = 0. This result is.g'
check on the measurements and calculations.

After all radial stresses have been determined, thé average tan-

gential stresses are computed for each ring of radius r uslng. the for-

mula
rips —13pe
i

Pa—pdrir? S
MR 29

+

The internal stresses are taken for Formula (19) without correction
for the cut width. ' '

These complex arithmetical calculations may be Simplified consid-
erably (at some cosf in accuracy) if it 1s assumed that the tangential
stresses remain constant within the limlts of a éingle ring thickﬁess
and the cut width is disregarded, provided that it 1s sufficiently
small as compared with the ring width [11].

In this case the calculations are carried out by the following
procedure. For the first, outer (or inner) ring,_which_ére assumed
to have no radial stresses, the tangentiallstresses are computed by

the formula
: AD

Oy oo e [

b (20)

where E is the elastic modulus and AD/D is the relative change in ring
. o . . .

-,




diameter after cutting out (AD is taken positife for increasing ring
diameter D éﬁter cutting out). _ '

For all other rings, which do not face on the outslde or free In-
side surfaces, the influence of radial stresses must also be taken
iInto account 1in computing the tangentilal stresses, uslng the formula

c,npc'——.‘—ABD—'E.' (21)

The resldual stresses are computed successlvely from the inside
ring toward the outslde ring or in the reverse order. In the former

case, the change 1in radial stresses Ao'r i1s found on transition to the

' second ring by the formula

.3 ' ‘
AC’ -'“'—(C""C'L (22)

where 6 is the distance between the axes of neighboring grooves and p

i1s the radius of the groove centerline. -

Substituting the value of ¢, obtained from Eq. (20) in Eq. (22)

t
and, as before, setting o, = O, we find the value of Ao'r.

r

Radial.stresses o"r equal to the Ac', found above act from within
on the second ring. Knowing the values of o"r and AD/D, we may deterT
mine o"_ for the second ring from Eq. (21). |

Héving found °"t and substituted it in Eq. (22), we compute Ao“r
for the transition to the third ring. At this point, the radial stress
o', acting on the third ring becomes known: h

Ao, + o"r.

Continuing in a similar fashion, we may determine successively
the tangential and radial stresses for all rings.

If the calculation 1s carried in the opposite direction —-putside
to inside — the sign is reversed in the right member of.Eq. (22).

Determining the values of the tangential and radilal stresses for

each ring, we construct the curves of distribution of these stresses

- 15 -




over the cross section of the disk. '
If the stress calculatlon beglins with the inslde ring, the radial
stresses on the outside margin of the next ring should be found to

equal zero. If this condition 1s not met, the erroneously computed

PR SR, 1

value of the radial stresses (1f it is not too large) should be dis-_\}:;"'

tributed evenly_among all rings by introducing the appropriate cbrrécQ

tioﬁs into the tangentlal-stress values.

The radial stresses on the‘internal free surface of hqllow cylin-
ders (tubes) should also be equal tb,zero, ﬁhile the radial stresses
in the centiral ring of a solid cylinder should be equal to the tangen;
tial stresses.

Method of N.V. Kalakutskiy as Modified.by N.N. Davidenkov

The Kalakutskiy method may be simplified. The measurement of ring
deformafion on.cutting-out may ﬁevsupplanted by méasurement of the de-
formation that occurs when they are split along one of the radii after
cutting outﬂ If we make the quite plausible assumption that the result-
ant of the tangential stresses 1s basically relie&ed when the rihg is
cut out but that those stresses that create the bendling moment are re-
tained, the mesasured ring deformatlon after splifting enébles us to
compute this moment‘and, consequently, also to determine the slope of
the tangential-stress dlagram as a function of the median radius of
the ring, using the formula o

’ ' do, b

. .
s =¥ (:3)

Here, AD is the measured increase in ring diameter after splitting
(which is equal to the spread‘beéween the cut boundaries, which is
simpler‘to measure, divided py-w).

Knowing the values of these.tangents [slopes], we may use them in

graphical construction of a curve of the actual stresses (by passing a
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smoothing curve'over segments of the tangents), or accomplish the same
thing analytlcally assuming that péssing a cufve over the tangents rep-
reéents an integrétion operation.

It musé be remembered In thils constructlon that the tangent in
- this case has the dim@nsions kg/hm?-mm; so. that 1t must be constructed
 téking into account the gcales of the stresses (along tﬁe aXis-of.orf

Ainates) and lengths (along the axis of abscissas). If, for example,f

R 100 mm is lald off on the axis of abscissas as»the.length scale; then
the value of tan a must be laid off on the axis~6f ordinates in the
stress scale multiplied by 100. |

Construction of the curve begins with zero stress. After the en-
tire curve has been plotted, the axis of abscissas is shifted parallel
to itself until the positive and negative areas of the dlagram become
equal, i.e., until the equilibrium condition is satisfied. The or-
dinates of the curve read off the new axls are what will givé'thé'
stress values. |

The tangent method may also be used to check the curve bbtgined
by the method of rings. However, it ls more expedient to use it in com- l
bination with direct measurement of the deformation of the outside
ring after it has been cut off, the more so Because thié deformation
is usually quite large. Then, using the elementary formula (20), we
may determine the tangentlial stress, and this gives the initial point
for construction of the entire diagram. This method dispenses with the
necessity of displacing the axls of absclssas and it becomesApoqsible i
to verify whether the equilibrium condition has been satisfied. .

Tnere 1s also a method for constructing a general diagram from
the deformations that arise when the rings are split. However, it in-
volves tedious calculations and will therefore not be described here.
For detalls concerning the ébove, see [8].
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Other Methods for Determining Resldual Stresses

Other methods are also kaown for determining residual stresses,
e.g., those of Heyn and Bauer [12], Andersen and Fahlman [13], and
_'Kirchbergz{lh]. As a rule, however, these methods can be used to 1n;
“vssfigate elther the two-dimensional stressed state and hence to deter-
_ mine only two stress components (tangential and radial), or the linear
stressed state, so that only the axlal stresses are determined.

In approaching the selection of a method, it is first necessary
to form at least a tentative conception cohcerning thé magnitude of
the deformations subJject to measurement (as a furiction of the dimen-
sions of the piece and the level of stresses).

| It was noted above that the Zaks method,enaples us fully to define
the.three-dimensional stressed state in solid and hollow cylindersfby
determining all three components of she residuai stresses — axial, tan-

gential and radial. The Zaks method provides‘for measurement specific-

ally of small deformations, and its application is limited by the meas-

urement technique. Consequently, this method is practically useless
for cylindrical products of large dlameter, since boring the first
layers of such a cylindér gives rise to such slgnificant deformatlons
at its surface that it is not possible to measure them with sufficient
accuracy. f _ '

The possibiiity of using the Zaks method for determining resldual
stresses may be evaluated as follows. T

ILet us assume that it 1s necessary to determine the residual
stresses in a disk cut out from a hollow steel cylinder, the inside
radius R, = 20 mm and the outside radius Roa = 60 mm.

Suppose that the minimal tangentlal stresses on the inside sur-
face of this disk are 10 k'g/mm2 (no axial stresses). |

Assuming that in this case 1t is necessary to bore the disks from
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the inslde, we determlne the thickness of the layer by which these
disks will be successlvely bored out. Let us set it equal to ~5% of

Roar — Run (this wlll enable us to obtain 20 experimental points for

plotting the stress diagram), or 2 mm.
When the first layer is_removed"by‘toring, the radlal stresses

relieved may beidetermined by the formula'~f
: AR - )
P Ra+ER ™

With AR = 2 mm,.

20,
L0 Rm+’ -
According to the formula for the radial displacement the change

in the disk's outside diameter is

4R} RuspSp

AD =
. . E(RL,—RL)

With E = 2.2-104 mm, the elastic deformation on the outside surface. of
the disk 1s of the order of 0.0015 mm.

Consequently, if the investigator has at his disposai facilities
that enable him to measure elastic deformations with an error no
greater than 0.0015 mm, he may use the Zaks method. In practice, how-
ever, it is very difficult to attain such accuracy and we may arrive
at incorrect conclusions concerning the magnitude of the resildual
stresses and the manner in which they are distributed

If the Kalakutskiy-Davidenkov method is uged instead of the Zaks
method in the case under consideration, we obtaln a considerably
higher accuracy in determining the stresses.

When the stresses are determined by the simplified Kalakutskiy-
Davidenkov method, the smailest deformation for the inside ring 1s
found to be

' Ar = rot/E,
-19 -
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i.e., the deformation 1s 0.01 mn in our example, or 6-7 times smaller
than according to the Zaks method. Naturally, measurement of such de-
formationis does not involve any complications.
The advantages of the Davidenkpv method in applications to thin-
walled tubes of small diameter may be evaluated similarly.
3. DETERMINATION OF RESIDUAL STRESSES IN PRISMATIC BODIES (BEAMS PLATES)
' The method developed bv N N. Davidenkov to determine axial resid- p

ual stresses in strips cut out of tubes may be used to determine resid- -

" ual stresses in rectangular-section'beams-and plateS‘in the uniaxial :
stressed state. In this case,'layers‘of‘small thickness are removed
successively from one side of the beam or plate (by etching planing
or grinding), and the distortions that arise are measured after each |
step. The stresses are computed by Formulas (14), (15), (16), and (17)-.
Subsequently, N.N. Davidenkov improved‘this method [15],Aassuming .
the thickness of the layers removed tolbe finite rather than infinites-
imally small. | | |
The formula for computing the axial stresses in this case takes

the form

3 Aa
a—Ac .
Ax
— Is — "(""“"”)X

x:._“— 5 .4] | (24)

Here -

o O—sp AP
Sm= '.Al

Az 3
S—a

1+

a 1s the thickness of the layers removed, 6 is the initial thickness
of the beam or plate, Aa 1s the thickness of the layer in which the
- 20‘-




stresses are determiped, X 1s the current coordinate, which varies from‘
0 to [a— (Aa/2)], Ax 1s the thickness of the layer situated at depth
.§‘below.the initial surface, fa — Aa 1ls the deflectlon due to removal -
of all layers to the depth (a — 4a), Af i1s the deflection due to re-
moval of one layer and b 1s half the theoretlcal span of the beam.
o : © All of these symbols will be under-

%
°
]

"":::.;:.—.."!:‘:::::_ T IR
9% : .stood from the diagram shown in Fig. 4.

Calculation of the residual streéses

by the iﬁproved Formula (24) gives more ac-
Fig. 4. Diagram illus- s

trating symbols used curate results than are obtained by Formulas
in computing residual . .

stresses in prismatic . (14), (15), (16), and (17).

body.

In determining residual strésses in
prlsmatic bodles, the layers removed should be as thin as possible for
superior reproduction of the stressed state. Wlth large test pleces,
however, the deformatlons that arise on removal of such layers may
prove to be so smali that they cannot be measured. It 1is therefore'nec-
essary to specify a minimum value for the expected stress and first
compute the order of magnitude of the expected strain. Obviously, fhe
more sensltive the lnstrument, theAthinner the layers that may be re-~
moved.

Removal of 1ayers over the entire length of the test oﬁject repre-
sents conslderable difficulty, particularly 1if ifvié made of hardened
steel. Experiments have shown that it is posslible to saw the plece to
the same depth instead of removing layers [16]. If the number of saw
cuts 1s éufficiently large, the result obtained 1s the same as if the
whole layer had been removed. Thus, 1f we make cuts at anlinterval
equal to three times the depfh, only 5% of the actual stresses remain

unregistered by the procedure.
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4. DETERMINATION OF RESIDUAL STRESSES IN SURFACE LAYERS OF PIECES
Methods for determining residual stresses 1ln any surface zone of
a workpiece are also based on measurement of the elastic'derormation

produced by a change in the stressed state. This change 1s brought

about by specific notching procedures, drilling holes, removing cores,ﬂ3

‘and by. other methods [7, 17, 18]. |
D.G. Kurnosov and M . Yakutovich {171 proposed that. holes at

least 1.5-2 dlameters deep be drilled in the stressed surface\layer'to'

determine residual stresses in any surface ZOne.of'pieces with a rlat:f535%

surface or a surface having a slight curvature.

ST,

S,

mma.muu umumvswn

When the hole is drilled elastic de-

distribution in regions adJoining the out-
_ line of the hole..

face of the piece. In many cases, this hole

Fig. 5. Diagram illus- may be drilled without damaging the work-
trating measurement of . _ -
deformations in deter- plece beyond tolerances, e.g., in residual-
mining stresses by - '

hole drilling. A) stress determinations on large forgings.
Plaring points of meas- : .
uring instrument. We may compute the residual stresses

by determining the radial displacements of points'on the outline of.
the hole. | '
The deformation measurement may be made in accordance with the

schemes shown in Fig. 5; these indicate the placement of the reference

points, the distances between which are subject to measurement. Setup 8

enables us to obtain shifts twice as large as those obtainable with

setup b, but the use of setup b 1s more convenlent in practice.

For the deformation measurement, D.G. Kurnosov built a strain ten-

someter with a 60-mm base and a specilal appliance for securing it to.
' -22 -
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the plece being investigated (resistance tensometers can also be used
successfully for measurement of deformations, but they must be set up

in a different pattern).

For the two-dimensional stressed state, when the directions of

both principal stresses and their magnitudes are unknown, the displacé-’

ments must be made In three directions.
It 1s convenient to use the following for these directions:

"ﬂ.:_ . S -
3 = 84 90%
Py ¥ 4.45°,

' where ¥ 1s the angle between one of the principal stresses and an ar-
bitrarily selected direction in which the displacement 1s made.
The general equaﬁions for determining the principal stresses take

the following form:
tE(U®; + U®y) +
2a*(1+w)
+ E(U oy —Uwey)
4a* . at
- .2[-;-—(1+»);.—]eo-20.
Ko SEUB U
23 (1 +5)-
EUey4-Uey) (26)

U

S

I (25)

where S and K are the principal stresses, U¢1, U¢2, and U¢3 are the
dlsplacements in the three directlions, r and ¥ are the polar coordin-
ates of the point on the body whose radial displacement is being meas-
ured, and a 1s the radius of the hole. '

If the directlons of the principal stresses in the part being in-

vestigated are known in advance, e.g., for bodies of simple shape (cyl—.

inder, tube, beam, plate, and so forth), then determining their magni-
tudes requires only measurement of the two corresponding displacements
U1 and U2 of the hole contour at a 90° angle to one aqother.
In this case, the stresses are determined by the forrmlas
-23 -




E{2U; 4+ (1 — ) Uy}
a+m-0—n) ° - (27)

Ef2Uy+ (1 — ) U]
a(l +v)(3—1») ¢ (28)

S

K=

A plllar may be drilled out with a circular slot to determine re-

sidual stresses in the surface layer of a stressed component [18]. The

surfaée_deformat;on_of the plllar is measured with:wire strain-gauge’
pickubs. A ’ - ‘

If the measurement is made with simple strain-gauge pickups, 1t
is necessary to core out two pillars, measuring the surface deforma-
tion in one direction on each pillar. The measurements may be made on

the same pillar by using complex rosette pickups. The pillar diameter

should be slightly larger than the pickup base. The depth of the cir-

cular slot should be at least 0.7 of the pillar diameter.

The residual stresses are computed by the formulas

. c'-—-

l_E_"'('t_'*'".ﬁ)o . : . (29)

Cop "= =

et . (30)

os
rections — tangential and axial.

where € and ¢ are the relative deformations meé.su:ced in the two di-

Manu- . : ,
.script
Page - A |  [Footnotes]
No. ‘
1 Academlclan N.N. Davidenkov of the Ukrainian SSR was respon-
;sible for scientific edliting of the paper.
1 | The present chapter conslders only the mechanical method of.
- determining residual stresses as 1t applies in the classi-
fication of N.N. Davidenkov [1l] to stresses of the first
kind. Stresses (or, more properly, distorticns) of kind II
are considered in the chapter entitled "X-Ray Structural
Analysls of Polycrystals." )
13 N. Kalakutskly recommends the reverse procedure in the in-

terests of greater accuracy.
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13
13
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oc = 0s = osevoy = axlal

P = r = radial'nyy =.radlal .
T = t = tangential'nyy = tangential
B = v = vneshnly = outside

P = r = rastochka = boring

it

H = n = naruzhnyy outside
B = v = vhutrennly = lnside
BH = vh = vnutrennly = inside

HAap = nar = naruzhnyy = outside
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Chapter 32 '
FORMATION OF AUSTENITE IN HEATING OF STEEL

Study of the procegses in which austenite forms on heating were.
initiated by D.K. Chernov [1] who discovered the critical points of.
steel. i‘ ' - |

Initial structure is the most important fgctor determining nét
only the kinetics of the transformations, but also, to a certain degree,
the positions of the critical poinfs. The transformations with an ini- -
tial two-phased structure composed pf pearlite and sorblte are of
greatest practical interest. For this case, the thermodynamiq equilib-
rium in the Fe-C system is determined by the diagram of state. Accord-
Ing to the diagram of state, formatlion of austenite begins when point
A, 1s reached. '

Rt .o
o ri % |
a .
] .
& g
[ i 1
rey fe, / §1 |
- s Fo e
" L |
Fig. 1. Distrib- Fig. 2. Posi-
ution of carbon tions of C1 and
in process of
P — A transform- Cp points on
ation at tempera- Fe-C diagram.
ture T,. lg Temperature,

™.

Nuclel with the +y-iron lattice appear and disappear coﬁﬁinuously
in the ferrite as a result of spontaneous reconstruction of the lat-
tice due to energy fluctuations. However, ferrite can exist in equi-
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librium only with austenite whose compositlion corresponds to the GS

line; consequently, only a nucleus with 0.8% C can be a stable nuoleus,_

1.e., a nucleus whose growth 1s accompanied by a reduction of free en-

ergy, for transformatlon in the region of the Al temperature.

The probabllity that such a nucleus will form as a result of spon-
taneous redistributlion of the carbon dissolveq In the ferrite 1s neg-
ligibly small as compared with the probability.of 1ts‘formation on the_
interface with the cementite, in which the carbon concentration is 306'
times higher than in the ferrite. Proximity to such a rich source of
carbon places the boundary nuclel of the ryy-phase under'advantageous
conditions and ensures thelr exclusive development to critical dimen-
sions and beyond. For this reason, the mechanism by which pearlite is
transformed to austenite near the Al point reduces to the appearance
of.austenite nuclei with 0.8% C at the boundary between the cementite .
and the ferrite and sﬁbsequent diffusive growth of thesé nuclei.

During isothermal holding at the temperature Tl’ which is some-

what higher than Al’ the austenite is fed by carbon at the expense of

the dissolving cementite lamellae and absorbs the ferrite.lamella. Ac-

cording to the dlagram of state, the carbon concenﬁfation at the ce-

mentite/austenite interface is 02, while that at the A/F interface is

Cl (Figs. 1, 2). The rate at which the austenite front advances is de-

termined by the rate of diffusion of carbon in the austenite,* i.e;,'
at a given temperature, by the diffusion coefficient D and the concen-
tration gradient (c2 ; cl)/k, where x 1s the distance traversed. When
the ferrite disappears; x = A, where 2A 1s the interlamellar distance
in the pearlite. The smaller A (the finer ths pearlite), the higher,
accordingly, will be the average rate of austenite propagation. As the
initial pearlite (sorbite) becomes finer, therefore, the rate of aus-
tenite formatlion shonld increase not in proportion to l/A,Ibut more
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steeply.

The point of thermodynamlic equilibrium Al corresponds to a state
in which the free energles of the au;tenite and pearlite are equal and
no transformation at all can take place. Any transformation that takes
’biace dat a nonzero rate — whether isothermal or not — proceeds above
the point Al. Then two austenite fronts with ﬁhe concentration Cl’
l.e., a concentration below the average carbon concentration, are en-

countered ﬁhen the.ferrite disappears. Thus, the éustéhite i1s always
st1ll nonhomogeneous at thiS'pqint in time. '

| The carbon distribution in the austenite 1n the transformation
process 1s determined by the differential equation of diffusion. Using
thls equation to compute the over-all carbon content in the apstenité
at the moment of ferrite disappearance, it can be shown that under any
heating conditions of the pearlite, the cementite will be retained for‘.

a certaln time after the ferrite lamellae have disappeared completely.

" -

Fig. 3. Diagram of isothermal formation of austenite
in hypoeutectoid steel.

In accordance witﬁ the above,'we may distinguish three stages.1ﬁ 
the P — A transformation: I) propagation of the austenite through all
ferrite gaps; II) solution of the residual cementite, III) equalization
of the austenite carbon content.’ ,

The relative duratlons of the individual stages, and particularly
‘of the culminating stage III, are important for practical purposes.
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In this stage, concentration equalization 1s an exponentlally
damplng process. Normally, the process 1s regarded as complete when
the concentration gradlent drops below a specified value 60. Evalua-
tion on the basis of simplified mathematical diffusion models»[zll
glves, for example, for isothermal formation of austenite 1ﬁ steel U8
at 8600, 60 = 0.04% (i.e., the austenite is regarded as uniform when
its carbon content varies by +0.02% C from the average) and 2A = 1.2 p
(coarse pearlite): ty = 0.038 sec, t, = 0.023 sec and t3 = 0.024 sec,\
i.e., all three stages take approximately the same time. o

In the presence c¢f structurally free ferrite, the transformation
front advances not only into theAinterlamellar spaces of thé péarlite,
but also into the free-ferrite grains adjacent to them. However, since
the diameter of the grains D, >> A, the austenite front makes virtually
'no advance into the ferrite grain during the entire conversion of the
pearlite. Thus we may assume that the transformation of the ferrite
grain begins after the transformations in the pearlite have been com-
pleted. Isothermal transformation of ferrite into austenite consists
of two successive stages — first the diffusion front of the transforma-
tion reaches the middle of a ferrite gralin and the free ferrite van-
ishes, and then the carbon contents in the former ferrite and pearlite
grains are equalized. The duratlions of both stages are again limited
by the rate of carbon diffusion in the austenite. If the average path
of the transformation‘front 1= Dz/é fhen ‘we may assume'in analogy to
the corresponding evaluations for pearlite that the transformation
time is approximately (1/A)2 times longer than the pearlite- transforma-
tion time (since the concentration gradient also diminishes in propor-
tion to the increase in diffusion path).

In the géneral case, the path 1 is determined by the graln size
of the ferrite and the quantity of ferrite in the steel. Thus, with an
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" then for full transformation of the hypoeutectoid steel at 800 t

approximately uniform grain size in a steel with 0.76% C, the measured -
average was 1 = 3 p [2], while 1t was 5.1 p in a steel with 0.41% C
and 8.7 p in a steel with 0.24% C. Then, if for 1sothermal transforma-

" tion of pearlite at 800°

tp =ty + t + t3 = 0. 085 sec,.

p+f =
= 2.1 sec with 0.76% C and 5. 4 sec with O. 4i% c. * According to the di-

agram of state, the transformation does not go to completion at all if
the temperature of the isotnerm is below A3. "' o

The sequence of transformations described above is eummarized in
Fig. 3 in a schematic dlagram of isothermal formation of austenite in
a hypoeutectold steel. The diagram applies to.initial stnuctures of
ferrite + pearlite. The transformation begins 1mmediete1y on attain-
ment of the point Al'** The lines 1, 2, and 3 refer to transformations
In the pearlite: 1 corresponds to the disappearance of the ferrilte
spaces, 2 to disappearance of the cemeatite and 3 to homogenization of
the austenite in the former pearlite grain. In contrast to the cooiing
transformations, both the number of centers and the rate of growth in-
crease simultaneously on heating, so that .the curves approach the tem-
perature axis monotonically as the temperature rises. The line 4 cor-
responds to disappearence of the free ferrite (and 4' to suspension of
austenite growth at temperatures below A3), and line 5 to homogeniza-
tion of the austenite throughout the entire volume of the steel. The
limiting value of the residual nonuniformity 60 must be speclfied for
the homogenization 1ines 3 and 5. | |

Such a dilagram of state was first constructed for steel U8 by I.L.
Mirkin and M.Ye. Blanter [3], who plotted lines 1, 2, and 3 and inter-
medliate lines corresponding to specific austenite percentages. Diagrams
were recently constructed [4] for normalized steels with 0.15, O. 3#
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0.66% C and a line 4 as well.
" The quantity of austenite A 1n the 1sothermal transformation P — A

~varies iIn time in accordance with the law

A-I—c-(—) . (1)
where t is time and v and g are constants [4]

The kinetlc curves for hypoeutectoid steels have a sharp break
corresponding to transition from transformation in the pearlite to ’
transformation of the free fefrite. Both stages follow Eq.'(l),'but
the constant g changes sharply (decreases) when one process 1s sup-
planted by.the other [4]. |

In alloy steels, the transformation P — A involves a very long
process of redistribution of the alloying elements.* The distribution

of the elements between the carbldes and ferrites in pearlite is quite

nonuniform and depends on the composition of the alloy and its initilal

heat treatment (annealing, refinement, normalization).*¥* The carbide-
forming elements are present preferentially in the carbides, and the
noncarbide-forming elements in the ferrites. Thus, the cementite in
steel TKh3 after tempering at 650° for one hour contains 15% Cr [6].
Here, accordingly, the ferrite will contain only 1.7% Cr. The-chrohium
diffusion coefficient in austenite with 0.8% C at 800° 1s D = 2:10712
cm2/sec [7], 1.e., four orders lower than for carbon. Hence redistrib-
ution of the chromlum begins for all practical purposes after forma-
tion of the austenite has been completed.

If the.austenite is regarded as homogeneous when tﬁe chromium-
concentration variations lie within +0,05% Cr, then for this steel
with pearlite 2A = 1.2 p at 800°, an¢astimaté calculation [21] gives a

total chromium homogenizatlon time in excess of 15 minutes. It is biear

from this example that even for medium-alloy steel, disappearance of
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carbides does not attest to uniform distribution of the alloying ele-
ments, whlch requires a much longer holding time. Moreover, austenite

that 1s nonhomogeneous with respect to chromium cannot be homogeneous

. with respect to carbon either, since here a gradient of carbon activity

would arise and cause upward diffusion. Nonﬁniform distribution of al-
loying elnments inevitably maintains a carbon nonhomogeneity, so that
the 1evelino process proceeds concurrantly. As a result, homogeniza-
tion of alloyed austenite with respect to carbon may take thousands
of times longer than 1h the case of carbon steel.

| The influence of alloying on the diagram of the isothermal f —- A
transformations has not been systematically studied. The carbide-
forming elements such as, for example, Cr, W, and Mo, retard the forma-
tion of austenite; graphite-forming nickel accelerates it [4, 22]

The kinetics of austenite formation acquires the significanoe of
a decislive heat-treatment factor when production employs heating at
high rates with internal heat sources (induction or contact.electric
heating elements). Here,.isothermal holdings are normally not provided,
and the kinetics is described by a diagram in which the extent of
transformation 1is represented as a temperature fonction for a certaln
constant heating rate. With other heating methods, the heating rate
varies with temperature¥*; the heating rate Ve io the phase-transgorma-
tion interval should serve as the parameter uniquely defining the kin-
etics of the tfansformations.

As a result of the lack of time, equalization of carbon concentra-
tion in the austenite 1s arrived at on continuous heating at tempera-
tures much higher than the equilibrium point. The nonuniformity of the
austenite after quick heating changes the kinetics of transformations
that take place during cooling and the structure and properties of the
transformation products. ’
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With continuous heating .of pearlite, the same three transforma-
tion stages make their appeerance as In isothermal transformation. The
higher the heating rate, the higher wiliite-the temperature at which
the transformation of pearlite into austenite is completed and the.
lower will be the carbon concentration in the centers of’ the former'

ferrite ‘lamellae at this point in time. Justfas in the hypoeutectoid

steeal, the austenite that forms when the 1ast volumes of ferrite dis- ,"

appear will be poorer in carbon the higher the heating rate. .
The greater the overheating of the untransformed cementite, the

higher will be the. carbon content in the austenite adgacent to it.dThe

highest concentration is determined by the point of the line SE at the

terminal temperature of solution 'It does not depend directly on the -

'S determined by the heating rate and

carbon content in the steel, butn
the dispersion of the initlal strncture. In the'dlagram of Flg. 5,,the
upper curve indicetes the change in concentrationfin the richest vol-
umes of the austenite and the lower curve the same variation in.the
poorest volumes for‘heating‘at a constant rate. '

In accordance with the djagram of state, the zones of pooreet aus-~
tenite form at the end of stage I, while the richest zones form at the
end of II. In stage III, the nonuniformity is leveled. (Concentration
leveling also proceeds during stage II, but it affects only the poor
volumes, while the maximum concentration.is still increasing.) With
high heating rates (hroken 1ine'in Fig..5), the deviation fron the av-
erage concentration increases in both rich and poor volumes. The dia- f
gram of Fig. 5 is confirmed qualitatively by numerous experimental re-

sults. For example, the retention of interlamellar ferrite at rather

high overheating temperatures is‘indicated,by the fact that when eutec-

told steel with coarse-lamellar pearlite is heated at a rate of 80000
per second, magnetic transformation of ferrite is observed [9], 1.e;,,
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the ferrite lamellae. are to some extent
retained 50° apove point Al.

Reference has élready been made to
the nonuniformity of martensite in eutec-

toid steel that has been-hardened from

induction heating in connection with ther‘

formation of a "ﬁseudopearlite“ struc-
fure with high hardness. Yet another
fact: on x-ray diagrams, the dbublet‘due
to the tetragonal structure of the mar-
tensite after high-frequency hardening
is not separated even in cases where
there 1s distinct separation [11] after
ordinary hardening. A directAexpérimental
proof 1s given by analysis of the line
shape on the x-ray’diagréms [10]. With
increasing carbon concentration, the
tetragonal structure of fhe martensite
1s intensified, so that, in contrast to
ordinary hardening, thevphotometric
curve of the (110) line is overlaid in
cases of nonuniform martensite by a se-
ries of curves of varilous heights that
are simiiar to 1t and displaced toward
smaller angles 6 (i.e., toward hig'her_"
carbon contents), which gives rise to

asymmetrical blurred llnes. The ca:::bon

content in the richest volumes of the martensite may be estimated from

the degree of smeéaring. Thus, in steel 20 that has been hardenéd from
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840° at v. = 130°C/sec, there are zones of martensite with 1% C, which

=
corresponds to completion of.the pearlite¥solution process no lower
‘than 800°. B

In the eutectold steel the carbon cOn£6nt rose to 1. 95% in iso-
lated volumes of the martensite, this figure corresponds ‘to-retention’

of cementite up to 113o° [11].

Two types of martensite nonuniformity'— fine and coarse — are pos-

sible in hypoeutectoid steels. The fine nonuniformity occurs only in

former pearllte grains and is detected by the presence of hypereutec- o

toid-concentration martensite in them (which 1s inevitably coupled
with the presence of'impoverished regions also)"iﬂere tne carbon con-
centration fluctuates w1th a period equal to the interlamellar dis-
tance of the initial pearlite. The range of variation may be 0-2. 0% C.
Coarse nonuniformity consists in differences in carbon content among '
the former pearlite and ferrite grainsl Ifs period is equal to the
size of the initial grain and the range varies from O to 0.8%C. The
carbon-saturation process of the former ferrite gralns in steels with
0.2%C was investigated by the radioautogram method [12]. With a grain
size of 0.06-0.08 mm (5 GOST points) and a heafinglrate of 30°C/sec,

the coarse nonuniformity vanishes only toward 1250

The nonuniformity of austenite with reference to carbon and alloy-

ing elements that arlses as a result of rapid heating'affects’tne
transformations that take place on}cooling. |

In all cases, such'nondniformityubroadens the linterval of the
martensite  transformation in‘nofh directions — both upﬁard and'down-
ward (even when the cementite is‘only partially dissolved). Therefore,
~as indicated by the diagrams of Fig. 6, electric heating of carbon
steel may 50th raise and lower the quantity of residual austenite as
compared with ordinary hardening. In case ¢ (complete solution'of ce-.
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Fig. 6. Formation of re-
sldual austenite in car-
bon steels. a) Position
of interval of martensite
transformation as a func-
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solution of cementite af-

ter quick heating. % Aot

1s lower after such heat-
ing despite the formatilon
of isolated volumes that

are enriched with carbon.

i

mentite), there is more untransformed
austenite (hatched region) after elec-
tric heating..In case 4 (incomplete so-
lution), the average concentration has

been shifted toward a smaller carbon con-

tent, even though the upper limlt of car}'

bon content has not been depressed, aﬁd
the quantity of untrénsformed austenife
may become.ldwér than aftér ordinary
hardening. A

A diagram similar to Flg. 5 may
also be used in Jjudgling the influence 6f
alloying elements on quanfity of residual
austenite. After quick heating, there
are not only vblumes of the austenite
that have been impoverished in alloying
elements, but aléo enriched volumes )
(5ordering on the alloyed carbides or
occupying their positions after solution
has been completed). The percentage of '
residual austenite depends on‘their qﬁan-
titative proportions, which are deter-
mined in each speciflic case by the. com- -
pleteness with which the carbldes havé N
dissolved and that of subsequent homo-
genization. '

The difference between the volumes
of the phases participating in the trans-

formation creates a stress fileld about
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each growlng grain of the phase. Here the tangentlal stresses are far
in excess of the yleld point at the transformation température. The
plastic deformation produced by the volume effect may have Qarious
mechanigms — an "athermal" shear mechanism or one of the high-tempera-
ture mechanisms (i.e., one that requires tﬁermal activafion to a degree
such that it 1imits the rate of the process).'Thé Y —a tfénsformation
on slow cboling.is accompanied by plastic deformatlon of both types:
the slide shows a family of slip lines in thévgrains of the aﬁphase,

as well as slip tracks along the grain boundaries (creep type) [14].

In the process of this "phase work hardening" each elementary vol-
ume undergoes multiple plastic deformation in many directions, but
only by a small amount each time (less than 1%) [15]. The deformed
state is thus distinguished from all other forms of plastic deforma-
tion by highly uniform distribution of the deformatlon through the
volume and among the slip systems. Such "deconcentration" of the work-
ing railses work-hardness and inhibits polygonization and recrystalliza-
tion. . |

Austenite that has been‘work-hardened as a'result of the phase
transformation recrystallizes on further héating. This is indicated by
the refinement of the austenite grain that has been observed by metal-
lographic [16] and x-ray [17] means at temperatures above'A03 and is
accompanied by disappearance of internal texture (i.e., by copsistent
orientation of the gfoup of a-grains that form on subsequent hardening
"from a single 7y-grain). Thus, a monocrystal of tﬁe martensite of steel
' 35KhGSA is transformed on heatlng at a rate of 60°C/hour Into an aus-
tenite monocrystal and then, above 900-950°, into a polycrystal [18].
Another fact: heating of coarse-gralned specimens of steels 40KhS and
3TKhNZ results in formation of a coarse austenite graln that breaks up
to such an extent on subséqpent héating above 1150° that a solid ring

. \ a6 .




is observed on the powder diagram instead of individual reflections
[17]. In the alloy of Fe + 30% Ni, where the austenite 1s easily super-
cooled- to 20° its recrystallization 1s detected by the change in hard-
ness at 20 : the a — y-transformation is completed at about 500 R and

a new hardness drop is observed after heating above 1000° the latter

corresponds to recrystallization after phase work-hardening [16]

The temperature.range of austenite recrystallization may also oc-f:?“

cur below the point Al * Its position depends on- the composition and

initlal structure of the steel both directly and through the exte‘
of work-hardening produced by the phase. transformation. ' . B

For carbon steels with an initial martensitic structure heated at_
a rate of 100 C/sec, the recrystallization temperature diminishes with
1ncreasing carbon content: ~ »

Carbon content, % 0.07 '0.15 - 1.0

Trekn? OC.eeenens 1160-1200 1000 900

The recrystallization temperature determined naturally depends on
the holding time and, in the case of continuous heating; on the heat-
ing rate. Thus, recrystallization had already taken place at Ac1 when
steel U8 was heated with the furnace; it occurred at 850° on heating
of hardened steel at a rate of 100 C/sec and at 930 with 1000°C/sec
[61. . | S

The recrystallization temperature also depends on the extent and

mechanism of deformation in phase work-hardening. Thus, when the heat--

ing rate of steel ShKh15 (with an initial martensite structure) was -
raised from 180 to 1000 C/sec, the temperature at which the internal
texture is destroyed does not rise, but, quite the contrary, drops A
from 1050 to 860° as a result of a lower degree of work;hardeniné.in-
slow heating [16] (most of the deformation is of the creep type).**
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and diffusion, coefflcients of carbon in carbides.

[Foothotes]

Like the rate of reactive diffusion in general, the rate of
solution of .the carbldes in the austenite depends on the-dif-

fusion coefficients and thermodynamie activities of carbon .-

in both phases. To judge.from the appearance of high-carbon

"martensite at- high heating rates of the pearlite (see below),.

the limiting. process in' carbon steel would be diffusion of
the carbon in the austenite (as will also be pointed out in
the subsequent exposition). This assumptilon may be found in-

"applicable for low-solubility alloyed carbides. Unfortunately,ﬁ

we cannot indicate the limits of its.applicability, since .
there are no data at all concerning the solubility limits

A more exact calculatlon Will give an ‘even longer transforma-

tion time, since in this c¢ase, in contrast to the P—A

transformatlon, the carbon concentration in the original aus--

tenite drops .even in the first stage. Experimentally con-
structed diagrams [3, 4, 23] usually give a much longer iso-
thermal-transformation tlme, since a considerable part of

the time is occupied by heating the specimen to the isothern -
temperature (provided that special measures are not taken,
the heating rate drops off rapidly as we approach this tem-
perature).

An incubation period — a time prior to the formation of the
first austenite seed — is also theoretically possible, al-
though it has not been detected experimentally. The "incuba-
tion period" noted by a number of authors who constructed
isothermal diagrams for heating in baths [3, 4] would appa-
rently actually represent the time required to heat the
specimen, since 1t is greatly reduced when the specimen 1is
preheated below Al’

The P+ F — A transformation is of lesser interest, since
high-alloy steels usually contain no free ferrite, while 1n
low-alloy steels the original nonuniformity in the alloying-
element distribution is of little import.

Since many hours of high tempering afe frequently required
to reach equllibrium distribution of the alloying elements

{51, the A, point of the diagram is determined experimentally,

essentially for the initially nonuniform structures. Hence
the position not only of Acl, but also that of the equilib-

rium point A1 will vary as functions of the prior treatment

procedures, and this circumstance must be taken into account
in determining the critical points for a steel.

The rate drops off particularly sharply in induction heating

at the point in time when the magnetic properties are lost,
i.e., on passage through the Curile point or with disappear-
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ance of the ferrite. As a result, 1t is practically expedlent
to divide the induction period into two stages [8]). The rate
in the second stage 1s 5 to 25 times smaller than in the

;first.

32 Formation of austenite by another mechanism 1is possible at

very high heating rates. The retention of free ferrite up to -

high temperatures may result in seeding of austenite within
the volume of carbon and nitrogen segregations along the

block boundaries [20] (without an external supply of carbon),. .

and at even higher heating rates to the polymorphic F =+ A
transformation. The region of existence of these processes

_ _is indicated on Fig. L,
- 37T V.D. Sadovskiy [16] assumes that it is precisely this aus-

tenite recrystallization point and not the Ac3 point was dis-

covered by D.K. Chernov and designated as point b

37 In this- case, there is a possibility that the absence of
chromium redistribution during tempering in the rapid-
heating process is making itself felt here [19], since the.
fine nonuniformity of the alloy with respect to chromium
must retard recrystallization. . ,
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No.

28 + 3 =z = zerno = grain

29 n = p = perlit = pearlite

29 $ = £ = ferrit = ferrite

35 ocT = ost = ostatochnyy = residual

37 pexp = rekr = rekristallizatsiya = recrystallization
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Chapter 35
, THE MARTENSITIC TRANSFORMATIONS :
1. INTRODUCTION ‘
A transformation of austenite that'results in the formation of

martensite, which 1s the basic structural component of hardened steel

'and determines its properties, is known as a martensitic transforma-

tion. The transformation of austenite into martensite (A — M) has a .
number of speclal propertlies that distinguish it clearly from all
other transformations in the solid state. These singularities were
first detected in steel. It was subsequently found that transforma-
tions possessing the characteristic features of the A =M transforma-
tion are observed in many metals and alloys and represent one of the
chief forms of transformation in the temperature region 1ln which dif-
fuslon and self-diffusion processes take place slowly. '

The basic criterion of the martensitic transformation — that'
which determines all of its other special properties — is the unique
mechanism by which the crystals of the new phase form. Thils mechanism
consists 1n cooperative and regular displacement of atoms_in which

they are shifted relative to one another by distances that do not ex-

ceed the interatomic distances; the result of the -atomic readjustment

is a macroscopic shear (a shape change 'in the transformed volume in

the form of a macroscopic shear). The superflcial criterion of this
mechanism is the relief that forms as a result of the transformation
on a polished surface. The ceoperative nature of the atomic displace-
ments in the reconstruction, 1l.e., itslinterrelated and ordered nature,

- 4o -




makes the transformation.possible at low temperatures at which diffu-
sive migration of the atoms is extremely rare. The order in the atomlc
. displacements also accounts for the retarding effect exerted on the
origination and growth of martenslite-phase crystals by the ‘appearance
-of large disruptions in the regularity of the 1nitlal-phase structure.
The shearing nature of the lattice reconstruction results in the.
" appearance of considerable elastic deformations during the martensite

crystal's growth process and is responsible for the strong infiuence

exerted by stresses on the kinetlcs of martehsitic transformations and

a number of other singularities.

The mechanism by which crystals of the new phase form would also
appear to be responsible for the limited isothermal course ef’the
transformation, which extends it into a region of_temperatures [sic];

this is one of the chief singularities of martensitic transformations.

The intense interest that has long been shown by metallurgists in-

the nature of the transformation of austenite into marfeqsite is due,
on the one hand, to the fact that the problem?of hardening of steel is
. related to it and, on the other hand, by.the unusual nature of this
transformation. The opinion has been expressed that the speclal nature
of the transformation is to a major degree responsible for the high
hardness of quenched steels. | '

It was known even at the beginning of the present century that an
increase in cooling rate results not in an increase in the quantitj of
untransformed austenite, but, on the contrary, In a reduction; quench-
Ing in water produces a larger quantify of martensite. in the hardened
steel than does quenching in oil. Also extraordinary was the fact that
ﬁhe residual austenite, which remains constant for a long time at room
temperature, undergoes transformation into martensite when cooled to
the temperature of liquid air.

| - b1 -
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Study of the nature of the cooling curves [1] and establishment
(Just before nineteen-twenty) of the fact that the martensitic trans-

formation takes place at temperatures considerably lower than the eu-

tectoid point represented an important stage in the development of re~

searéh on steel bhardening. During the 'twenties, the re;ults of x-ray
éxamihation of the crystal structure of-martepsite [2, 3] gave rise to
" a conception of martensite as a supersaturated solid solution of car-
bon in g-iron. It was shown that the transformatioﬁ of austenite Into
martensite takes place without decay of the éolid sblution-and con~ -
sists only in a change in its lattice [4]. During these same years,
the strong influence of stresses on the transformatlion of austenite
into marténsite was egtablished and an anélogy was observed between
the nature of martensite-crystal formation and deférmafion'twinning
[5;7]. The detectioh and definition of the laws governing the lattice
orientation of martensite wlth respect to the lattice of the initial
austenite [8, 9] provided a basils for developing the crystallography
of steel hardening aﬁd conceptions as to the mechanism of the atomic
readjustment in the process in which austenite becomes maftensite. Thg
microkinematic research carried out at the beglinning of the nineteén—

thirties [10, 11] confirmed the concept of the analogy between the

processes of martensite-crystal formation and twinning. The formation

time of the martensite crystals was found to be less than a hundredth

. of a second, and fufther growth of the crystals was not observed.
During the.'t'hir’cies, the kinetics of the austenite-martensite
transformation wére studied‘in detail and its peculiar properties eé-
tablished: the transformation takes place basically during cooling;
the initial temperature of the transformation (point M) does not de~

pend on cooling rate; this point descends with increasing carbon con~

tent, and its position is influenced by alloying elements [12-15]. Ob-’
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Jects of study were the influence of plastic deformation on the trans-
formation and the influence of the manner of cooling on its course;
the phenomenon of austenite stabilization and others were established

[16-20].

The gualltative laws and singularities of the austenite-to-martenf -

site transformation, which were first established for the most part in

the USSR and Germany, were conflrmed at the end of-the~h1neteén-thir7 o

ties by American investigators [21, 22]..‘A

Experimental data on the kineficsAof the transformation, its crys-
tal-structural and microstructural nature and the gréat importance of
stresses resulted in hypotheses'being advanced to the effect that the -
A —+ M transformation is not a process in which nuclei fbrm and then
grow, that its rate 1s independent 5f temperature, that the transforma-
tion is an athermal process, and that its mechanism consists in abrupt
reconstruction ("inversion") of the lattice. The cause of the tféns-
formation itself was sought in the appearance of shearing stresses on

cooling [7, 23-25].

Wy

Research carried out during the nineteen-thirties into the Pp-phases {

of copper-aluminum, copper-~tin and copper-zinc alloys indicated that
transformations similar to the A — M transformation also take blace in
other alloys [26-30]. Not only were the same qualifative relationships
established for diffusionless p-~phase transformationé as for the aus-
tenite transformation, but a new phenomenon wés also detected — the
reversibility of the martensite transformations [30-32]. Study of the
transformations in these alloys made 1t posslble f£o regard the ma}ten<
site phases as crysfalline modifications of the solid solution [33].
Since these transformations take place in the absence of diffusive de-
cay processes, l.e., take place without concentration changes, if was
suggested that they be tréated as phase transformations of single-
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component systems similar to the polymorphic transformations of pure
metals. A consequence of this was the conception of the martensitic

transformation as a process in which nuclei.;orm and subsequently grow

[34], one subject to the general laws of phase transformations. The
development of this conception and the assumption that martensite
crystals grow coherently [35] made it possible during the postwar

years to detect new phenomena surrounding the martensitic transforma-

tion: the temperature dependence of the rate of martensitic transforma- '

tions [36] and the thermoelastic equilibrium in such transformations
[37).

During the postwar years,gthe principal research trends were. 1)
study of the qualitative 1aws involved in the temperature-dependence :
of the martensitic transformation and ascertainment of the nature of
the martensite nuclei [56-T73, T79- 81 108 109], 2) further study of
the part taken by stresses in the martensitic transformation and de- :

velopment of a stress theory [T4-79]; 3) study of ‘the crystallography

of the martensitic transformation and development of conceptions of . ~,,f

the crystalline-structural mechanism of the transformations [38, 103~
1106]. o |

2. MARTENSITE

The Crystal Lattice of Martensite

Martensite is a structural component of steel that appears'when
it is cooled sharply after heating above the critical point and the
one responsible for the high hardness of quenched steel. A‘iarge'num;
ber of martensite crystals form in each grain of the original austen; '
ite (Fig. 1); these normally take the form of lamellae. The thickness
of the plates is at least one order smaller than thelr size in direc-
tions perpendicular to it. The slze of the‘martensite crystals depends
on the state of the austenite grains. The more uniform and perfect the
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Fig. 1. Characteristic microstructure of martemsite. - .
200 X. a) Martensite; b) martensite + austenite..

crystalline structure of the austenite, the coarsér will be the mar--

- , : .
tensite crystals formed from it. The martensife crystals that form

..Wwhen the austenite-grain structure is highly nonuniform and its crys-

:-tal structure 1s imperfect may be very small.
. a.“flA —t.

Filg. 2. X-ray diagrams of a) a—iron (lattice
of body-centered cube); b) hardened steel with

1.4% C — martensite (body-centered tetragonal , - !
%att%ce) and austenite (face-centered lattice)
111]. o

Martensite crystals have a:centered tetragonal lattice (Fig. 2)
similar.to the lattice of a~iron and déviatiﬁg farther from it as'the
carbon content in the steel rises {2, 31.

The following experimental results from research into the crystal
lattice of martensite in carbon steels are important for understanding
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Fig 3. Lattice parameters a and ¢ of martensite as
functions of carbon content: a) for steels contain-

" ing more than 0.6% C [3, 33] (upper curve for c;

lower curve for a); b) for steels containing from
0.2 to 0.6% C E 1) Martensite lattice parameters
a and ¢, kX; 2) carbon content, %; 3) ¢/a ratio.

the nature of martensite [2-4, 33, 39-41]:

1) the lettice constants do not depend on the hardening tempera-
ture. for a given steel composition, provided that hardening is con-
ducted from the single-phase austenite region and the cooling rate 1s -

high enough;

2) the lattice constants a and ¢ do not depend on cooling rate if
the latter 1s above the critical rate necessary to prevent decay of
austenite and tempering of the martensite during cooling;

3) the lattice constants a and ¢ do not depend on the carbon con-
centration in the steel if hardening is conducted from a given tempera-
ture 1in the heterogeneous region (between Ac and Ac3),

L) if the steel is quenched from the single-phasé austenite re-
glon and the cooling rate 1s adequate to prevent decay of austenite
and tempering of martensite, then the lattice constants a and ¢ depend
only on the carbon content in the steel (Fig. 3); this dependence may
be described wilth suffilcient approximation by the followlng equations:
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¢}a = 1 4 0,0467p;
€ =ag,+0,118;
@ = apy —0,015p,

where p 1s the percent by weight of cérbon in the steel and Cpe 1s the
lattice constant of a-iron (2.861 A). \ : !
It follows from the above experimental data thatﬁ i)‘martensite ‘
1s a saturated solid solution of carbon in a-iron; 2) the lattice con-
étants of martensite are determined by the cérbon content in the'ini-
tial austenite; 3) martensite.contains in solution as much carbon as -

g was di;solved in the initial austenite. This last conclusion implies

that the transformation of aﬁstenite into martensite is diffuslonless,
I : ,
/ftakes place without changes in the concentration of the ‘solid sclution-

/:"J' ' ’ a“
+ and conslsts solely of lattice changes.’ .
As in the austenite lattice, the carbon atoms in thé martensite
lattice are sltuated 1in its 1nterstices. They are. located in the lat-

"tlce pores

llo+]] ana [lz5])-

between the iron atoms arranged in the diréction of the tetragonal |
axls. The carbon atoms are distributed statistlcally In these lattice q
pores.

Structural Singularities of Quenched Low-Carbon Steel {

The untempered martensite cannot be fixed by quenching in carbon H
steels containing less than 0.6% carbon, partial tempering of the mar-
tensite has time to occur even during ‘the .sharpest quenching process ’
[39]. Untempered martensite ié éasily obtained in hypereutectold steels. |
The lower the carbon cdnfent, the higher must the cooling rate‘be fo
produce undecayed martensite. This is due to the élevafion of the mar-
tenslite point that occurs when the carbon content diminishes and the
sharp increase in the martensite decay rate with riéing‘temperature.

Y




The degrees of decay are different 1n different crystals because of
the propagation of the A —+ M transformatlion over a rather wide range
of temperatures [4, 39, 42, 33, 53]. This is due to the great nonuni-
formity of the tetragonal structure of guenched low-carbon steel.

Undecayed martensite with a definite (depending on carbon content)
ratio between the axes of the tetragoneillattice can be oroduced in
steels containing even less than 0.6% C by adding alloying elements
that lower the martensite point. This method has made it possible to
produce undecayed martensite with cafbon contents of 0.6-0.2% [43, 44].
The c¢/a values found conform to the linear relationship established
for steels containing 1ess than 0. 6% C (Fig. 3b). The ratio between.
the tetragonal-lattice axes thus is determined by the carbon content -
in the steel and is virtuaily Independent of tne alloying-element con-
centrations [102].

The decay rate of martensite is governed not only by the mobllity ' -

of the atoms, which increases rapidly with temperature, but also by

«

o r//‘ , tion, which is the motive force for the
X . ‘ .
‘X ‘ /,/ ‘ decay. In steels with very low.carbon
S ) :
fgdﬂ y; = . content (~0.1% and less), therefore, de-
S | ) . ' '
s 2 v : . spite the relatively high temperature at
] pl-1 .
s Z which the A — M transformation begins
lu
1 (about 500°), undecayed martensite 1is
T T T N an 4 '
2mduumwcpmmM1$ nevertheless produced on sharp cooling.
Fig. 4. Width of (211) in- This is attested to by the dependence of
terference line as a func- : ' '
tion of carbon content In the width of an x-ray interference line
steel [45]. 1) width of
(211) 1ine, mm; 2) carbon on carbon concentration in low-carbon

content, %.
steels (Fig. 4) [45]. Generally, the

sharp cooling in quenching of these steels is necessary not to prevent
- 48 - '
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decay of martensite, but to delay segregation of ferrite and the nor-
mal ("diffusive") v = a-transformation above the martensite point.

Thus the conditlons for produciing the quenched steel here include not
Vonly sharp coollng, but also heating to high_temperatures (1000-12000).
The letter is necessary to "heall cryetal—structure disturbances in
.the austenite, which facilitate formation'of'a-phase.ﬁuclei. It has
even been possible, by heating above 1150° to harden .iron contalning
less than O. 01% C, i.e., to prevent "normal" formation of a-phase nu-
clel and effect the y-ﬂ-a-transformation by the martensitic mechanism
[461].

The elementary cell of the martensite lattice in pure iron is ob-
tiously the‘same as in‘annealed iron. The ma;tensite crystals of pure
1ron differ from those of annealed iron only as regards their.physical
state (size, shape, crystal- structure disturbances). The dissimilar
physical states are due first to the difference between the crystal-
formation mechanisms and, seccndly, to the difference between the tem-
perature regions in which they are formed (lower mobility of atoms in
martensitic transformation); The martensitic mechanism and the low
atomic mobility result in a state that is frequently known as "phase_
hardening. " |

At carbon contents as low as about 0;01% and above, the martensilte
crystals differ from those of annealed a-iron not only in ph&sical
state, but also by‘the"presence of dissolved carbon. While (up to a
certain carbon content) the martensite lattice remaihs cuble, the car-
bon atoms are located 1n the lattice between l1ron atome along any of
the three tetragonal axes of the cube and, possibly, in other pores as
well. Apparently, the martensite lattice remains cubic even with a
eontent of 0.1% C; this has not yet been established by direct measure-~
ments of the lattice constants due to the 1nadequate measurement pre-
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clision. At a carbon content as low as 0.2%, the tetragonél lattice is
distinctly indicated [44]. Correlation in the carbon-atom distribution
and_tetraggna1<symmetry probably appear at carbon cpntenﬁs between 0.1
and 0.2%.

'Static\Displacements (Distortions of the Third Kind) and Bonding Forces

The presence of carbon atoms that have penetrated into the iron
lattlce results In shifts of the iron atoms away from their ideal 1at-
tice positions. These displacements will obviously be greatest for
atomg that are in the immédiate vicinity of a carbon atom and will di-
minish with increasing distance from 1t. Here, the displacements in
the direction of the tetragonal axls should be considerably larger
than the‘displacements in the perpendicular directions [33]. This con-

clusion follows from the fact that the presence of carbon in solution

” _ ' gives rise to a sharp change in the av-
.1 ph— . ' - erage distance between iron atoms along
L= W . the ¢ axis and a slight change along the
- » . . - . .
1 4"0 //6’/,: ) a axes, as wlll be seen from the rela-
4 tionship shown above (see Fig. 3) for
= the lattice constants a and g.as func-
NN ) ':""' p #  tions of carbon content. This is also
Fig. 5. Statlc distor- conslstent with the hypothetical cooer-
tions of martensite crys-
tal lattice as a function dinates of the carbon atom in the marten-
of carbon content in
solid solution [50]. 1) . site lattice: the distance between car-

=2 y1/2 02 .
(Ug¢) A;2) carbon bon and iron atoms in the diréction of

-content,_% - . :
the ¢ axis is consliderably shorter than
the distance between them in the perpendiculaf plane.

Determination of the mean-square displacements of the iron atoms
from théir ideal positions in the lattice has confirmed this hypothesis
[47, 48]): the mean-square displacements in the direction of the tetraé-
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onal axls were twice as large [49]. Figure 5 shows the mean-square dis-
placement of the iron atoms (without taking anisotropy into account)
as a function of the carbon content in the steel [50].

The presence of carbon atoms dissolved in the a-iron not only re-
sults in disturbance of the regular perlodicity of the atomiec arrange-
ment in the lattice, i.e., in static displacements of the atoms in the
mértensite lattice, but also weakens the Iinteratomic bonding forces, .
and to a greater degree the higher the carbon content. This follows
from the observation thép at a given temperature, the mean-square de-
viations in thermal agitation of the étoms in the martensite-lattice
are larger than in the a-iron lattice [50]. Accordingly, the Young's
modulus of quenched steel diminishes with rising carbon content ‘[511.

Regions of Coherent Scattering and Distortions of the Second Kind

The static displacements of iron atoms in the martensite lattice,
i.e., the absence of rigorous periodicity in the arrangement of the
atoms at short distances (as we pass from one cell to the adjacent
'cell), which are due to the presence of carbon atoms interstitial in
the iron lattice, is not the only formvof disturbance to which the

ldeal crystal-lattice structure of martensite is subject. It is char-
acteristic for martensite crystals thap the regions.of coherent x-ray
scattering (biocks), i.e., regions 6f the crystal in which the posi-
tions of the atoms are interrelated by the periodicity of the lattice,
are extremely small in size — of the order of 200-300 A [52]. Within
the 1limits of measurement error, the siée of the martensite-crystal
Blocks does not depend on the carbon content in the steel — beginning
with pure iron (and carbon-free alloyed iron as well) [46] and extend-
ing to a steel with 1.4% C. The block size is most reliably determined
on martensite crystals that have been electrolytically deposited from .
quenched steel. In this case, blurring of the lines on the martensite
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X~ray dilagrams ig due chiefly to the small size of the coherent-scat-
tering'regions. The entlire part of the line broadening that is due to
the'présence of stresses of the second kind isAabsent on x-ray dilagrams
of a powder consisting of isolated martensite crystals [54].

Severe distortions of the second kind, 1.e., nonhomogeneous elas-

tic deformationlof microregions, is another characteristic of the phjs-.

ical state of the martensite cfystals in quenched steél (45, 52]. Eval-
uated on the basis of line width, the elastic deformation Ma/a has a
value of 2.5-10'3--3.0-10'3 even in specimens of steel containing 0.1% C,
i.e., it is several times larger.than distortions of the second kind
in cold-deformed iron. With high carbon contents, the quantity Aa/a
may reach values near 10™2 [52]. _ -
The magnitude of distortions of the second kind riseé sharbiy.as

the éarbon content in'the martensite increases..While the dimensions
of the blocks remain the saﬁé irrespective of whether.the martensite
crystals are in a plece of quenched steel or have been electrolytically
deposited (1solated){ large distortions of the second kind are observed
only in monolithic, relatively large specimens, and these distortlons
are almost completely absent in isolated marfensite crystéls. This
means that each martensite crystal in quenched steel is elasticaliy
deformed by forces exterior to it. When it 1s freed from its environ-
ment, the elastilc deformation vanishes, together with that parf of the
line blurring which is proportional to the tapgent of the deflection
anglg and independent of the x-ray wavelengfh. .

| Thus, research into the crystalline structure‘of martensite indi<-
cates that such structura;‘details as thevmagnitudes of the lattice
constants a and ¢ and tetragonal symmetry, the significant static dis-.
placements of the atoms from their ideal positions in the lattice (dis-
tortions of the third kind) and the small size of the coherent-scatter-
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iné reglons are internal singularities of the martensite crystalline
structure. Here, the smqll block size represents a common property of
martengite crystals — both in pure iron (or in alloyed carbon-frée
iron) and in steel, l.e., in the supersaturated solid solution of car-
bbn in a-iron. The tetragonal lattice constants. a and ¢ and the mean-
square displacements of the iron atoms in the lattice depend on the
carbon content of the solid solution; the values of these fine-struc-
ture parameters lncrease rapidly as the quantity of this element rises.
A weakenlng of the bonding forces with increasing carbon content must
also be feckgned among the internal characteristics of martensite crys-
tals; these dictate an increase in the amplitude of thermal agltation.

The lattice constants of martensite, the static displacements and
the increased ampllitudes of the atomic thermal agitation (dynamic dis-
placement) are thus determined by the presence of carbon atoms in-
terior to the.iron lattice. These structural.éingularities of stéel
martensite arise.as a result of the diffﬁsionless nature of the aus-
tenite-to-martensite transformation, i.e., they are the result of
formation of a supersaturated solid solution of carbon in iron. The
small size of the blocks is aﬁparently governed by the growth mechan-
ism of the martensite crystals, i.e., by the mechanism of regular col-
lectlve readjustment of the iron atoms during the proecess of their
growth. The details of this mechanism are not yet sufficiently clear.
The small block slze is not a result of formation of the supersaturated
solid solution. As we noted, 1t is also characteristic for the marten-
site of pure iron'énd carbon~-free alloyed iron.

Large distoftions of the second kind are not a mandatory struc-
tural characteristic of martensite crystals..They arise as a result of
the Influence exerted by some of the austenife grains on others due to

shape changes in mlcroregions resulting from both the shearing nature
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of the lattice reconstruction and thé increaee in volume that accom-
panies 1t. They vanlsh when martensite crystals are lsolated. Since
martenslte crystals take the form of lamellae, 1t is most probabie
_thet thelr elestic deformation consists in bending of these elements.
However, distortions of the second kind may serve as a character-
istic of the martensite crystal's strength properties. They may be a
measure of the elastic-deformation limit of these crystals. As we have
shown, this limit depends heavily on the carbon concentration 1n the
martensite. Due to the presence of carbon atoms in the lattice, there-
fore, the emergence and advance of elementary plastic-deformation.
events (emergence and motion of dislocations) under,thevinfluence of
external forces‘is rendered difficult [55].
Nature of High Hardness of Quenched Steel

Two kinds of structural peculiarity inherent to quenched steel
arise during quenching. Firstly, a characteristic micro- and submicro—
structure forms as a result of the martensitic crystal-growth mechan~
ism: a large number of martensite lamellae within each austenite grain
(in low-carbon steels, the austenite is transformed almost compietely);

submicroscopic dimensions of the coherent-scattering.regions wlthin

these lamellae; nonuniform elastic deformation of the lamellae; a con-

sistent crystal-orientation relatlonship that governs fhe retention of

some of the importance of the original austenite grain in the'behavior"“‘

ﬁ of the quenched steel. Secondly, as a result of the diffusionless na-

ture of the martensitic transformation, the martensite crystals repre-
sent a supersaturated‘solid solution of carbon in u-iron‘that does not
exiet in the stable state of stee; and 1s absent in slowly cooled car-
bon steel. _ "
Structural changes of the first kind have the same effect on the
behavior of the metals under load as does cold plastic deformation. If
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~ the martensitic transformation in its pure form takes place when they

are quenched, quenched alloyed iron and quenched pure iron have strength

characteristics similar to those that these materials acquire in the
annealed state with high degrees of cold plastic deformation. Only the
micro- and submicrostructﬁres change in these materials as a result of
the martensitic transformation, ih much the same way as occurs in cold
plastic deformation, while the chemical composition of the a-phase re-
mains unchanged. The properties of a-phase crystals do not change
within small volumes.

When steel 1s quenched, a change also takes place in the proper-
ties of the a-phase crystals themselves 1in small regions, together
with the aboﬁe changes in micro- and submicrostructures, since their
chemical composition undergoes changes (as a result of the -formation
of the supersaturated solid solution of carbon in a-iron). Here, the
deformation resistance of the crystéls themselves increases sharply:
the 1imit of their elastic deformation rises. |

The higher deformatién resistance‘of martensite crystals in steel
as compared with the crystals of a-iron is obviously dué chiefly to
the preéence of carbon.atoms interstitial in the l1ron lattlce.

- Thus, the Increase in the steel's deformation resistance as a re-
sult of quenching 1s due, on the one hand, to the formatlon of a char-
acteristic fine micro- and submicrostructure in the grain and, on the
other hand, to the high elastic-deformation 1limit of the actual mar-l
tensite cryséals that results from the presence of the carbon dissolved
in them. The first factor exerts an influence that depends little on
carbon content, while the second becomes more important as the carbon
content in the martensite rises and 1s the principal factor governing

the high hardness of quenched steel [55].
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3. TRANSFORMATION OF AUSTENITE INTO MARTENSITE |

Transformation on Cooling

The baslc qualitative laws and singularities of the A ~ M trans-
formation during continuous coolingvare illuminated in References [4,

7, 10, 13, 16, 24, 33-35, 38 561.°

Aven sufficiently rapid cooling,?

the decay of austenit”$‘

be delayed, and the austenite may;be : , ‘
siderably lower than thé: eute / _yint Intcarbon and low-alloy
steels, however, it is impossib\ to.cool austenite to room. tempera-
ture under any set of,cooliné? enditions and tnereby obtain»pure ausf :
tenite after quenchingt Below a eertain.temperature? which dependalon-
the chemical composition of the austenite; a_pnocess ocenfé;in which
the austenite is transformed:to martensite. The process conslsts in
formation, within the austenite grains, of considerably smaller marten-

-4

site crystals (sizes of the order of 10"3 to 10 ecm), which usually

take the form of lamellae, which accounts for the acicular microstruc-

ture of the ground section.'The martensite crystals that have appeared -

do not grow, and the transformation continues by formation of new crys-
tals, extendlng over a broad temperature range.-Stopping cooling re-
sults in cessation of martensite-crystal formation. It 1s necessary to
depress the temperature further to permit the transformation to resume.
The pregress of the martensitic tfansformation on cooling may be repfe-
sented by a "martensite curve," which expresses the quantity of mar-
tensite as a function of temperature. The initial tenperature of the-
martensitic transformation (the boint M or, from earlier 1nvesti§a-
tions, the Ar" point) is known as the martensite point. Depending on
the position of the martensite point relative to room‘temperature, the
result of quenching may be a greater or lesser quantity of reaidual
austenite. | '
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The position of the martensite point

w ® =]

g i | | on the temperature'scale and the shape
;.§ MR ’ ‘:/ - of the martensite curve are determilned
i o / 7 - chiefly by the chemical composition of
§ P / ,[ the austenite. For low~carbon steels

% M e e (containing less than 0.4% C), the curve

Teunepamypa,°C
Bleuncpamyp lies above room temperature, and prac-

. Fig. 6. Martensite curves

of manganese steels [79]. .. tically no residual austenite 1s detected
1) 0.64% ¢; 1.0% Mn; 2)° . .

0.62% C; 5.1% Mn; 3 "+ at room temperature. For high-carbon
0.60% C; 8.6% Mn. A) Quan-- . ' : ‘
tity of martensite, %; B) = steels; on the other hand, most of the

temperature, ©C. - :
. " curve 1s located below roqm temperature.

The majority of alloying elements likewilse displacé the martensite
-curve toward lower temperatures. Figufe 6 shows martensite curves for
certain steels.

The Isothermai Transformation

As we noted above, the transformation ceases when cooling 1is
sfopped. However, the formation of martensite crystals does not stop
immediately on the specimen's acquiring the temperature of the bath.
For a certain amount of time,. lsothermal transformation of austenite
to marténsite takes place at a rapidly diminishing rate. The quantity
of isothermally formed martensite is very small in most steels with
technical applications and ranges from fractions of a percent to sev-
eral percent. In certaln cases, however, for example in the room-
temperature reglon for steels with martensite points below 1000; it 1is
reckoned in tens of percent. Thus, iﬁ the case of a martensitic steei
containing 0.95% C and 3.5% Mn and having a martensite point ét about
85°, 20% of the specimen's volume is converted into martensite at room
temperature within 10 minutes [57]. A considerable quahtity of the
austegite presept in a carbon steel with 1.6% C is transformed to mar-
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tensite 1sotherma;1y at room temperature, and the transformation goes.
on for a long time [58]. '

In some éteels with martensite points below O°, the transforma-
tion may be complgtely suppressed with sufficiently rapid cooling to
the temperature of liquid nitrogen. In this case, the A — M transforma-
tlion may také place on heating to room temperature or by soaking in a
temperature regionvbetweén that oflliquid nitrogen‘and roém tempera-
~ ture [36, 59]. | '

-For this temperature region, the kinetics of the A — M transforma-
tion become similar to the kinetics of the transformatlons associated

with diffusion processes: the rate of

x4 T e S e s
. - - . .
B P ,755::——drfj:1 the transformation depends on tempera-
% — '
rd ";/"”‘ﬁ. ture, diminishing as it rises and going

practically to zero at sufficiently low

-

§ N ".- .
‘\\::S;:g§; .| temperatures. Togepher with this, one of

] ] 3 . the principal singularities of the kin-
Byrry . :

) etics is retained in this- temperature
Fig. 7. C-curve diagram

of i1sothermal transforma- region as well: the A —+ M transformation
tion of austenite in mar-
tenslite temperature re- does not go to completion at the given

%ion for N24G3 alloy

23.8% Ni, 3.2% Mn) [?9]. temperature, but ceases despite the pres- .

A) Temperature, ©C; B R
log (Tt + 1). ence of austenite in large quantities.

It resumes at the lower temperature._

An incubation period [60, 61, 62] may be observed in the iso-
thermal transformatioﬁ. in thié case, the martensite point can no '
longer be chéracterized as the temperature at which the'transformatién
begins on cooling, since its position depends heav;ly on cooling rate.
For such steels, it should obviously be designatéa as the temperafure
below which the transformation may také place with sufficiently long

holding. '




The 1sothermal A — M transformation may be described by dlagrams
similar to those that characteriae'the isothermal transformation in
pearlite, and particularly in the 1ntermediate reglion, 1i.e., by curves
showing the temperature dependence of the time .required for transforma-
tion of a certailn fraction of the austenite, such as 1 5, 25% and soO

forth (Fig. 7). It is advisable to - construct such diagrams for those

steels 1n which 1t 1s pOssible by rapid cooling to preserve all of the -

austenite until the bath temperature is reached [59 63]
For steels with martensite points 1ying between 150 and 200 , the
percentage of martensite that can be formed ieothermally 1s not large.

It may reach a few percent in the Initial segment of the martensite o

curve, l.e., above 100° , and at low temperatures - below —50 . At room -.

temperature, there 1is practically no isothermal transformation in this

oy

case [19, 64, 65, 83, 107]. i
Influence of Plastic Deformation R

Plastic deformation of austenite when cooling is stopped below
the point M normally gives rise to further transformation of the aus-f
tenlte to martensite. The quantity of martensite formed when this hap-
pens increases with increasing degree of deformation [17, 66].

Transformation of austenite into martensite also takes place as a
result of'plastic deformation at temperatures above the martensite ‘
point. However, the farther the deformation temperature is from the
martenslite point, the greater is the degree of deformation necessary
for martensite to appear. Above a certain temperature that_is'quite
well-defined for each specifie eteei, plastic deformation no longer
causes the A — M transformation (this temperature 1is frequently known
as the M, point) [7, 671.

Plastic deformation above the martensite point, which does not
produce  the A — M transformation, exerts considerable influence on the

- 59 -




L |
E AT R R AR :
B revrepampa, v
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Flg. 9. Curves showing
temperature dependence of
initial rate of isothermal
martensitic transforma-
tion (b) for the unde-
formed (¥ = O) state and
the 8% and 17% deformed
states. Deformation tem-
perature 100°. Steel
Kh1l7N9 (17.2% Cr, 9.1% Ni)
[72]. A) Initial rate of
transformation [AN/At]t=O;
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subsequent course of the transforma-.

tion at-tempefatures below the de-

formation temperature (below Md)

[66, 68-T3]. The position of the point M and the shape of the marten-

site curve also change, as does the nature of the isothermal'trans—

formatlion. Here, the martensitic transformation may be activated (1;3.,

the point M raised, the quantity of martensite increased, and the rate

of the isothermal transformation raised) [69, 71] and, conversely,

suppressed [66, 68, 70]. Stimulation of the A — M transformation nor-

mally takes place at relatively low degrees of deformation. If the

degree of deformation 1s progressively increased, the activation ef-

fect first rises, then reaches a maximum and finally drops to zero. A

further increase 1n degree of deformation glves rise to the reverse
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effect — a drop 1n the quantity of martensite formed on cooling and a
reductlon of the 1sothermal-transformation rate — see_Figs. 8 and 9
[691. |

Research has led to the conclusion that as a result of plastic
deformation at temperatures above the martenslite point, two types of
structural changes arise simultaheouslx in the_austenite:‘sbme.of these
activate the transformation on further cooling, while others have the
opposlte effect. Here, the changes of the former type are unstable and
vanlsh during the holding time at temperatures around room temperature
and below. The second-type changes are more 'stable and are eliminated .
at conslderably higher temperatures An effect similar to the austenite
stabilization to be described below arises as a result of holding of
plastically deformed austehite at temperatures somewhat above the
point M. The relationship between the structural changes of the first
and secoud types depends on the deformation temperature, the degree of
deformation and the elastoplastic properties of the alloy [69, T2, T3].

Given a sufficiently high elastic 1imit of the austenite, the
structural changes of the first type prevail at first over those of
the second type as the degree of deformation is increased (at a con-
stant temperature), and the effect registered is that of activation of
the transformation. At a certaln degree of deformation, the maximam
transformation-activation effect is achieyed; here, any further in-
crease in the degree of deformation reduces the effect to zero (here
the opbosed effects offset one another). However, the existence of
both types of structural change is readily ascertained by holding at
relatively low temperatures (here, the changes of the first type van-
ish, while those of the second remain). As the degree of deformation
1s further increased, the structural changes of the second type pre-
vall and retard the transformation. Holding at moderate temperatures
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intensifies this effect [69, T72].

Neutron bombardrment of austenite produces effects similar to
those produced by plastic deformation (as regards the laws governing
the development of activation and retardation of the A — M transforma-
tion) [80, 811. ' |
Stabilization of Austenite

Stopping cooling of steel In the martensite range usually results .

in the A — M transformation no’c taking place during subsequent cooling
wlthin a certain temperature region, resuming only after a certain

amount of supercooling (Fig. 10) [18].

place when cooling is suspended. If,
Fig. 10. Influence of '

holding at room tempera- however, this transformation does occur,
ture on martensitic trans- R
formation during further the temperature at which the transforma-
cooling. Steel with 1.17%

- C [18]. 1) Magnetometer tlon resumes will be lower, and the more
deflection, mm; 2) tem- e
ﬁerature, OC; 3) 33 days; so the larger the quantity of 1sother-

) 10 days; 5) 30 minutes.

mally formed martensite [83, 107]. Fur-
ther transformation 1s retarded particularly sharply when cooling is
stopped in a reglon below room temperature. | '

Stoppage of cooling also frequently results in lowering of the
entire low-temperature part of the curve and, consequently, in an in-
creased quantity of residual austenite. ' '

The process responsible for stabllization of austenite takes
place in time. With prolongation of holding when cooling i1s stopped,
the amount by which the initlal temperature of the eubseqpent tpans-
formation is depressed (hysteresis) increases, and the rate of this
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increase becomes .smaller with incfeasing‘hoiding time, so that the
process dles out. The rate of the processés governing stabllization
rises witﬁ increasing holding temperatﬁ;e [(84].

Crystallography of the Transformation

A large number of martensite crystals apﬁear within the austenite
grain as a‘resﬁlt of the transformation. Theif-siie depends on the per-
fection of the crystal structure of the origiﬁal austenite grain. The
presence of imperfections and inhomogeneity of structuré reduces the
size of the martensite crystals, sometimes'to such an éxéent that the
characteristic aclcular structure is lost. .

A boundarj passing along the martensite needle ("center line")
and frequently a transverse twin structufe are observed in well-formed
martensite crystals. The martensite crystals ére reguiarly oriented
with respect to the crystallographic axes of the original augstenite
grain. The orientational relationship between the lattices of the mar-
tensite and the original austenite is expressed as follows:

' (10D (1),

[T, (1T0],,
i.e., the (101) plane of the martensite is parallel to the (111) plane
of the austenite, and one direction of the martensite-lattice spéce
diagonal [111], lying in the'(101)M plane, is parallel to the [110]
direction of the austenite lattice lying in the (lll)A plane. Since
there are four combinations of (111) blanes in the adstén;te lattice
and the martensite lattlce may be oriented 1In six different ways with
retention of parallelism of the (101)M face to one of these four faces,
the martensite lattice may be oriented in 24 different ways in the
same grain [9].

Regularity 1is observed in martensite-crystal orientation not only
as regards lattices, but also as regards the orientation of the lamel-
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lae themselves, l.e., orlentation of the external shapes of the cfys-
tals. However, the plane of the martensite lamella is less strictly
oriented,‘and the planes of‘the austenlte parallel to which the mar-
tensite planes are orlented are ﬁot simple [38]. For steels with 6.5-
1.4%'C, this plane is near (225)A’ while it 1is near (259)A for higher
carbon contents. . | ‘ -

The appearancé of rellef on a polished‘specimeﬁ surface 15 charac-
teristic. for the transformation cf ausééhite to martensite. Study of
the nature of this relief indicates that the formation of martensite
crystals 1s associated with shear in much the same way as in mechanical
twinning [35-38]. The presence of shear is élso 1ndicated‘b& changes
in the shape of scratches on a polished section that has been subJeét
to the transférmation. ﬁreaks appeériin the scratches on formation of
the martenslte crystal, but they remain continuous..
4, MARTENSITIC TRANSFORMATIONS IN METALS AND ALLOYS

Transformations that possess the kinetlc singularities of the
A = M transformation take place in a number of metals (Fe, Co, Ti, Zr,
Li) and alloys [35, 38]. These include first of all the y — a trans-
formation of iron alloys, the p-phase transformations of eutectoid
Cu-Al and Cu-Sn alloys and those of the B-phase of Cu-Zn alleys, the
B — a transformation in alloys based on titanium and zirconium, the
B — a transformation in alloys based on cobalt, those in Li-Mg alloys,
and others. Common features in the kilnetics of.these transformations

include the following:.l) the absence of diffusive migration of atoms;

2) the limited scale of  the isothermal transformation, i.e., its cessa-

tion 1n the presencé of a large quantity of the initial phase and thé
resulting extension of the transformation over a range of temperétures;
3) shaping of the crystals of the new phase in a manner similar to the
formation of mechanlcal twins and the resulting shear in the displace-
' - 64 -




ments of the material during the transformation.

In cases where the slngle-phased sfate of the alloy 1is stable
only at high temperatures, the phases formed as a result of the mar-
tensitic transformation are metastable as a result of phe diffusion-
less nature of.the martensitic transformation. They have lattices ﬁhat
differ from those of stable phases (for examplg, B' and &' in Cu-Al
alloys, B' and B" 1n Cu-Sn alloys, B', B" and a' in Cu-Zn élloys). Ifr
the alloy is also single-phased at low temperature (for example, the
a-phase of alloyed iron, the a-phase in al}oys based on Ti, Zr, Co),
then, as in the case of pure metals, the result of the martensitic
transformation is formation of crystals with the lattice of a phase
that is staﬁle at low temperatures. In such cases, transformation of

the high-temperature phase to the low-temperature phase may take place

as a function of coolling conditions or as a martensitic transformation,

or as.a transformation with "normal" kinetics [56]. In the latter case,
the transformation proceeds isothermally to completion and crystal
growth 1s similar to the grain growth that occurs on recrystaliiéatioﬁ.
The poss;bility of transformations of both types is most cleérly es-
tablished on the example of the v — a transformation of alloyed iron.

A "reversibility" effect of this process was observed in investi-
gation of the martensitilic transformations in copper alloys: the trans-
formation of the-martensitic phases Into the initial phases on heating
may pfoceed like the martensitic transformation as regards kinetlcs
and the crystal-structure mechanism. In isolated cases,-a phenomenon
of thermoelastic equilibrium and the appearance of "elastic" crystals
of the martensitic phases have been observed [37]. This phenomenon con-
sists in the fact that the new-phase crystals grow only on cooling.

The growth ceases when cooling is stopped and resumes when the tempera-
ture 1s further depressed. A rise in temperature, on the other hand,
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results in a decrease in the dimensions of the crystal and finally in
their complete dlsappearance. Such phenomena were filrst detected for
the 61 -yt transformation in Cu-Al alloys with manganese or nickel
additives, and then ln Au-~Cd alloys and others.

5. NATURE OF MARTENSITIC TRANSFORMATIONS ‘

. Understanding of the nature of the austenite-to-martensite frans-
formation requires establishment of the causes and motive forces of
the transformation, its mechanism, and the causes of the following
basic singularities of the transformation kinetics:

1) the high rate of formation of the individual martensite crys-
tals and their subsequent fallufe to grow; ' '

2) rapid damping-out of the process in which.new martensite orya-L
tals appear when cooling is stopped and the extenslon of the tfana-
formation over a reglon of temperatures.

Also requiring explanations are such effects as the-anomalous in-
fluence of cooling rate on the course of the austenite-to-martensite’
transformation, the‘progress of the transformation during plastic de-
formation, and stabilization of austenite.

Causes and Motlve Forces of the Transformation

The'causes of the martensitic transformation of austenite are the
same as for any other phase transition in the solid state, namely: be-
low a certailn temperature,.thare‘exists a state of the alloy that pos-

sesses a smaller free energy than the“high-temperature'state. Since

the martensitic transformation takes place without changes 1in- the con-

centration of the solid solution, it may be regarded as a transforma-
tion in a single-component system. Austenite and martensite represent,
from this point of view, crystalline modifications of a solid solution
that are similar to the polymorphic modifications of pure metals or

chemical dompounds [35]. The free energy of each of these modifications
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(FA and FM) has its own temperature curve. The position of the inter-

sectlon point of the temperature curves of free energy (TO), which de-

termines the stabllity of the phase in question, depends on the chem-

ical composition of the sollid solution and may be computed.from data :

on the thermal properties of the two solid-solution modifications [95, l

110]. For iron-carbon alloys, the temperature TO diminishes rapidly *

with increasing carbon content (Fig. 11) [35] and is found below the

eutectold line above a certaln carbon content. R |

' '

1
Kowuenmpayum

Filg. 11. Schematic dia-
gram of forward and re-
verse martensitic trans-
formations for solid so-
lutions of various con-
centrations: TO is the

temperature of metastable
equilibrium between the
two crystalline modifica-
tions of the solid solu--
tion [35]. 1) Concentra-
tion.

of martensite to austenite would take place. The condition for transi-
tion in elther directlion is suppression of the brocess of solid-solu-
tion diffusive decay, since the T, point 1s the point of equilibrium

between the two modifications only for a solid solution of a given con-

centration.

In the case of steel, however, it 1s very difficult to satisfy

If thefe are no diffusive solid-
solution decay processes, a motive force
appears below TO and makes the A - M
transformation possible; this motive
force is the stronger the greater the
difference between the free énergies FA 4
and Fy of the austenite and martensite.
However, the transformation doeé not be- 4
gin immediately afper passage through To,
but at a po;nt M situated considerably
(in steels, about 200°) lower than the
TO point. When martensite is heéted‘
above the point To; the quantify FA.is

found to be lower, and it wbuld.bé'ex-

éected that the reverse transformation
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tﬁis condition because of the high decay rate.qf martensite. Observa-
tion of the reverse transitlon is further complicated as a result of
the wlde hysteresis of the transformation, which amounts to several
hundred degrees. v |

The reverse transformation of a martensitic phase into the ini-

tial phase was first observéd‘during heating of the B'-phase in copper-

aluminum alloys [87, 88]. Favofable conditions prevail in this case:
the low rate of solid-solution decay (no decay occurs on cooling and
heating in air) and the slight hysteresis of the transformation (a few
tens of degrees). The martensitic nature of the reverse B'-*-Bl trans-
formation was established in References [31, 85]. It has also been
possible to observe the reverse trénsition in other cases of the haf-
tensitic transformatioﬁ by setting up the necessary‘conditions-[35].
It is difficult to observe the transfbrmation of martensite info aus-
tenite in steels even with very high heating rates, due to the great
speed with which martensite decays. The reverse martensite transition
ha§ beén observed in carbon-free alloys of iron [89, 90]. Here, decay
of the so0lid solution takes place very slowly. The results of inves-
tigatiop of the reverslbility of the martensite transformation in al-
loys based on iron indicate great hysteresis of the transformation,
which is appérently characteristic for transformatibns of face-centered
lattices into body;centered lattices.

This hysteresis makeé it difficult to determine the point TO by
experiment. For example, the martensite point for cooling lies below’
room temperature for an alloy of iron with 30% Ni.'Thé reverse transi-
tlon, on the other hand, begins above 300 s and the point TO should be
somewhere in between.

The chief reason for the strong hy;teresis in the martensite
transformation 1s the appearance of a considerable elastic-deformation
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energy ("elastic’ energy") during formation of the martensite crystals.
Deep supercooling 1s required so that the galn in free energy due to
lattlce changes can be offset by the energy going into the elastlc de-
formation ("elastic energy").

It 1s known that the A — M transformatlon is possible even above
the point M 1n plastic deformation of austenite. Moréoﬁer, the farther
the deformation temperature is removed from the M point, the greater
the degree of deférmation necessary for the A -+ M tranéformaﬁion, and
above a_certain temperature no amount of plastlc deformation is cap- .
able of producing the A — M transformation.

From the vieroint of the conceptions described above concerning
the motive force of the martensitic transformation, external factors,
including plastic deformation, may cause formation of ma:tehsite only
in that temperature region‘in which the martensite iattice is tﬁermo-
dynamlically more stable, i.e., below TO’ Thus, by deterhining the de-
formation temperature at which the austenite is still just capable of
going over to martensite, we can establish the point TO’ l.e., the
temperature below which martensite is thérmodynamically stable, mofe
accurately.’ |

It might be expected that plastic deformation above'T0 would pro-

dﬁce the opposite effect, i.e., cause transition of the martensitic

oBserved on heating. Researéh_has confirmed this concluslon and 1indl-
cated the.possibility of experimental determination of the tempera-
ture above which austenite 1s thermodynamlically stable. It has thus
been made posslble to determine the concentration dependence of

T  for cobalt-nickel and iron-nickel alloys [91, 95].

0
Consequently, the cause of the A — M transformation is the higher
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thermodynamic stability of the martensite lattice as compared with the
austenite lattice below a certain temperature; on the other hand, the
motive force of the transformation is the difference between the A and
M free energiles. However, higher thermodynamic stability indicates"
only the direction of the transformation's motive force.énd not thé-
possibllity of the transformation. The actual accomplishment of the
transition and its kinetics are.determined by the singularities of 'the
transition mechanism atAthe cdnditions under which the transformation
takes place. Then all other factors, including stresses, cannot be re-
garded in themselves as either causes or motive forces of the trahsf
formation. They do not govern the transformation and are important “
only to tﬁe extent that they exert considerable inflﬁence on 1ts.kin-
 etics. |

Mechanism of the Transformation

Formatlon of crystals of M as a result of lattice readjustment.

The martensitic transformation, which represents formation of crystals -

of the new phase within an old phase, should take place, like any proc-
ess of a similar kind, by formation of nucle; and the;r subsequeht
growth. Experimental data on the transformation of austenite into mar-
tensite, and 1n particular the analogy between martensite-crystal
formation and formation of twins as a resuit of deformation, as well

as the rigorously‘consistent orientation of the martensite lattice,
enable us to conclude that grbwth of martensite-phase crystals conslsts
in regula; reconstruction of the lattice in which atoms do not change
places, but are only shifted relative to one another by distances not
in excess of the interatomic.distance. Yet another éonfirmation of

this proposition is to be found In the following fact: when the orig-.
inal state is an ordered solid solution, the martensite phase is also

an ordered solid solution.
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On the basis of this conception of the M-formation mechanlism, it
has been possible to compute in advance the coordinates of the atoms
forming the solid solutions in the elementary cells of the martensite
phases (for example, the y'-phase in Cu-Al alloys and the a'-phase in
Cu-2Zn alloys). The calculated atomic-position coordinates have ﬁeen
confirmed by experimental data [92, 93].

The concept of regular lattice reéonstruction enables us to under-
stand the high speed with which martensite crystals fqrm (at low tem-
peratures), the "stepwise" nature of their genesis. In such a mechanism
(read justment), there is no need for diffusivé atomic displaceﬁents,.
the rate of which is very low for iron at temperatures. below 3000;

The actual readjustment is obviously effected in such a way that
the material displacements are of the shear type, as 1s observéd'in
study of the microrelief that appears on ﬁoliéhed surfaces on trans-
formation [90, 94]. o |

The atomic-structural mechanism of the readjustment should corres-
pond to experimentally secured crystal-geometry phase relationshipst'
between the martensite and austenite (lattice orientdtion, lamella
orientation, direction and extent'of.shear)..At the preéent time, the
details of the mechanism cannot be regarded as established.

Conjugation of A and M lattices on growth of M. One of the most

important hypotheses as to the nature of the atomic readjustment 1s
that coherence or conjugatlion is preserved during the readjustment be-
tween the lattices of the austenite and the growirig martensite crystal
[35, 56]. A definite order in the arrangement of the atoms is main-
tained at all times at the moving boundary. Atoms that were neighbors
in the austenite iattice remain neighbors at the boundary of the grow-
ing crystal as well. On this assumption, if we take into account the
shear type of lattice readjustment, large shearing stresses must inev-
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itably arise.and.increase during the process.of martensite-crystal

growth.
A high growth .rate 1ls observed only 1f coherence is preserved.

- When thevstresses reach a certain (large) magnitude, coherence 1s up-

set, 1.e., the order is disturbed 1ln the arrangement of the atoms on f‘

the phase boundary and conjugation of the lattices vanishes.¢ ‘i’\
The high growth rate with preservation of conjugation is due to

the cooperative nature of the readjustment, in which the atomic dis-

placements are simllarly directed (consistent) and mutually related. R
Violatilon of coherence should result in cessation of growth, since'the:37;;

disordered growth due to individual, noncooperative atomic.displaceérfvlyﬁ'

ments proceeds at a very low rate at low temperatures..

The coherent-growth hypothesis has made it possible to explain,
on the one hand, the high rate with which the'individualtmartensite'v
crystals form and, on the other hand, thelr fallure to grow subse-
quently when coherence'is violated. Coherence and the appearance of
large stresses also account for the shape of the crystals: 1t must be
such that for a given martensite-crystal volume, the elastic-deforma-
tion energy that arises as a result of the transformation will be min-
imal [96]. '

Elastic crystals. The coherent-growth concept has made 1t possible

to predict and then observe experimentally the effect of "thermoelas-
. tic equiiibrium" in the nartensitic_transformation and "elastic crys-
tals" in the martensite phase. A o

The possibllity of this effect broceeded from the following con-
siderations. With the shearing nature of the readjustment that occurs
during growth of a martensite crystal, the stresses rise rapidly in
the region surrounding the growlng crystal. The motive force of tne
transformation is determined by the difference between the free ener;

-T2 -




Flg. 12. Elastic martensite crystals. Aluminum bronze (rélief). 70 X
[37]: 1-4) Cooling; 5-8) heating.

gles of the alloy before and after the lattice change. During growth,

however, a considerable "elastic energy" appears and increases rapidly

as the crystal grows (as the thickness of the lamella increases).
Growth continues as long as this energy is smaller in absolute magni-
tude than the difference between the free energies of the two iatticeq.
If coherence 1is not violateé during growth, the elastic energy may be
found equal at a certain crystal slze to the difference between the
free energies df the two lattices. Then the motlve force of the trans-
formation vanishes, growth ceases, and thermoelastic equilibrium is
established [35]. Such a crystal retains the abillty to undergo fur-
ther changes in size 1f a motive force appears again, for examp;e, on
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a temperature change, slnce this results in a change in the difference
between the free energles of the two lattlices. A drop in temperature
results ip growth of the crystal, and a rlse in temperature reduces ‘
1ts dimensions [35]. | |
Such a.pheﬁoménén has actually been.obserVedfiﬁ the Bl ~ y! mar-

tensitic transfdrmation in Cu-Al alloys with Ni or Mn additives,(Fig.

12) [37], and subsequently in certain other alloys as well. The'condi-':

tions necessary to‘produce thermoelastic equilibrium are a high elas-

tic limit in the material and a slow increase in stresses as the crys- -

_tal grows.

Temperature Dependence of'Trahsformation Rate

The premlise that the transformation is due to the difference be- .

tween the free energies of the phase lattices enables us to assume
that the formation of nuclei is likewise not an athermal prdcess, i.e.,
that the rate of this process must, as with any other transformation,.'
“depend on the energy of atomic thermal agltation [35];‘

It has actually been possible to ascertain the temperature de-

pendence of transformation rate as a result of detailed Investigations V

of the martensite transformation below room temperature [36]. It was
found that certain phenomena that had been regarded as characteristic
for the martensite transformation vanish in this température fegion.
The following facts were established: 1) here, the transformation may'
proceed isothermally for a long time; 2) the rate of the transforma-
tiop 1s a functlon of temperature and diminishes as it 1s depressed;

' 3) the transformation may be totally suppressed by rapid cooling to
the temperature of liquid nitrogén; 4) austenite that has been cooled
rabidly to the temperature of l1liquid nitrogen is transformed to mar-
tensite on heating to room temperature (Fig. 13) [36] at a rate that
dependé on temperature.
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Moreover, it has been shown that the following characteristic
features of the nartensitic transformation are retained even in this
temperature region: 1) martensite crystals in steel grow at an enor-
mous rate (in the plane of the martensite lamella) even at low tempera-
ture; 2) the transformation of austenite into martensite extends over
a region of temperatures: when cooling stops, only ; certain part of
the austenite 1s transformed, the isothermal transformatlon dies ogt
and ceases, and the process makes further progress:only'ét a lower
tempernture; | '

The temperature dependence of transformation rate 1s determined
by the temperature dependence of the rate at which martensite nucleli
form, and cessation of the isothermal transformation by monformation-..
of nuclei capable of growth at the temperature in question. The de-
cline in the transformation rate with diminishing temperature indicates
that thermal oscillations of the atoms are an lmportant factor in the
formation of martensite nuclei. The possibility of supercooling the
austenite in certain steels to the temperature of liquid nitrogen in-
dicates that the nuclei do not fnrm‘when the atoms have low vibration
energies. The transformation begins on heating, as soon as the energy
of thermal vibration has become large enough, and proceeds more rapidly
the higher the temperature, i.e., the larger this energy. This indi-.
cates that formation of the nuclel is thermal.

The fact that the temperaﬁure curve of nucleus formation rate 1s
the same as in any other phase transformation is important for under-
standing the nature of the transformation: the rate of the lsothermal
transformation'first rises below the martensite point, reaches a max-
Jmum on furthér reduction of the temperature and then diminishes (Fig.
14) - [59]. However, it is not possible to measure the nate'of the iso-
thermal tfansfonmation over the entire temperature region unless the
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martensite point .occurs at a sufficiently low temperature. This rate

is easily measured on the descending bfanch of the curve at tempera-

tures below —50 . At higher temperatures, the thermal-vibration energy'

has already become so large that when'co'ling stops in this region a11;

of the nuclel that can form at the tempe
1zed in a short interval of time.u;
On the ascending branch of the curve),

takes place slightly below- the martensite point and the»rate of th

process has become immeasurably high on cooling a few tens’ of?degrees.
below the point M. The low speed of the transfanmation near the mar- .

tenslte point is dictated by the large size or the critical nucleus

(the large work of formation of the nucleus), 1.e. by the necessity L

that large thermal fluctuations arise As we go farther from point M
the work of formation drops off rapidly_and the transformation rate
rises. For ordinary steels, therefore, the iSothermal'transformatibn

is observed only in a region gomewhat lower than the M point and in a

region below —50°. In this interval, there is a region of temperatures -

in which this process goes with high speed, which is what gave rise to
the idea that the martensitic transformation is athermal in nature.

At temperatures below —500, the factor determining the low rate

of nucleus formation and making it possible to observe the isothermal

transformation is the low energy of thermal vibrafion. The action of

this factor is intensifled as the temperature drops. In the tempera-

ture region about the point M, the factor that makes. it possible to

observe the 1sotherma1 transformatlon is.the large work of:nucleus
formation. Its actlon falls off with diminisning temperature, since
the work of nucleus formation drops rapidly with increasing distance
from T, [73]. | |
The temperature region ln which the basic factor is the firs£
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Fig. 13. Isothermal transformation of austenite to

martensite. a) Transformation at various tempera-

tures. Iron-nickel-manganese alloy (22.5% Ni, 3.4%

Mn); b) transformation at —159° after supercooling

in liquid nitro%en. Manganese steel (0.7% C, 6.5%

Mn, 2.0% Cu) [36]. A) Quantity of martensite, %;

B) time, minutes; C) temperature, °C.
given above is determined by the magnitude of the atom's thermal-vibra-
tion energy, i.e., by the absolute temperature. On the other hand, the
temperature region in which the second factor predominates depends on
the position of the point TO and,'éonsequently, that of the M point. '
Thus, by lowering the point M (by an appropriate change in the alloy's
composition), we may shift the temperature region of essential im-
portance of the second factor to a temperature region near room tem-

perature, thus making possible measurement of the rate of the 1sother-
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martensitic transformation of
iron-nickel-manganese alloys hav- °
ing various martensite points:
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T = ¥120; 2) Neseh (22.5% N,
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mal transformation at its maximum. In this case, there 1s no reglon
with an athermal transformation. The curve of transformation rate ég a
function of temperature becomes normal in nature (Fié. 15) [59].

Thus, thermal vibration of the atoms takes an important part in
the kineties of martensite-nucleus formation, Just as in other phase
‘transformations; The high fate of nucleus formation at such low tem-
peratures as room temperature, when 4iffusion processes have been fro-
zen out, 1s determined by the fact that thé atomlic displacements re-
quired for formation of a martensite nucleus require lower activation
energies. Thié last is apparently linked with the small relative dis-
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Fig. 15. Temperature dependence

of initial reduced rate of iso-

thermal martensitlic transforma-

tlion of manganese alloys hav-

ing different martensite points:

1) 85G2, (0.85% C, 2.2% Mn),’ .- R

T, = 155°5 9563 (0.95% ¢, 3.5%

Mn), T = 85°; 70665 (0.70% C,

6.5% Mn), T, = 50° [59]. A) Re-
duced rate (VVVb)t=o'102 sec‘l;x

X %/sec; B) temperature, °C; C)
85G2,; D) 95635 E) 70G55- -

placements of the atoms and the ordered nature of the atbmic tran§~
formations when the martensite nucleus forms. ‘

The low rate of formation‘éf the nuclel, coupled with the tremen-
'dous rate at which the martensite crystals grow at temperatures far be-
low room temperature, indicates thatva very small activation enefgy is
required in growth of the martenéite crystals, l.e., 1t is necessary
to 6veréome very low barriers during this growth. Apparen?ly, the .
height of the barriers diminishes as the crystals grow as a result of

the appearancé of stresses at the boundary of the growlng crystal. Dur-

ing the initial stages, therefore, the rate of crystal growth may not

be as.large as 1t becomes when the crystal acquires micrpscobically

‘visible dimensions. |

The stresses may.act unequally in directlons lying 1h the plane
- 79 -

e

¥




of the martensite lamella and in directions perpendlcular to it. In
the latter case, they nay asslst in raising the barriers and retarding
'thevgrowth process. (A lower growth rate over the thickness of the
lamella has been observed in certain alloys In investigation of mar-
tensite-crystal growth.) It is possible, however, that the low activa-
tion energy of crystal growth 1is related to the singularities of the
growth mechanism in itself, concerning which 1t 1s necessary to have
more detalled information.

Causes of Extension of Propagation over a Region of Temperatures

One of the principal characteristic features of the martensgitic
transformatlon conslists in the fact that it extends over a region of
temperatures, and that only part of the initial phase goes over 1nto
the new phase at any temperature in this region. Since the martensite
crystals cease growing once they reach certain sizes, stoppage of the'
transformation implies cessation of nucleus formation.

There are two kinds of factors that might govern this phenomenon:
1) a change in the state of the remalning austenite in which formation
of new nuclei or growth of nuclel is inhibited, 2) the appearance of
nuclel not at any point in the volume, but only at points at which
their formation is made easy. |

Factors of the first kind might, for example, include the appear-
ance of a hydrostatic pressure, which would lower the TO point, as
well as structural disturbances that interfere with the formation of
nuclei of the critical size or With their growth. The second group of

factors would include nonuniformity of the state of the austenite -

frozen concentration fluctuations of a dissolved element; varlous types

of structural nonuniformity due to local stresses that tends to reduce .f“*

the work of formation of nuclei of the new phase; shearing stresses
with a region of stressed-state nonuniformity having a size of the same
- 80 -




order as that of the martensite crystals orllarger, and so forth.

Factors of the first kind can hardly be of significance for the
Initial étages of the martensite curve, eince ﬁhe state of all of the
untransformed austenite could hardly have undergone any substantial
change with such a smell quantity of martensite.present. However, they
may exert substantial influence on the second half of thls curve. For
the first ha;f, therefore, the principal‘factofs should be those .of
the second type. On passage-through_the M point, the nuclel first form
at those polnts where the work of their formation is lowest (due to a
favorable structure or concentration deviation). After nuclel have
been realized at these pointe, the process stops. As the temperature
is lowered further, the size of the critical nueleus 1s reduced, with
the result that realization at other points favorlng nucleus formation
becomes possible. A

As we have already noted, a stressed state arises and new struc-
ture disturbances that favor the formation of martensite nuclei.make
thelr appearance after partial transforﬁation in the remalning austen-
ite (apparently in the regions surrounding martensite crystals).

The results of research into the influence exerted by prior plas-
tic deformation of the austenite above,the M point, which does not
produce any direct transformation [69], and into the influence of
neutron bombardment on the kinetics of the subsequent transformatioh
of austenite.into martensite [80, 81] confirm the concept in which the
martensite neclei form not throughout the entire volume, but in places

where the structure deviates from the mean. Both of theee treatments
of austenite give rise to the appearance of structﬁral dlsturbances
that facilitate formation of martensite nuclel. However, these dis-
turbances are unstable.and gradually disappear during holding even at
room temperature (they do so more rapidly at high temperatures). The
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latter testifies to large local stresses and small dimensions of these
reglons, which act as the points of easy nucleus formation. Partial |
relaxation of such stresses may take place at relatively 1§w teﬁpera-
tures — such as room temperature and even lower, | '

As a result of plastic deformatlon or neutron bombardment, and in
thé process of the actual transformation, étructural disturbancgs of a
different, transformation-inhib;ting typé also make theilr éppearance;
these include, for example, disturbances.at the boundaries of cohefent-
'scattering regions or other types of cﬁmulative structural dilsturbances.

It is possible, however, that the austenite-crystal structural
disturbances that facilitate the formation of martensite nucleil and |
inhibit it are of the same type. As long as thése dlsturbances are
minor and concentrated only at certain polnts, they faciiitate the co-
' operative displacement of atoms that is necessary for formation of ﬁar-
tensite-crystai nuclei, wﬁen‘these disturbances become numerous, how-
ever, and when they are distributed in a certain manner, reducing the
region w;th a regular lattice, they come to represent an obstacle to
the formation of nuclei and to growth of nuclei in its initial stages..

From this standpoint, activation of the transformation at low
degrees of piastic deformation or bombardment is due to the relatively
small number of disturbances that facllitate formationAof crjstal nu;
clei and do not inhibit their growth. Holding at room temperature or
at moderately elevated temperatures should result in redistribution of
the stresses, in more uniform distribution of these strésses, and 15
a lessening of the local disturbances. As a fesult, the activating ef-
fect is reduced and the inhibiting effect 1s enhanced (due to the.
smaller size of the regular-lattice regions). With high degrees of
plastic deformation, a large number of the disturbances block coopera-
tive readjustment of atoms in the regién required for further growﬁh.

- 8 -

e

ez i . ok




Only at high temperatures do the disturbances vanish and, accordingly,
only at these temperatures ls the orlginal ability of the austenite to
undergo the martensitic transformation restored [97].

Structural disturbances similar to those that are caused by plas-

tic deformation also arise as a result of’formation of a new martensite

crystal in a region surrounding a crystal that already exists. This
must result in easier formation of new nuclel; 1t appears that stabil-
jzatlon of the austenite when cooling 1s halted 1s connected with a
changé in the distributlion of these disturbances and a reduction in
local stresses (stress peaks) during holdingm.

The high disturbance density of the austenite grain's érystal
structure arises as a re;ult of forward and reverse martensitlc trans-
formations. Here, the local stresses cannot be particularly large be-
cause of the high temperature of the re&erse transfopmation. This type
of structure renders formation of nucleil and their growth difficulf :
during subsequent cooling'below the martensite boint (97, 98].

.Experimental data indicate that regularity disturbances in the
crystal structure rebresent a major factor in the kinetics of the mar-
tensitic transformation. Growth of a martensite nucleus when its dimen-
slons have become greater than critical takes‘place most easily 1in an
austenite crystal with a regular structure. However, the genesis gf
martensite crystals in an austenite crystal without structural aisturb-
ances 1s much more difficult. This is‘apbarently assoclated with the
large work of nucleus formation in the "cooperative" displacements of
atoms in the 1dea1 lattice as a résulé of couﬁtefaction of the elastic
forces. Thus, supercooling far below TO 1s necessary to feduce_this
wogk at the expense of an increase in AF and to make it possible for
fluctuation formation of a martensite nucleus to occur in the ideal
austenite iatticé. However, this supercooling may be found so great
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that even the average thermal-vibratlion energy Iin this temperatu;r"e re-
gion will be small for sufflciently frequent formation of the necessary

fluctuations. Since for the martensitic transformation, thls tempera-

ture reglon lies below room temperature, the martensitlc transformation

may not occur at all at temperatures below room temperature in an aus-
tenite with the ideal lattice, despite great gupercooling.’
Under such conditions, vitrification of the liquid takes blace on

transition from the liquid state to the solid. This is observéd, for

example, in salol: salol that has been thordughly purlfied or subjeqted o

to impurity deactivation does not crystallize, since the work cf fqnma;

tion of its nuclel becomes quite small in a temperature region in

which the atomic mobility is already -low [99]. In this case, it is nec-

essary to introduce‘éolid particles for crystallization. The genesis
of nucleil is made easier in‘their~presencé, l.e., the work'of’their
formation is reduced, and this results in reduced supercooling. A sim-
1lar phenomenon occurs .in saturated solid solutions. For example, in
determining solubility limits below a definite temperature, the process
in which the second phase segregates out is frozen. The experimeﬁtal
solublility curve is found to be vertical. However, by applying prelim-
inary plastic deformation (lowering the work of'formation of the seg-
.regating‘phaseaand raising the mobllity of-the atoms), we may‘céuse
the segregation process to proceed even at lower temperaturées and de;
termine the solubility -curve experimentally [100]. |

_The above leads us to the conclusion that the martensitic trans--
formation may take place even in an ideal lattice if the point T0 is
sufficiently high. Then, even with deep sﬁpércooling, which is neces-
sary for a sufficient lowering of the work.of nucleus formétion, fhe
absolute tempe:ature and, consequently, the thermal-vibration energy
will be féund high enough for purely‘flgctuation-type formation of the
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nuecleus. With certain disturbances to the structure of the austénite
crystal, however, the wprk of nucleus formation 1s reduced sharply due
to reduction of the work done against elasfic forces. The supercooling
necessary for purelyvfluctugtion-type nucléus formétion Is sharply re-
duced‘iﬁ this case. |

The subsldence and resumption of the i1sothermal transformation is
accounted for from this standpoint by the 1hitial use of polints that
have the most severe disturbances ér_a comblination of disturbances
that results in the greatest reduction of the work of nucleus forma-
tion. When nuclei arise at these points, the isothermal transformation
ceases, since the martensite crystals do not grow.after viclation of
coherence and no new nuclel apbear. As the temperature 1s further de-
pressed, the reduced work of nucleus formation for the 1deal lattice
results in the use of points with less severe structural disturbances.
A further depression of the temperature is necessary.for subsequent
ﬁransformation, and so forth. As a result, the transformation 1s. ex-
tended over a reglon of temperatures.

The temperature.curve of martensite-crystal generation rate indi-
cates that'the'principal role in formation of nuclei in such previously
"primed" places 1s taken by thermal oscillations, and that energy fluc-
tuations are necessary even for formation of a nucleus that is capable
of growth at such points. This.may be observed particularly distinctly
at the low martensite point when it has been possible to inhibit the
transformation completely by rapid cooling to the temperatufe of lig-
ﬁid nitrogen. This means that nuclel. do not have time to form during . .
cooling at "primed" positions, and that the average energy of vibration
is very small at the temperature of liqu;d oxygen. On the other hand,
raising the temperature, l.e., increasing the energy of thermal vibra-
tion, Increases the probability that the necessary fluctuation willl_
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form at these points and the probability of nucleus formation. The
rate of realization of these points 1s higher the higher the' tempera-
ture. It increases with increasing temperature until the work of nu-:

cleus formation begins to Increase more rapidly than the average ther-

-mal energy of the atomic osclllations, to the extent that supercoolingf,iv

has been reduced. Frém this‘point in time on, the“rate of the trans-
V formation diminishes with rising temperature. |

The appearance of a stress fleld ébout the growing crystals-is

' chéracteriétic for the marténsitic transformatién; this is due chiefly
to the shearing property of the atomic readjustment. It follbws from
this that supercooling below TO 1s necessary not only to reduce ﬁhe
work of formation of the critical-sized nucleus, i.é., the nuciéus
that is capable of growtﬁ (after formation of such a nucleus, growth
might also take place With less supercooling) at the expense of an in-
creasé in AF. It is also necessary in order to comﬁensate;lat.the ex- .
pense of AF, the large elastic energy that arises after fOrmatioh‘pf a
martensite crystal with finite dimensions. Consequently, "primed" posi-
tions cannot be used above a certain'teﬁperature, at which AF beéomes
smaller in absolute magnitude than the elast;é energy that arises on
formation of the entire crystal. This temperature 1s apparently what
constitutes the martensite pdint.

However, marteﬁsite crystals can also form above the pbint Mif
the elastic energy is completely or parfially of fset in the system in
éuestion on external apﬁiicatioq of a stress fileld opposed to that
which arises during the process of'fofmation of the marténsite.crystal.
~It is possible that formation of martensite crystals on plastic de-
formation above the point M is due not only to the emergence of dis;
turbances that stimulate formation of nuclei, but also to the creation

of such a field. As the temperature rises, increasingly large plastié,




deformations are required to form martensite. However, raising the de-
gree of deformation tends to increase the résistance of the austenite
to plastic deformatiop (strain-hardening) and makés it possible to cre-
ate higher stresses in 1t. The nearer the deformation temperature to

To, the greater the externally aﬁplied stress required {(due to the de-r;

crease in AF) to offset the stresses that arise as a result of forma- ...

tion of martensite crystals.

Stresses that are sufficiently uniform in é reglion hav;ng dimen-
sions of the order of the martensite-lamella length and‘oriented in a
definite manner should undoubtedly facilitate formation of martensite
crystals. Stresses that are uniform over a large volume wbuld give
rise to a situation in which ﬁot all of the possible orientations of
the martensite crystals are equiprobable. Orientations for which the
stress directlon favors shear will be realized preferentlally when ex-
ternallférces are applied." |

Thﬁs, the factors that facilitate nucleus fofmation include local "’
disturbances 1n very small regigns, which are capable of yanishing at
relatively low temperatures, and stresses that are uniform in micro-
reglons and macroregions.

If the number of structural disturbachs is very large and their
distribution reéults in the formation of small coherent-scattering re-
giéns (blocks), difficulties then arise in formation of nucleil ahd the
initial.stages of their growtﬁ. This 1s probably due to impediments to
.the cooperative dlsplacement of atoms when there are large crystal-
structure disturbances. There is a certain analogy with plastic deforma-
tion in regard to the dual nature of the lattice-disturbance effects.
In an ideal lattice, plastic deformation requires large forces whose
magnitude attains that of the theoretical strength. The presence of
dislocations at low dislocation densities 1s responsible for deforma- .
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tion by small forces. When, on the other hand, the dislocatlon density
becomes large as a result of the deformatlion ltself, the resistance to
deformation also rises conslderably (strain hardening).

For steelsvwith medium and high carbop confents, and for'iron-,
nickel alloys, the point M lies approximately 200° below TO.‘Thié'is
due, as we Indlcated earlier, to the .elastic energylthat arises on
formatlon of the martensite cryétal. in pure and élloyed irons, the
point TO i1s high (9000 or élightly below). At the same time, the mér--
tensite polnts for these alloys lie in a region around 5000. The polint

M has not been measured for pure ifon, but to judge from the dependence

of this point on carbon concentration, we may assume that it is below
600°. The increase in hysteresis is probably due to instability and |
rapid disappearance of severe local structural disturbances at high
temperatures (above 500-6000), so that there are no points at which
the work of nucleus formation is sharply reduCed.

The above conception aé to why the transformation extends over a
region of temperatures is based on consideratlion of the cooperative '
nature of thé atomic readjustment in the martensitic transformation,
the conjugation between the lattices as the martensite crystals grow,
and the general laws of these transformations.

The temperatﬁre dependence of the transformation rate indicateg
that the viﬁfation energy of the atoms plays a major role in the forma-
tion of critical-sized nuclei at "primed" points, as in other phase
transformations. Structurally primed positions, i.e., places 1n which
formation of nuclel is easier, have the same Iimportance here‘aé'the

undissolved impurities in crystallizétion of liquids.
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" Chapter 36
THEORY OF TEMPERING OF QUENCHED STEEL

Heat treatment 1n which decay of the state of steel fixed by
quenching — the oversaturated solid solution of carbon in a-iron, or
martensite, as well és of the residual austenite, takes place 1is known .
as tempering. The result of this process is transition to a more stable
state. Structures that represent decay products of ﬁartensite and aus-
tenite — a mixture of a-iron and carbides — form in the steel. The
properties of the steel change accordingly: plasticity and toughness
ére increased, hardness is reduced, and internal (residual) stresses
are reduced. | .

TEméering is accomplishgd by heating quenched steel to a tempefa-
turé lying below the Acl point, soaking at this temperature, and sub-
sequent cooling; The results of tempering are détermined basicaily bj
the heating temperature and, to a lesser degree, by the soaking time.
The cooling rate has no substantial influence on the result, but if
the steel has a @endency toward tempering brittleness, cooling should
be quite rapid. .

Low, medium and high tempering are distinguished on the basis of
heating temperature. Low tempering (heating to 120-250°) has as its
purpose reductioﬁ of 1nternél stresses 1n'workpieces of which reten-
tion bf high hardness and wear resistance iS‘demandedf Here, the. brit-
tlengss of the steel 1s reduced considerably, while its hardness 1is

hardly affected at all. Medium tempering (heating to 300-5000) is used

for products that must possess high elastic limits, strength, and wear-
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resistance, as well as rather high toughness (springs, shock absorbers).

High tempering (heating to 450-670°) is used for articles that experi-
ence rather large impact and vibration loads in operation; it delivers
a highly favorable combinatlon of toughness, plasticity and. strength
properties. . : ' ' '
1. PROCESSES TAKING PLACE IN QUENCHED.STEEL DURING.TEMPERiNé'
Temperling processes are essentiaily pfocesses of so}id-solution
decay — decay of martensite and resldual austenlite — that return the
steel fo a more stable state. Four stages aré distinguished in temper-
ing; of these, the first two correspond to two stages of martensite
decay. Decay of martensite takes place over a broad temperature range —
from room temperature to 300-3500. The first (below 150°) and second
(150-3000) stages.of this decay differ as regards mechanism and kin-
etics.* The procésses that unfold in the third and fourth stages of
'tempering are developed iIn the temperature ranges from 300 to 450Q éné
from 450o to Acl. The temperature boundaries of the stages are arbit-
rar&. They may shift in one directlon or the other, depending on heat~
ing rate, holding time, and the composition of the steel. Certaln tem-
pering processes do not go to completion in their speéific sfages, but
extend into later stages.

First Stage of Tempering (First'sfage of Martensite Decay).

The first stage of tempering consists ipysegfegation of highly

dispersed carbide particles from thé martensite. Once they have formed,
the nuclel grow until the regions sufrounding them have become rather '
severely impoverished in carbon and the influx of atoms of this ele-
ment ceases as a result of the low rate of diffusion from the solid
solution. Solld-solution regions with carbon concentration lower than
the original concentration form about the carbide particles; thése are
in a state of temporary, unstable "colloidal" equilibrium [2] with the
- 90 - L

-




dispersed carbide particles. These carbon-hnnoverished.regions are sur-
rounded by a solid solution that has the initial carbon concentration.
Since a new solid solution with a lower carbon concentratlon arises

and coexists with the origlnal concentrafion,'martensite decay in the
first stage 1s sald to be two-phased (or heterogeneous). Almost no re--
gions with intermedlate concentrations are observed. The quantity of
solid solution that has been.impoverished in carbon-increases not by
growth of the regions, but by an Increase in thelr number. Thus, the
.progress of the process in time is governed practically exclusively byj'

the number of carbide-phase nuclel that form, and the rate of decay isl;

determined by the rate of generation of carbide particles.

1 . ST - acterized by the curve of Fig. 1 [1, 31,
paL where V, is the initial volume of the -
. : : . ‘ s0lid solution (specimen volume), V 1is
, z N . the total volume of the impoverished
. 1 [T~ ' .part of the solld solution surrounding’
“"_" " "’é"’,”“‘:uf wes the carbide nuclel (the volume of decayed

Fig. 1. Variation of‘quan- solid solution). The temperature depend-

tity of martensite that '

has undergone partial de- ence of the decay rate 1s described by
cay during tempering at . i

1200 [31. 1) ln(V' e V/Vb)’ Fhe general equation of crystallizatlon
2) time, minutes. of superséturated solutions, taking into

account the work of formation of the nucleus “The rate of the process

1s characterized by the half decay time, 1. e., the -time necessary for

transition of half of the initial solid‘solution to the new.solid ‘solu- .

tion. For high-carbon steel, the half-decay time ét room tempoyature.'

is reckoned in terms of several years; it is about 8 hours éE'SQq; 50'

minutes at 1000, 8 minutes at 120°, and 45 séc at 160°. Calculations - .-

indicate that at O°, the half-decay time 1s 340 years, and that it .is
. , 91 -

The kinetics of the proceés is char-




)
6.4 years at 20 ;

2.5 months at 40°, and 3 days at 60°

(3, 4].

Carblde incluslions take the form of extremely thin lamellae a few

lattice constants thick; The lattices of the carbide and the a-solid

solution are coherent. Since the erystal lattices and specific volumes

of the carbide and the a-phase are different, elastic stresses arise

between them (Fig. 2) [5]..

A structurai state of the steel known as tempered martensite

forms as a result of the first stage of decay. In this state, the

" steel exhibits a fine nonuniform structure, and the a-solid solution

1s still slightly oversaturéted with carbon and ﬁas a tetragonal'lat;

tice. The activatilon energy corresponding to the first decay stage 1s

about 33,000 cal/g-mole, .while the work of formation of a carbide-

" phase nucleus is 1000 cal/g-mole (for 120°).

Vo d

o
{,{:o o om
.

O O oooo

b 2 J’J‘J’J’
Fig. 2. Diagram showing
genesis of lattice dis-
tortions on formation of
carbide-phase nucleus

- within martensite crystal.
The lattices of the mar-

tensite and carbide are
coherent [5].
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Fig. 3. Diagram showing
arrangement of disloca-
tlons of coherent lat-
tices of carbide and
solid solution [9]. 1)
Initial martensite (pri-
mary); 2) zone of concen-
tration change; 3) low-
carbon martensite; 4) low-
temperature carbide.




Data of foreign investigators [6-8] and an attempt to apply dislo-
cation theory to account for the mechanism .of tempering processes in
this stage [{9] do not 1ntroduce any substantial changes Into the con-

" ception set forth above, which is based chiefly on the work of Soviet

scilentlists and primarily that of G V Kurdyumov and hls colleagues [1] »

The pattern in which the dislocations are arranged between the coherent‘~

lattices of the carbide and the martensite matrix is illustrated by

Fig. 3. It 1s assumed that the carbide nuclei ocecur at the boundaries =7

of the martensite crystals,'and that‘the carbide crystals are lamellar'aﬁ

[91. = e
‘Second Stage of Tempering (Second Stage of Martensite Decay)

The second tempering'Stagefis observed in carbon steel in the
range from 150 to 300°. The riae in tempering temperature and the re-
sulting increase in the atomic-migration rate are responsible for fnr-
ther segregation of carbon from the martensite. Decay of tne solid s0-
lution takes place in this stage by progressive segregation of carbon

~from the. solid solution and a certain amount of carbide-particle growth
as a result. Thils is accompanied by a concurrent coaguiation (coales-

cence) process of the carblde particles — solution of the finer par-

ticles and growth of the larger ones with diminishing concentration of

the solid solution. The process 1s homogeneous, single-phased, and con-
tinuous. Its rate is determined by the rate of diffusion of -carbon
atoms and the growth rate of the carbide granules. Precipitation of

the carbon first takes place rapidly and then, as the holding time in-

creases, it drops off (Fig. 4) [10]. A definite quantity of carbon re-

maining in solld solution corresponds to each tempering temperature.

. The coherence of the carbide and solid-solution lattices is retained.
Lattice distortions are reduced but remain significant. Figure 5111]
shows the'variation of the severity of distoritlons of the second kind
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Fig. 4. Carbon content in . Fig. 5. Size of coherent
martensite as a functioin - ° : regilons (D) and magni-

of tempering time at vari- ~ ° tude of lattice distor-
ous temperatures for .. tions (na/a) as fune-
steel with 1.1% C [10]. tions of tempering tem-
1) Carbon content in mar- perature [1, 11]. 1) Tem-
tensite, %; 2) tempering pering temperature, oc.
time, hours. : ' -

and the size of the coherent-scattering regions. At 200-3000, the mar-

tensite is a slightly oversaturated (at 250°, 0.06% C) solid solution

wlth disperse carbide particles distributed in 1t.

Decay of Residual Austenite ("Second Transformation" in Tempering)

In high-carbon and many alloyed medium-carbon steels that contailn
a large quantity of resiaual austenite, the process of carbon separa-
tion from the martensite, which takes place in the range from 150 to
300°, has superimposed upon it the deca& process of this austénite.
However,.the decay of small quantities of austenlte does not appea¥
distinctly on the property-variation curves. The rate of the residuai;
austenite decay process as a function of temperature and tempering
time is illustrated by Fig. 6 [8].

Decay of resldual austenite beging‘at.highéf témperatures than
that of marténsite, since the passages of carbon atoms from one inter-
stice into another in the y-lattice (austenite) are constriéted to a
greater degree than in the a-lattice (martensite), although the inter-
stices themselves are larger 1n the austenlte lattice than in the
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L% L a-iron lattice [12]. On a considerable

§‘mn L0 .
ézmo : P B P ] Increase in the tempering time, the ini-
« gy | .
or
gmmm Z/i;/' 7 tial decay temperature of the residual
§ b :?&é,""”’ austenite 1s shifted into a lower tem
x N — : 8 -
‘;'IIM w° 15 i
12 : perature region [8]). It is assumed that
’S'“ﬂ A v S
<5 2 Lrumensnocm: omnycra, as a result of residual-austenite decay,
Fig. 6. Kinetics of resid- the same phases form in carbon steel as
.ual-austenite decay 1n : |
steel with 0.8% C. Satura- in tempering of martensite at the same "
tion magnetization as a ' . ;
functlion of tempering temperature, although the coherence of f
time at various tempera- . |
tures [8]. 1) Saturation the solid solution and the carbide phase |
magnetization (41I1,), ‘ |
gausses; 2) tempering may not be the same in both of these. t

time, minutes. ;
~ cases. : ; : ¥

State of the Carblde Phase in Tempered Steel

The question as to the composition and structure of the carbide
segregated out at low tempering temperatures cannot be regarded as ade- ‘
quately clarified at the present time. . . |

Results of x-ray investigations. For a long time, it was not pos-

sible to ascertain the presence qf carbide by experimenta; means in (
low-tempered steel. Carbide lines were observed on x-ray patterns only
after tempering at temperatures above 300° {13]. G.V. Kurdyumov and i
M.P. Arbuzov [14]‘wefe the first to succeed in detecting the presence ‘
of a carbide in low-tempered martensite; as regards 1lts crystal struc-
ture and, apparently, 1its chemical composition, this carblde differs
from cementite. The new carbide was designated‘FexC. On the basis of
this 1nvestigatioh, the considerable.loss in volume and other changes
in the properties of the steel on tempering at about 300o were ac-
counted for by transition of the carbide Fexg to FeBC [15, 43].%* Ac-
cording to the calculations of Ya.S. Umanskiy and Ye.I. Onishchik [16,
17], an interstitial phase with a compact hexagonal lattice is.presgnt
| - 95 - |




in low-annealed steel: 1its composition 1s defined approximately by the
formula FeBC. On the basis of research into the crystal structure of
steel 1n.various stages of tempering, which was completed in 1961,
M.P. Arbuzov established that the carbide phase preéipiﬁating out at

-low tempering temperatures has a_cldse—packed hexagonal lattice that 1is

regularly oriented with respect to the austenite crystal axes. Two car-

bide phases exist ip the range from éOO to 400°: the ;OW+temperaﬁure'
carblde and a carbide having‘a rhombic lattiqe; above 4000, there 1s
only one carbide phase — rhombic cementite. Yu.A. Bagaryatskiy [20]
showed that continuous transition from the martensite lattice to the
cementite laftice 1s possible when the carbide lattice 1s somewhat de-.
formed and retains its o:ientation relative to the martensite lattice..
According to M.P. Arbuzov [37], the low-temperature carbide crysfalm
lizes with a.carbon deficiency and has a smaller volume-than cementite.
If is known that the reaction between carbon monoxide and iron results
in formation of a carbide of the type FesC [21] or'Fe2009 [22] (the

percarbide).

Two modifications of the carbide FeQC have heen produced synthet-

ically: the low-temperature modification e-FeQC, which forms at 170-
230° with a hexagonal lattice and a Curie point of 3800, and the high~
temperature X-FeQC, whiéh forms as a result.of the former's decay at
200° with a rhombic [27] lattice and a Curie point of 265° [28].
Observing the same interference pattern as G.V. Kurdyumov and
M.P. Arbuzov, Jack [22] also concluded that 1t corresponds to the hex-

agonal lattice; he regards the composition of the carbide as near Fe.C.

He proposed that this carbide be termed the e carbide because of :!.’cs'3
structural similarity to the e nitride of lron. This carbide is co-
‘herent with the matrix. It is transformed to cementite at 260-3600.
Iement [T7] determined the composition of this carbide as Fe, )C (8.22%
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C).by‘calculation.

' The hexagonal é-cafbide of irbn was also observéd by a number of
Investigators who used the eleétron-diffracpion method [24-27, 38].
Yu.A. Skakov and others [26] define its composition as Fe),C (see also
[281). | |

Results of chemical investigafions. The carbides produced in tem-

pering at 200-400° correspond as regérds chemlcal composition to ce-
mentité [29]. The results obtained by N.V. Gudkova and others [27] dif-
fer from thoée‘obtained by N.M. Popova. Iement et al. [62] consider ‘
that the determination error may be as high as +0.3% C in these cases
and may mask small changes in tﬁe carbide's carbon content durling the
tempe}iﬁg process.

The results of the magnetometric investlgations of I.N. Bogachev

and V.G. Permyakov [30] showed that in tempering below 2509, a carblde
other than cementite forms in steel. According ﬁo V.G. Permyakov [31-~
331, the carbide FexC has a Curie point of 3700 and a value of 2 for X.
At 270-4000, it goes over into an intermediate carbide that hés a
Curie point of 260°, and at 400-550° it becomes cementite. B.A. Apayev
{34, 35] indicates that the carbide e-Fe,C and a small quantity of
cementite exist in low-carbon éteel that has been tempered at 100-2000;
as the temperingAtemperéture is raised, the quantity of s-FexC ié re-
duced and that of Fe3C Increases. In high-carbon steel, the carbide

e-Fe,C, which 1s transformed on heating into X—FexC and cementite,

.forms from the martensite; subsequently, the x-FexC disappears and the'.

quantity of cementlte Increases. Crangle and Sucksmith identify x-Fe#C
~ with synthetic x-Fe,C [36].

' The research results set forth above embody a number of serious
contradictions. Thus, M.P. Arbuzov notes [37] that it.is difflcult to
explaln why a new phase that is richer in carbon than cementite should
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appear at low tempefing tempefatures in the presence of cementite and.
- then be turned Into cementite at higher temperatures. The causes of
the great reduction in the steel's volume on tempering at 300 are not

yet fully clear: it cannot be acc 'nted for by the carblde transforma-

tion alone. The displacement of"tn urie points 1s accounted for by .

many investigators in terms of latt _e'distortions of a carbide coher-

ent with the a-phase [38 62]. The' same“effect is observed in. annealed

steel after plastic deformation [39]. B. A. Apayev [35] obJects to

these statements, referring to References‘[ho, 41 and 42]. Ya.S. Uman-

skiy et al. [17] regafd the proposition'fhat coherence of the carbide
may result in a Curie-point shift as inadequately substantiated..

In summarizing, it must be acknowledged that there are many sub-
stantial contradictlons concerningithe most important problems of the
state of the carbide in 1ow-tembered steel. There is no consistent
opinion concerningdtﬁe crystalline structure (of e-Fe,C and FesC witn_
distorted"lattices, and so forth), none as regards composition (Feec,
Fe2.4c, Fe3C, Feuc), and there is not even agreement as regards the
explanation for the property changes (and, in particular, those in the
magnetic properties). Clarification of these questions requires new
research. | -

Third Stage of Tempering ("Third Transformation")

The third stage of tempering takes place in carbon steel in the
temperature range from 300 to'450¢: Rapid growth.of carblide granules
begins in this stage‘(Eié.xzj_(lgﬂﬂ.Up to aboot 3500, this growth
takes place without disturbance‘Of coherence‘between the carbide and
the surrounding solid solution. Above 350°, the carbide granules in-

crease rapidly to dimenslons such that the stresses reach values suf-

ficient to make the distortiondenergy gredater than the energy of inter-

face formatlion. Then coherence is violated, an interface appears be-
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Fig. 8. Change in size of
a-phase reglons that scat-
ter x-rays coherently as

a function of tempering
temperature [4]. 1) Dimen-
sions of regions of co-
herent x-ray scattering

(blocks), 10'6, cm; 2)
tempering temperature, ©C.

ticity is made high enough.

tween the phases, and the carbide crys-
tals and mosalc blocks of the a-phase
separate. The gize of the a-phase regions
that scatter x-rays coherently decreasgs

(Fig. 8) [4]. In the temperature region

above 450°, the a-phase blocks again in—" ..

crease in size (grow), since ‘diffusion -

processes take,place-intensiﬁély\at:tﬁg'g'

fempefatures. Cun

' This‘ﬁrocess of coherence violation .
is accompanied by a decrease in stresses;
its temperature of completion is the tem-
perature at which stresées of kind II
are relieved (Fig. 9) [4], which con-
tributes to significant volume [44] and
thermal [45] effects. In the same tem-
perature range, distortions of kind III
are also extensively relieyéd (471,

A diminution of the a-phase bléﬁks
may occquin the temperature range of
the third tempering stage not only as a
result of loss of lattice coherence, but
also as a consequence of relief of elas-
tic stresses by plastic shears in mlcro-
regions of the metal. These shears take.
place under the Iinfluence of the rather
high elastic stresses preéent in the

steel, provided that the metal's plas-

Block size, distortions of the second kind,
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Fig. 9. Variation of dils- Fig. 10. Variation in
tortions of -the second block size (D), coercive
kind (Aa/a) in a-phase force (H,) and distor-
lattice as a function of :
tempering temperature = tions of the second kind
L (pa/a) in hardened steel
(4]. 1) Tempering tem- with 0.7% C, as a fun
erature, ©°C. - 5 a e~
p ’ ) tion of tempering tempera-

. ture [46]. 1) H o3 OEr-

steds; 2) tempering tem-.
perature, °C.

and coercive force are compared in Fig. 10 [46]. The temperature re-~

gion in which pulverization of the blocks is observed and the corres-

ponding temperature region in which the mechanical properties and co-

erclive force undergo significant changes may be shifted under the in-

fluence of a change in the elastic stresses of the crystal lattice,
which, in turn, are determined. by the degree of' de_formation,"carbon
and alloying-element contents in the steel, and other factors (compare
Fig..12) [46]. The initial stages of recrystallization of the a-solid
solution, which is deformed as a result of intraphase ﬁork-hardeniné,
may take place in this same stage of tempering [44, L6, 48, 49].

A number -of authors 1ink]the change in physical properties in ‘the
.third stage of tempering with transition of the low-temperature car-
bide into cementite [30-35 and others].

Fourth Stage of Tempering

Coagulation (more properly; coalescence) of the carbides takes
place basically durlng this stage. Beginning in a carbon steeltat the
temperatures of the second stage, these processes develop intensively
above 350°. They were investigated in detall by S:Z. Bokshteyn [50].
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In the first stages of tempering, the carbldes are precipipated
in the form of lémellar granules, slnce the elastic energy 1is at its
. minimum in this case. If the particles were to assume a spherical
.ghape, the surface-energy value would be reducedi The elastlc energy
is proportional to particle volﬁme, while surfaée energy is propor-
‘tional to fhe area.of theAphase segregated. The interactlon between
the two forms of energy results in spheroidization being observed only
after prolonged tempering at a rather high témberature. Then the diam-
eter of the carblde particles Iincreases by a factop of approximately
1000, which gives rise to large changes in total sufface and in the
crystal-chemical relationships between the phases, as well as a con-
slderable change.in properties. The coagulation process was analyzed
theoretically by S.T. Konobeyevskiy [2]. In isothermal tempering, the
fine particles undergo solution continuously, the large ones groﬁ, and
thé medium-slzed particles first grow larger at the expense of the
fine ones, and then are also dissolved, unleés they attain the criti-
cal size as a result of their growth. The coagulation rate is charac-
terlized as a function of time by the equation .

t =:Ae’B/T‘
where t is the time required to reach a certain degree of coagulafion,
T is the absolute temperature and A and B are cdnstants.

The raté of the process subsides in time. It rises with increas-
ing degree.of dispersion of the particles. An increase in carbon cdn-
tent accelerates coagulation [49]. .'

Only a few of the largest particles grow during the fourth stage;
the remainder are dlssolved. The rate of the coégulation process 1s de-
termined by the rate of migration of vacancieé,land the process 1is con-
trolled by the speed of self-diffusion of a-iron with an activation
~energy of 60,000 kecal/g-mole [50, 51, 52].
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Influence of deformation on tempering processes. Cold deformation

1ntensifiés the segregation of carbon from the saturated a-solid solu~
tion [53] and promotes decay of the residual austenite [54]. It has
been shown [55] that a 2.4% deformation reduces the relétive quantity
of reéidual austenite by 29%, an 8% deformation by.énother 36%, and
with an 11% deférmation the resldual austenife is almost completely de-~
cayed. Decay of the marténsite under.the influence of an 18% deforma--
tion takes place just as in tempering at 100-120° [55, s6].

It would appear that deformation resuits. in spontanéous_formation'
of a large number of carbide nuclei. The only.effect on deformation of
completely decayed martensite is the apbearance of lattice-distortion .
and blogk crushing in the a-phase. |

Influence of fast heating on tempering processes (electric tem-

pering). V.D. Sadovskiy and his coworkers [57, 58] studied electric
tempering chiefly from the standpoint of the influence of heating raté
on impact strength. A rise in heéting rate shifts the residual aué;
tenite decay region toward higher temperatures, and sometimes com-~
pletely suppresses the decay process [57, 58]. The martensite-decay
probess cannot be suppreséed or delayed by heating at a constant rate
(up to 60,000 °c/sec) [59, 60]. The volume-decrease effect observed in
the first tempering stage at ~100° with slow heating is shifted as the
heating rate rises to 50°C/sec to 190-2600, while the volume-decrease
.effect in‘thé third femperihg stage, which 1s usually observed at 300°,
is shifted to 370-4900. A further Iincrease 15 heating rate doés not
result in an increase in these temperatures; Austenite deca&‘is sup- -
pressed at a heating rate as low as 60-100°C/sec; althodgh’éhe fesidual
austenite decays into a ferrite-carbide mixture after héating above
4000, even when the time of isothermal holding 1s short. The carbilde
particles aré smaller after fast electric tempering than after ordinary
| - 102 -




tempering. Lattice distortlons of the second kind are retalned after
such treatment even at 600-650°. The size of fhe submicrostructure
blocks is.reduced conslderably as compared with normal tempering, par-
ticularly above 450-500° (see also [18]). K .
The effect of normal- tempering onproperties of steel that has
been quenched after high- speed electric heating was investigated by
K.A. Malyshev and V. A. Pavlov [134] and I.N. Kidin [61]; the influence

of self-tempering after quenching with heating by high-frequency~cur- :‘A

rents was studied by K.Z. Shepelyakovskiy [66]
2. CHANGES IN MICROSTRUCTURE AND PROPERTIES ON TEMEERING

Change in Microstructure

According to structural investigatioﬁs using the electron micre-
scope [62], a fine network of cerbides is~observed to have formed elong
block (subgrain) boundaries after tempering at 150-2000. These earbides
dissolve when the tempering temperature is raised to 200;3QO°. Simul-
taneoﬁsly, beginning with a tempering temperature of 2300, elongéted
carbide lemellae form along the boundaries of the martensite crystals:
Vtogether with lamellar and globular carbides within these crystals'
(Fig. lla). The average subgrain diameter has been determined ap 1.5-
2.0-10"5 cm, and the thickness of the carbide network.at 8-160 A‘(in a
steel with 0.4-1.4% C). Solution of the carbide network and carbon im-
poverishment of the matrix give rise to softening of the steel. The
appearance of cementite films along the boundaries of the old austenite
grains may be the cause of low-temperaéure (~260°) tempering brittie-
ness, which vanishes as the tehpering temperaﬁure is raised due td~eaf-
bon Impoverishment of the matrix. Above 4000, the carbide particles
within the a-phase crystals are dissolved. This process is accompanied
by spheroidization and coagulation of the remalining particies. The car-
bide film along the grain boundaries becomes thicker by solution of
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the fine.carbides within the ferrite grains. It undergoes spheroldiza-
tion and cbalescehce simultaheously (Fig.‘llb)..Thé carﬁide particles
formed a§ a result of the above remg}q aﬁ‘thé’grain boundaries, but
theirfhu@ber is reduced and?§peir<siéééffﬁéiéase; Some of the films
V.are fefained to femperaturé;“héar Aéi;‘The:processés of spheroldiza-. .
tioﬁércoagulation and carbon impoverishment df thé'matrix soften the
_ steel. Growth of the a-phase cryétals in thé fangé7from 480 to 700° is
minor, obviouély as a result of the inhibitinéliﬂfluence of the ceQ
mentite along the gréiﬁ boundaries of the-ferpitéﬁ(see élso [63&65;h
511). | | | '
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Fig. 11. Electron-microscopie structure of steel
with 1.4% C after gquenching from 1200° and subse-
quent tempering [62]: a) tempering at 260°, one
hour, 15,000X; b) tempering at 480°, one hour,
5000X. o

Change in Properties

Magnetic propertles. The high coercive-force values of quenched

steel are usually explained in terms of the premises of stress theory
[68], and the secondary increase in this characteristic in the ﬁreSa
ence of residual austenite is explained by reference to the theory of
'1nclusions [67, 68]. On tempering, coercive force deéreases, particu-
larly in the temperature interval of residual;augteﬁife decay (see Fig.
16a) [69], and we also observe a rise in the curvé (a maximuh) in the
temperature range from 400-450 to 475-550°, the presence of which is
accounted for [4] by crushing of a-phase blocks. The temperature of
- 104 - |
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the maximum is shifted into the region

p—
{
__‘

A o
2 :Eg”‘ of lower tempering temperatures [70]
n pa 2
3 °1ﬂn 3 with increasling carbon content 'in the
o8 .
s 2 steel (Fig. 12). The change in maximum
€ 9N ) . . '
im ' }\ os magnetic permeability (see Fig. 16b) 1is
e | v q . : : -
33 - IPhN-Ll v .. due to the same processes [69]. The sat-
sh § N . sam
§§ ae uration magnetization (see Fig. 16c¢) in-
a] M ) )
f:’, creases sharply on decay of the par'ama'g-
. 4 Lo
A netic austenite, but then decreases seme-
]
Y what as a result of cementite formatian
st 1_ :
5”;;:;,%’.:,;::{” ‘ [71]. The residual induction (see Fig. '
Fig. 12. Variation of co- 16d) increases particularly rapidly in-
ercive force as a func- : - o :
- tion of carbon content in the range from 200 to 400~ [72].
steel and tempering tem-
perature [70]. 1) U124, Electrical properties. Resistivity.
etc.; 2) St. 6 (0.47% c), o
3) St. 3 (0.15% C); 4) drops most sharply after 100 and 230
coercive force, oersteds; )
<5) tempering temperature, (Fig. 13), i.e., during the times of

most rapid decay of the martenslte-and

residual austenite, respectively [73]. Above 300°, resistivity chaﬁges.
only slightly and gradually (Fig. 16e) [74]; Thermal electromotive
force chaﬁges considerably (Fig. 16f) as the carbon i1s precipitated
from so0lid solution and the lattice distortions are accordihgly feduced
[30]. The Hall galvanomagnetic effect (Fig. 14) is a function of tem-'
pering temperature and soaking time [75].. . .

Thermal properties. An increase in thefmal condgctivity is -ob-

served on decay of'martensi_té (100-1500')- an'd‘.'x_'esiduai austenlte (200.;‘

.250°); the subsequent increase (see Fig; lég) is re‘lated to the trans-
ition to the heterogeneous ferrite-carbide structure [76]; ébagulafil{on'
of the carbides reduces thermal conductivity insignificantlf. ‘T'he |
first effect on the heat-capacity curve is due to decay of martensitg,
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the second to that of residual austenite, and the third to the change

in carbide state (see Figw.16h) [45].

.
.

a.

§~‘*“\,

Fo ,
PN

. AN
1§-” vl
S N

2 Tewnepamypa smnyewa ,°C -

Flg. 13. Change in resls-
tivity of steel (1.57% C)
on tempering (quenchi
temperature 10500°) [7?%.
13 Resistivity, pohms:cm;

The latent heat of the transforma-
tions changes in the first, second and
third stages of tempering (Fig. 161) [77]).

Volume changes. A decrease in spec-

imen length corresponds to the first and
third stages of tempering, and an in-
crease to the sécond étaée (see Fig. 163)
[78]. A significant decrease in volume

can be observed for the first stage of

g tempering temperature, tempering on the density curve (see Fig.
16k) [79], an increase in the second
>
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Fig. 14, Hall effect (tem- {4 AL
pering temperatures: upper. ,‘7: 5 4
gugve 200, middle cugx)re - N N KR . m‘.
59, lower curve 100%) and- Y
chaﬁge in resistivity (up- : 3 uﬁwmmwmawqmmut
per curve 650, ‘lower curve Fig. 15.-  Change in mechan-
1009; B = 18,000 gausses) ical properties and coer-
in tempering of steel with cive force on tempering
1.18% ¢ [8, 75]. 1) Resis- (steel with 0.82% c) [84].

tivity, ohms-mm>/m; 2)
Hall effect, 107> v; 3)

1) o, kef/m’; 2) 2y,
kgf-m/cme; 3) tempering

tempering time, minutes. temperature, °C.

stage and a large decréase in volume in the third stage. The. volume
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reduction continues to 600-650°,

Residual stresses (see Fig. 161) diminish on tempering [80, 81].

Solubility in acids (see Fig. 16m) is characterized by a curve

with two maxima [86]. The color change of the solution, which may

serve as a basls for inferences concernlng changes in.oarbiQe-partiple-

size [87] is shown in Fig 16n.

Mechanical properties The ultimate strength diminishes more

slowly in the interval from 400 to 450% than in other regions (Fig. 15)
'[82 84, 46, 70]. In the same temperature interval we note a’ minimum:
of relative area reduction; the curves of relative elongation and 1m—»
pact strength show delayed ascent (steel with 0.8%'0). The<sametphe,
nomena are also detected in a steel with 0{4%'0 [84]. These effects
are intensifled when the heating rate .in tempering i1s increased (Fig.
17). The loss in plastic properties in the range from 400 to 450° 1s
linked with crushing of a-phase blocks [83]. On the hardness curves,
we observe two maxima for decay of the martensite and austenite (see
Fig. 160) [85], and a slight increase in hardness is also noted at
450o (Fig. 15) [82, 49]. The results of microhardness determinations‘
on martensite and residual austenite in tempering are of interest (Fig.
18) [63] | _
The endurance limit rises at 300-4000 [88]. We note a sharp Qrop

in wear reésistance in steels tempered above 350° (see Fig. 16s) [89].
The cyclic work of deformation (damping of vibrations) diminishes in"
the tempering temperature range from 450 to 5500 (see Fig. 16p) [éé].
The data on the mechanical-property variations are in good agreement
with the general conceptions of the processes that take place in steel

on tempering.
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Fig. 17. Variation of Fig. 18. Variation of microhard-
mechanical properties of ness of martensite (M) and resid-
steel with 0.8% C after ual austenite (A) as a function
heating for tempering at of tempering temperature [63].
a rate of 4000°C/sec 1) Microhardness; 2) tempering
(V.I. Trefilov). 1) Ul- temperature, °C.

timate strength %y and
proportional 1limit op,

kgf/mm?; 2) elongation 6,
%; 3) tempering tempera-
ture, ©C; 4) transverse

necking ¢, %.

3. INFLUENCE OF ALLOYING ELEMENTS .
First stage of tempering. Alloying elements have little influence

on the rate at which carbon is precipitated in the first stage of mar-
tensite decay. The investigations of [90, 91] indicate that one hour
is sufficient at 150° to bring the first stage td completion in steels
with contents of 1-2% chromlum, tungsten, mélybdenum, or silicon. Tne
temperature limits of the first stage in martensite decay fhus undergo
virtually no shift. The activation energy also shows little change;
Here, thé kinetics of martensite decay are determined preferentially
by tﬁe rate of formation of carbide nucleil, which depends basically on
B - 110 -
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the extent to whilch the solution 1s supersaturated with carbon and to

a lesser degree on the rate of atom diffusion. Tbis ls what accounts

for the marked influence of carbon concentration in steel and the weak

influence of alloying elements on the course taken by the decay proc-
ess. In the first stage of martensite decay, rsdistribution of “carbon
concentration takes place wifh formation of dilspersed carbide par-

ticles; here, there is no change in the disffibﬁtion of alloying ele—

ments. The carbide regions that form have the same alloying-element-

concentrations as the 1nitia1 solid solution " The redistribution of‘f‘v-'

the concentrations of these elements beﬁween‘the martensite and,the '
carbides begins only when the. tempering temperature is elevated to
400-450 or when the tempering time is lengthened considerably [50
93-95, 1141. o
Second stage of tempering. The alloying elemehts significantly

inhibit the processes of martensite decay in this stage. The tempered-
martensite state may be retained up to 400-500°. G.V. Khrdyumov [1]
accognts for the inhibiting effect of alloying elements in tefms of
retarded growth of the carbide particles that have impregnated the
solid~solution lattice. This groﬁ@h process requires péssage of'metal
atoms through the carbide/solid-solution boundary in solution of the
fine particles and through the solid-solution/carbide boundary in
groﬁth of the large ones, as well as diffusion within the solid solu-
tlon. Thus the rate of the second stage depends onh the strength of the
interatomic bonds in the solld-solutlon aﬁd.carbide lattices, as well
as on the diffusion rafe of the carbon. The rate of transition of
metal atoms through the solid—sqlution/carbide boundary in elther di-
rection is governed to a certain degree by the extent of bonding of
the metallic atoms in the solid-solﬁtion lattice. This quantit& may be
- Judged on the basis of recrystallization rate. Alloying elements (W, .
| o - 111 -




Mo, Cr, Cq) raise the temperature and activation energy of recrystal-
lization [96]. Thus it is obvious that alloying elements influenée the
kinetics of the second stage 1ln martenslite decay by strengthening the
interatomilc boﬁds in the a-solutlon and the carbide phase; those alloy-
ing elements that sharply inhibit solid-solution decay strengthen the
bonding forces between atoms and ralse the actlvation energy of recrys-

tallization significantly.
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Fig. 19. Change in size of carbide crystals as a
function of tempering -temperature: a) for.carbon
steel (1), chromium steel (2), cobalt steel (3)
molybdenum steel (4) and tungsten steel (5 [193}
b) for carbon (1), chromium (2), cobalt (3), zir-
conium (4) and silicon (5) steels [4]. A) Size of

carbide granules, ZLO"6 cm; B) tempering tempera-
ture, ?C; C) size of carbide particles as compared

to size after tempering at 150°, 8/8150‘ |

To characterize quantitatively the influence exerted by specific
alloying elements,.we may indicate the tempering temperatures at which
the carbon content in the a-iron reaches 0.01% (on the basis of car-
bide analysis [50]): 500° in carbon steel (with 0.4% ¢), 500° in al-
loyed steels with 0.4% C at 1.75% Si, 500° with 3% Ni, 550° with 2.4%
Mn, 650° with 2% Cr and T700° with 0.5% Mo. Increasing the extent of
carbide-particle dispersion results in retention of an Increased car-
bon concentration in the a-solution. Retentién of the state of tem- .
pered martensite to higher temperatures Qictates high hardness of the
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steel up to 1450-500°,

Decay of residual austenite 1n tempering. To one degree or another,

alloying elements inhibit this decay [96]. In steels alloyed with car-
blde-forming elements, we observe two maxima on the decay curves of
the resldual austenite (see also [30]).

Third stage of tempering. Alloying elements increase the crystal-

lattice distortions, raise the temperature at which they are eliminated,
and broaden the temperature range in which the a-phase blocks are

crushed [97].

Fourth stage of temperiné. In alloy steels, the lowest tempera-l
ture at which coagulation becomes noticeable is raised from 250 to
350-450° [19]. The growth of carbide particleS'in tempering of alloy
steels is illustrated by Fig. 19 [19, 93]. On the basis of a quantita-
tive study of the carbide-coagulation process in isothermal tempering,
S.Z. qushteyn [50] proposed a method for computing the dispersion of .
carbide particles as a function of time, temperature, carbon concentra-
tion, and the content of alloying elements. .

Redistribution of alloying elements. Carbide transformations. The

onset of redistribution of alloying elements between the ferrite and
carblde coincides with the last stages 1n martensite decay. Elements
that do not form carbides remain in solution. Redistribution of car-
bilde-forming elements takes place at higher tempering temperatures and
at higher rates the stronger the bonding forces between the element

and carbon. Consequently, the ferrite of vanadium steel is found to be
least alloyed; it is followed by the ferrite of molybdenum and chromium
steel and the ferrite of manganese steel is least heavily alloyed. The
carbide transformation begins when the cementite becomes saturated
with alloying elements and results in formation of the carbide of the
specific element that is stable for the sfeel in question. At high con-

N
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tents of molybdenum and vanadium, the specific carbides may arise di-
'rectly from the solid solution [50, 98-102, 107]. Research into the
influence exerted by carbide transformations (transition of one tybe
of carbide into another) on the structure and properties of steel [50,
103-10#] is'of considerable interest.. The investigations show that the
temperature region of secondary hafdness coincides Wiﬁh_fofmation of
the specific carblde and considerable retardat;on of relief. of stresses
of the second kind [105, 106]. |
4. TEMPERING BRITTLENESS*’ |

The drop in impact strength in the tempering-temperature.range

from 250.to 400° is usually known as irreversible low—témperature tem-

pering brittleness [108], while the drop in impact strength in the
range from 450 to 575o is known as reversible tempering bfittleness

[109]. In certain grades of steels, irreversible brittleness also ap-

pears at 450-550o (high-temperature irreversible tempering brittleness)
[110].* . " '
Irreversible Iow-Temperature Tempering Brittleness

Until recently, this form of brittleness was accounted for in
terms of residual-austenite decay. It was also proposed.[ll3] thét the
residual austenite is, so to speak, a viscous cement that binds ﬁhe
structure of quenched steel; its decay would only be exposing the true
brittleness of the martensite. Together with this, the hypothesis had
also been advanced that 1rreversib1e brittleness 1s cau;ed by segrega-
tion of carbides on decay of the martensite. |

V.D. Sadovskiy and his colleagues undertook a series of ihvestiga-

tions on this question. Steels were selected in which the temperature '

ranges of martensite and austenite decay did not coincide. The expefi—

ments indicated that quite often, the brittleness'range,failed, elther

wholly or in part, to coincide with the temperature range of residual-
' - 114 - '
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austenite decay. It was found further that the appearance of the car-
bide phase on témpering of martensite colncldes with the development
of irreversible tempering brittleness. Those alloying elements that
Inhibit martensite decayvshift the range 1in which brittleness develops.
toward higher temperatures. Using. speclal heat treatment, they suc-
ceeded 1n exciuding decay of residual austenite and showlng that de-
velopment of the brittleness 1s governed by decay of martensite. As a
result, it can now be affirmed that the development of lrreverslble
tempering brittlenesé takes place independently of residual-austenite
decay and is entirely determined by processes of carblde formation in
tempering of the martensite [108].

Irreversible High-Temperature Tempering Brittleness

This form of brittleness, which develops in the range from 450 to
5500, but is not eliminated by rapid cooling, appears in steels that

are sensitive to reversible brittleness and not susceptible to it.

This is most distinctly manifested 1n steels with high contents of car-’

bide-forming elements. In silicon-containing steels, the zones of low-
temperature and high-~temperature irreversible brittleness merge to-
gether. Some investigators link high~temperature irreversible brittle-
ness to decay of residual austenite, while others assoclate it with
segregation of disperse alloyed carbides. Alloying elements whose 1in-~
troduction into the steel might prevent the appearance of thils form of
. brittleness are not known. Avoidance of dangerous temperature inter-
vals in tempering of steels sensitive to this form of brittleness may
be regarded as the only measure that can be taken to prevent it [110,
113].

Reverslble Tempering Brittleness

Thls brittleness appears after tempering in the range from_450-
575°, after tempering at 650-700° with subsequent S}ow cooling or when
' - 115 -
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steel is retempered 1n the range from 450- 575 after tempering at
higher temperatures with rapid subseqguent cooling.

After a new tempering at 650-700 and rapld cooling, the steel
recovers lts resiliency. Subsequent soakling in the brittleness zone

again makes the steel brittle, and so forth. Increasing the number of

such cycles reduces the susceptibility of the steel to brittleness [114].

To a certaln degree, a steel's tendency to reversible brittleness
is determined by smelting conditions, i.e., by the processes used.in
producing it [110, 1314, 115]. To a significant degree, the different
tendencies toward reversible brittleness are acedunted for in this
case by fluctuations in the chemical composifion of the steel, even
though they may not exeeed the 1imits tolerated by the standards.

The influence exerted by chemical composition is-very strong.

Phosphorus, manganese, silicon, chromium, aluminum, vanadium (as well
as'nickel-and copper in the pfesence of chromium and mangarnese) in-
crease the steel's tendency to reversgible brittleness. &itanium, zir-
conium and nitrogen (as well as nickel and copper in the absence of
other alloying elements) have no influence on it. Molybdenum and tung-
sten reduce the tendency to reversible brittleness. Phosphorus exerts
the strongest influence on the development of reversible brittleness,
even when present in emall.contents in the steel,[1i6, 120, 109, 1i7,
110]. With high phosphorus contents (0.1-0.2%), a steel that is reeil-
lent after quenchling and high tempering becomes brittle after exposufe
to alr for a few hours. The phenomeqon described here is reversible
[118, 119, 109]. Steel with the lowest possible contents of phosphorus
and manganese is virtually insensitive to brittleness [109]. Manganese
iIn quantities above 0.5% imparts a'sensitivity to reversible brittle-
ness to carbon steel t109], but the content of this element that causes
brittleness depends on phosphorus content {120, 110]. In the presence,
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for example, of 1.6% Cr and 2.5% Ni, ralsing the manganese content
from 0.25 to 0.90% increases the_susceptibility of the steel to rever-
sible brittleness by a fgctor of 13 [121]. Silicon at a content of 1.5%
ralses the tendency of chromium-nickel steel to reversible brittleness
[109, 113], although its influence 1s weaker than that of manganese.
~Chromium raises the sensitivity to brittlenéss particularly in the
presence of nickel [113], manganese and silicon [110]. In a chromium-
nickel steel with ;.5% Si, chromium intensifies reversible brittleness
even In the presence of molybdenum [109]; Vanadium causes a slighf
rise.in sensitivity to reversible brittleness [123]; nickel steels,
which have no tendency to brittlepess of this kind, acquire suscepti-
bility to it in the presence of phosphorus, chromium and manganese;

copper steels have no tendency to brittleness [110]. According to re-

cent data [122, 123], niobium and boron reduce reversible brittleness
in steel to some extent. Aluminum is usually classified as a ﬁneufral"
element, although there are data indicating that it has some effect in
reducing brittleness, apparently as a result of refinement of the
steel grain [109]; according to another source [123], aluminum inten-
sifies reversible brittleness. Reports concerning the influence of
nitrogen are contradictory. Molybdenum Introduced into steel in a cer-
tain quantity lowers the susceptibility to reversible brittleneés} ih
smaller or larger contents it has a weaker influence or none at all
[124]. Tungsten reduces. the tendency of steel to reversible brittle-
ness and may, in some cases, act as a rather effective substitute for
molybdenum [125]. Titanium and niobium cannot be used effectively to
suppress reversible brittleness; these elements can only alleviate it
to a miﬂor degree by refining the steel's grain.

Carbon increases reversible brittleness sharply; in its absence
(0.003%), brittleness does not appear even in chrome-nickel steel [126].
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Carbon steels are susceptible to reversible brittleness [114, 127, 128].

The temperature range of 1ts development in a steel with 0.6% C is the
same as for alloy steels (500-650°). Reversible brittleness also devel-
ops in those parts of carbon-steel products that were not quenched to
martensite. The maximum brittleness is observed on cooling at 20°¢c/hour,
and the revefsible brittleness diminishes with higher or lower pooling
rates. With 0.35% Mn and 0.0l%.P, no brittleness 1s-detected; it is
significant with 0.4% Mn and 0.05% P; it is less pronounced at 0.9% Mn
and 0.01% P; the embrittlement effect has its maximum at 0.8% Mn énd
0.05% P (the GOST upper limits for steels to be used for railway-car
wheels) t129]. The idea of rapid embrittlement of carbon steel has not
been confirmed by experiments [116, 109, 129].

The conditions of heat treatment strongly influence the develop-

ment of brittleness. Reversible brittleness increases with increasing
grain size in the austenite [114, 116, 130]. Chilling before quenching,
which reduces stresses in the quenched sfeel but has no effect on the
size of the austenite grain, does not alleviate'brittleness [109]. A~
holding period at a rathér low chilling temperature may help slightly
t130]. Overheating sharply increases brittleness; tb eliminate 1t, the
steel must be heated above Chernov's pqint b, cooled and again heated
to the quenqhing temperature [131]. Repeated quenching from the crif-
ical interval (between Acl and Ac3) reduces the sensitivity to brittle-
ness [132]. Raising the tempering temperature inhibits subsequent de-
velopment of brittleness at lower temperatures [114]. As the holding
time in high tempering (650°) 1s prolonged, the toughness falls off,
reaches a minimum, and then begins to rise again [114, 130, 133, 94,
102]. The cold-shortness threshold is shifted toward lower tempera-
tures [125]. With increasing heating rate for quenching [134] and for
tempering [55, 56] gnd diminishing holding times in tempering, revers-
| - 118 - | ‘
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Carbon steels are susceptible to reversible brittleness [114, 127, 128].

The temperature range of 1ts development in a steel with 0.6% C is the
same as for alloy steels (500—6500). Reversible brittleness also devel-
ops 1n those parts of carbon-steel products that were not quenched to
martensite. The maximum brittleness is observed on cooling at 20°c/hour,
and the revefsible brittleness diminishes with higher or lower gooling
rates. With 0.35% Mn and 0.0l%.P, no brittleness 1s detected; it is
significant with 0.4% Mn and 0.05% P; it 1is less pronounced at 0.9% Mn
and 0.01% P; the embrittlement effect has its maximum at 0.8% Mn énd
0.05% P (the GOST upper limits for steels to be used for rallway-car
wheels) t129}. The idea of rapid embrittlement of carbon steel has not
been confirmed by experiments [116, 109, 129].

The condltions of heat treatment strongly influence the develop-

ment of brittleness. Reversible brittleness increases with increasing
grain size in the austenite [114, 116, 130]. Chilling before quenching,
whlch reduces stresses in the quenched sﬁeel but has no effect on the
size of the austeﬂife grain, does not alleviate'brittlepess [109]. A
holding period at a rather low chilling temperature may help slightly
t130]. Overheating sharply increases brittleness; tﬁ eliminate it, the
steel must be heated above Chernov's point b, cooled and again heated
to the quenching temperature [131]. Repeated quenching from the crif-
ical interval (between Ac1 and Ac3) reduces the sensitivity to brittle-
ness [132]. Raising the tempering temperature inhibits subsequent de-
velopment of brittleness at lower temperatures [114]. As the holding
time in high tempering (6500) is prolonged, the toughness falls off,
reaches a minimum, and then begins to rise again [114, 130, 133, oli,
102]. The cold-shortness threshold is shifted toward lower tempera-
tures [125]. With increasing heating rate for quenching [134] and for
tempering [55, 56] apd diminishing holding times 1n tempering, revers-
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ible brittlenesg is reduced and even preventgd altogether. In the
structure; obtainéd as a result of isothermal decay of chrome-nickel
steels, reversible brittleness develops to é lesser degree than 1t
does in tempered martensite [116]. Raising the temperature of iso-
thermal decay sérengtheps tﬁe tendency to brittleness [135]. Revers-
ible britfleness is also observed in annealed steels [114, 136]. TIts
devélopment raises the temperature of the transition to brittle failure
in determinations of impact strength as a function of test temperature.
Ratlional evaluation of a steel's tendenéy to brittleness 1s possible
only as a result of series testing and determination of the shift in
the critical brittleness temperature uﬁder the influence of embrittle;
ment of the steel.[109, 111, ilh, 127, 120, 131 and others]. All known
cases of tempering brittleness may be regarded as varieties of the '
cold-shortness phenomenon, although we may not yet speak of ldentity

. of the cold-shortness and tempering-brittleness problems ([109] — see

‘ also [138, 137]). A shift in the cold-shortness curves indicates the
presénce of tempering brittleness, but characterizes the degree of its
- development only highly approximately [109]. Brittleness is character-
ized by reduced tensile breaking strengths [139]. Failure occurs along
the austenite grain boundaries of the a-phase [113, 116, 140]. Under

the influence of cold plastic deformation, the susceptibility to irre-

versible and reversible brittleness is reduced [11%4, 141]. Plastic de-
formation in the austenitic state followed by quenching prior to re-
crystallization alleviates both Irreversible and reversible tempering
brittleness sharply [142]. ' | |

It was believed for a long time that.the results of mechanical
tests with static load application remained the same on transition
from the tough to the brittle s£ate, Recehtly, however, brittlenesé
has also been established in static testing [116, 143, 139,:138, 109
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and others]; here, wear increases [144], endurance declines [145], and
microhardness rises slightly [158j. Internal friction 1s higher in
tough specimens [125].

Investigation of physlcal, ineluding electrical and magnetic prop-

erties in the tough and brittle states has produced highly contradic-

' tory data [114, 116, 146 and others], since the presence of large

’ resldual stresses In the tough specimens and the varying residence
times of the brittle and tough specimens in the zone of comparatively
high temperatures were not taken into account. By speclal heat treat- -
ment, S.N. Polyakov succeeded in excluding the influence of the above
factors. It was found that the coercive force of steel is 12% higher
in the brittle state than in the tough state, while the hardness is 5%
higher. The resistivity of tough specimens was also higher. In a steel
without a tendency to tempering brittleness that was nevertheless
tested in both the tough and brittle states, no property differences
were observed [129].

The chemical properties of steel are different in the Briftle and
tough states. Thus, the rate of eorrosion_was found higher in speci-
mens subjected to reversible brittleness [144].

In recent years, reagents have been suggested that make it pos-~
sible to dlstinguish the states of reversible brittleness and tough-
ness from the microstructure by the sharply etched grain boundaries
[116, 147, 125, 148,'133 and others]. Use of the electron microscope
and electron-diffraction appafatus has not yet'given unequlvocal re-
sults [149, 150, 116, 151, 152]. Accordlng to x-ray analysis, the ma-
jor part of the carbldes retains the cementite lattice [114 150, 125,
127] on transition of the steel from the tough to the brittle state.
Reports concerning the quantity of carbide phase in brittle and tough
specimens are eoﬁtradictofy {125, 127].

- 120 -




It was assqﬁed earlier that the solid solution of carbon ip a~iron
that forms when sfeel is heated to temperatures near Ac1 decays so
readlly on coéliﬁg that 3t cannot be prevented even by sharp quenching.
It was considered that the carbon has time to precipitate out of -the
a-solution even during extremely rapid cooling. Buf it has beeﬁ shown
éomparatively recently by G.V. Kurdyumov and his colleagués that while
the martensite crystals in quenched carbon steels with 0.2-0.6% C rep-
resent a partially decayed soiid'solution, all of the carbon may be
fixed in solid sélution at carbon concentrétions lower or higher than
the above [1531]; there are also other reports that tend to confirm
these observations [154, 155, 159].

An investigation of the solubility of carbon in a-iron alloyed

with manganese or molybdenum, which also embraced the kinetics of car-

ak > o bon precipitation from solution [156,

- { {_ ' 129] and employed the internal-friction

gm 1 L' method showed that the presence of man-

;wl i ganese (0.75%) and molybdenum (O.4%)

E T - lowers the solubility of carbop in iron

I

S - 41 (Fig. 20). However, with-manganese alone
ol f ;, preéent in the iron (with 0.03% C), the

: ‘ 'L + quantity of carbildes precipitated ls one-
®y——w  w _a ' : ‘

B angmpenree mpenut Qupc®” third as large as in iron; in the pres-
Fig. 20. Solubiiity of " ence of.molybdepum alone, the quantity
§3§Ezgoinog_;;ggazzsz and of carbides was the same as 1n iron with -
’;gggg‘iﬁg‘imigggt‘fgfgé%lé); 0.03% C without the alloying additives.
§ z:gﬁﬁigighigégs%dﬁ?%er- . Manganese sharply inh;bifs the onset of
igzhcg?ﬁgsﬁgi?ﬁgé,A%QS?Te the precipltation process; addition of
3%;qgﬁnigiginziégiiizgzﬁ’ molybdenum does not influence its course.
o107 In a molybdenum-alloyed iron with 0.03% C,
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tempering at 550-650o forms a highly stable carbide, so that virtually
no solubllity of carbon in the a-lron is noted. Thus, the tendency of

the steel to reversible tempering brittleness 1s Increased in the pres-

ence of manganese, apparently because this element raises the relative 5
quantlity of the precipitating phase and inhibits the coagulation proé- |
ess of the finely dispersed carbldes; in the preéence of an optimum
amount of molybdenum, the relative quantity of precipitated phase'does
not increase, and 1ts coagulation is not delayed. If specific carbides
are formed in tempering no exceSS'bhase separates out [129]. ‘

At the present time, there are two basic.viewpoints as to the na-
ture of the phenomenon of reversible tempering brittleness.

According to one of these, re§ersib1é tempering brittleness is a
consequence of a drop in brittle strength due to the‘segregation of
certain phases at the boundaries of grains and mosaic biocks. It is
generally knéwn that on héating to 600—7000, the solﬁbility of various
components in steel rises, and that they are then separated out during
slow cooling or on retembering with subsequent rapid cooling. The
phase separation responsible for brittleness represents the rééult of
the decay of solid solutions that form on heating (for high tempering
or annealing). The hypothesis of internal adsorption proposed by V.I.
Arkharov, according to which surface-active impurities are nonuniformly
distributed in the grain volume in polycrystalline'solid solutions
[160; 161, 117, 131], enables us to assume the possibility of forma-
tion of supersaturated solutions in the surface layers of the granules,
even in cases where the average composition of the soiution is far .
from saturation. It appears that no unequivocal éﬁswervcan be proposed
for the question as to the nature of the phase whose separétion pro-
duces brittleness; there 1s a possibility that it is different in dif-
ferent steels; 1t 1s also possible that in certain cases, brittleness
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is caused by simultaneous precipitation of two or more phases [109].
In ordinary-type steels, phosphorus has a highly important role. The »
segregations may be phosphides, carbldes, nitrides, and so forth [120,
157 and others]. The standpoint set forth here 1s confirmed by recent
data on hardness and mlcrohardness increases, an increase in internal
friction and deterioration of corrosion resistance, and changes in re-
sistivity and coercive force; also, by certain inVestigationé carried
out with the electron microscope and electron-diffraction apparatus,
by data on the possibility of fixing the carbon in solid solution by
rapid cooling, by data oﬁ the horophillic nature of the carbon and the.
concentration of its atoms at points of distortion of the a-iron lat-
tice force .field, and so forth..

According to the second point of view, reversible tempering brit-
tleness and thermal brittleness are associated with segregation (with-
out precipitation of a crystalline}phase from the sdlid solution) of
atoms of dissolved elements toward the grain boundaries and the distor-
tipns of the atomic crystal lattlice of the solveht in the boundary sec-
tions of the grains that result from these displacements [111 and
others]. Certain objections have been raised against the segregétion
hypothesis in the synopsis [109].

The problem of reversible tempering brittleness cannot yet be fe-
garded as solved, since no altogether unequivocal proofs.have as yet
been bresented for any specific point of view. It ﬁust be acknowledged,
however, that both the older and the more recent data are in complete
agfeement with the "solution-precipitation" theory [109] when it is
supplemented by conceptlions as to the possibility of nonuniform dis-
tribution of surface-active elements in the solid solutions [160, 161,
117]. '
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[Footnotes]

Edltor's note: for carbon steel and a heatling rate of 10°C/m1n.

I.V. Isachev found that the rhombic lattice of the carbide
formed from Fe C at 300-400° differs from the cementite lat-

tice and comes to resemble it more closelX only as the tem-
perature of tempering is raised to 600° [43].

The phenomena of thermal brittleness [111], which arises on
prolonged application of elevated temperature, and blue
brittleness [112], which appears under static loading at
200-300Y and under impact loading at 500-550°, are not con-
sidered here, although thelr nature has much in common with
tempering brittleness [211]. '
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