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i, GENERAL INTRODUCTION

This report represents the culmination of a three~year re-
search program on five aspects of strengthening mechanisms in
steel: (1) atomic displacements in martemsite, (2) ausforming
of iron-nickel-carbon martensites, (3) strain tempering of iron-
carbon martensites, (4) strain hardening of body-centered ocuble
versug face-centered cubic metals at very high strains, and (5)
modes of fracture in martensite. The underlylng reason for these
five investlgations was to provide further basic understanding of
the strengthening processes at play in virgin and tempered martenw
sltes, with and without thermomechanical treatments,

Il. QGENERAL SUMMARY

A, Atomic Displacements in Martensite

With the aid of x-ray intensity measurements, an attempt has
been made to determine the local distortions around interstitial
carbon atoms in iron-carbon body-centered tetragonal martensite,
taking into account the anisotropy of both the static and thermal
displacements. The local distortlons are of speclal importance in
the theory of the solld-solutlon strengthening of martensite. In
order to rationallize the anisotropy of the thermal displacements
with the observed anisotropy in the thermal-expansion coefflcients,
1t is necessary to assume that the statlic dlsplacements vary with
temperature, which 1s in line with the known temperature-dependence
of Poisson's ratlo. However, these effects are minor compared to
the static displacements.

In the 1.33 percent carbon martensite investligated, the RMS
statig displacement 18 0.244 in the c-direction, but it is less than
0.09 & in the a~directlon; this represents a much higher degree of
anisotropy than previously reported, These quantities can be used
to compute the displacements of iron atoms next to carbon atoms and
the corresponﬂing local tetragonal strain { o = )e The resulting
values are 0,68 A in the e-direction, -0,17 A° in the a-direction,
and e o =€ 4 = 0,57, Considering the ealculations involved, these

values should be regarded essentlally as upper iimits, but the meth-
od seems capable of eventually ylelding Just the quantitles needed
to test the theory of solid-solutlon strengthening of lron-carbon
martensites.

B., Ausforming of Iron-Nickel-Carbon Martensites

The magnitude and mechanlsms of ausform~strengthening in an
iron - 23 percent nickel = 0.4 percent carbon martensite were exam-
ined in detall, with partioular regard to (a) the state of the de-
formed parent austenite, (b) the correction for retained austenite
present with the ausformed martensite, and (e¢) the role of subse-
gquent aging or tempering.

In the virgin martensite the yleld stress {(flow stress at low
gtrains in a tensile test) is relatively low whether the martensite

1



is ausformed or not. During tempering from =100°C to slightly a-
bove room temperature, the yleld strength rises rapldly with both
types of martensite, but the increment of susform-strengthening re-
mains the same, and is attributable mainly to the lattice imperfec-
tiong introduced into the parent austenite by the prior plastic
deformation, '

When the tempering temperature approaches 200°C, however, the
inerement of ausform-strengthening becomes quite large because the
ausformed martensite regists softening on tempering more effective-
ly than does the regular martensite, Strain-aging and eleoctricale
resistivity experiments show that the rate of carblde precipitation
on tempering is significantly retarded in the ausformed martensite,
thereby suggesting that a larger component of interstitlal solid-
solution strengthening prevails than in the tempering of regular
martensite, This difference in tempering kinetics 1s ascribed to
the trapping and stabllization of carbon atoms at lattice imperfeo-
tions in the ausformed martenslte.

C. Straln Temperingz of Iron;Carbon Martensites

Martensites in the range of 0,18 - 0.80 percent carbon, with
and without pretempering, have been subjlected to systematlic combin-
ations of straln tempering by conical brale indentatlions and subse-
quent retempering. Such plastic deformation of as~quenoched marten
site tends to suppress the precipltation of epsilon carblde during
the first stage of tempering; iIn fact, if epsilon carbide iz al-
ready present due to pretempering, this carblde actually dissolves
as & result of plastic straining and retempering at temperatures
where epsilon carbide would normally form. It is deduced (a)} that
lattice vacancies as well as dislocations are generated by the plas-
tic deformation, (b) that dislocations and lattice vacancles pro-
vide more stable sites for the carbon atoms than exist in the epsi-
lon-carbide lattice, and (o) that dislocation movements are im-
peded by carbon clusterse at strategic points, Thus, the observed
hardening is attributed to dislocation locking by carbon atoms, a
state which can persist up to higher-than-usual tempering tempera-
tures because the driving force for epsilon~carbide precipitation
is nuilified by the carbon-atom traps.

If the tempering after plastic straining l1ls carrlied above 250°C,
cementite precipitation ensues as might be expected in the third
stage of tempering, but there ls evidence that the nucleation rate
18 retarded while the spheroldization rate is enhanced, These phe-
nomena are expleined by a reduced driving force for cementlite pre-
cipitation, and the availabllity of excess vacancles when the car-
bon atoms transfer from the vacancy traps to the carblde lattice,

As the cementite particles coalesce on further tempering, the dis-
locations introduced by the plastic deformation anneal out progres-
sively, and the hardness increment due to strain tempering gradually
disappears.

When the pg%tempering of the martensite causes cementite to
form, the general hardness levels are relatively low, but a sub-
stantlal response to strain tempering ia still found. In thils
case, however, the cementite 18 not notlceably redissolved (like
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the epsilon carbide) by plastic deformation and retempering. In-
stead, ordinary straln aging 1s encountered in which the dislocation
arrays are first locked by carbon atmospheres and then pimmed by ac-
tual carblde precipltation; the carbon for these effects appears %o
come from the low-carbon ferritic matrix of the pretempered steel.

D. train Hardening of Body-~Centered Cublc vs Face-Centered Cublc

etals at Very High Strainsg T

=irn

The strain hardenability of BCC iron (0,006 percent carbon)
FCC zustenite (iron - 31.9 percent nickel = 0.008 percent oarbons,
and BCC martensite of the latter composition has been studled by
wire-drawing experiments, with particular attention to the attaln-
ment of homogenaocus deformation at natural strains up to about 7.
The iron and martensite were wire drawn at room temperature, but
the austenite was drawn at 130°C to avoid the formation of marten-
slte due to the plastic deformation, Tengile tesgts were carried
out as a functlon of plastic straln, care being taken to minimlze
strain-aging effects. The strain-hardened structures were axam-
ined on longitudinal sections by transmission eleotron microscopy.

Substructures comprised mainly of elongated cells with walls
of entangled dislocations are generated by the wire drawing in all
three materials, and the strength is found to vary inversely with
the square root of the average transverse dimension of the cells,
as in the Petch relation for grain-size strengthening. However,
the transverse dimension of the cells varles in a complex way with
the drawing strailn, In the austenite, the cells seem to undergo
axielly symmetric flow, but reach a limiting cross section due to
migration of the cell walls (dynamic recovery) at a strain of a=-
bout 2, after which no further straln hardening ensues. In con=-
trast, the cells in the iron and martensite first become rilbbon-
shaped, and then undergo axial flow while the cellular cross sec-
tion continues to be reduced up to largest strains attained. Cor-
respondingly, both the iron and martensite maintain a high rate of
strain hardening throughout the wire drawing, although there 1s a
glight decrease in the hardening rate of the martensite, perhaps
caused by some dynamic recovery or by the gemeration of austenite
due to the high hydrostatic pressures set up in the drawlng pro-
cess.

Nevertheless, the iron and martensite straln harden at approx-
imately the same rate, but the martensite attains higher strength
levels inasmuch as it has a higher friction siress and achieves a
gmaller transverse cell size because of its finer starting struec-
ture. The kg values obtained for the Aron and martensite through

these measurements suggest that the cell walls are effective bar-
riers to slip, but somewhat less so than regular gralin boundaries.
Notwithstanding such strengthening by straln hardening, the attend-
ant subatructural changes do not seem to be operative in the

quench hardening of steel, and therefore are not considered respon-
gible for the strength of regular tetragonal martensite.

It ig concluded that the differences in strain-hardening char-
scteristics between the BCC and FCC metals are attributable, not to
any basic difference in the plastic flow of the two lattlices, but
to whether or not the cell walls are inhibited from migrating by in-
terstitial impurities.

3
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E. Modes of Fracture in Martensite

The modes of fracture in as-quenched and tempered martensite
containing 0.3 percent carbon were investigated by transmission
electron microscopy. The specimens consisted of folls & - 10
thick, and they were fractured at room temperature and at ~195°C
by indentation with a needle. Due to plastle deformation in vary-
Ang degree along the fraoture path, sufficient thinning ocecurred
to produce electron-transparent zones for electron mieroscopy and
galected~area diffraction, These zones became wider with inocreas-
ing tempering temperature.

The fracture path in martensite is found to be transgranular
with respect to the martensitlc orystallites, but there are many
fracture segments across each crystallite. Analysls of the orl-
entation distribution of the segments shows that certaln crystal-
lographlc planes are favored in the fracturing process. At room
temperature, fracture in as-quenched martensite takea place on
multiple planes, with some preference for {100} which is a likely
cleavage mode, Consideration of the ecoherency stralns due to ¢ -
carbide precipltation on tempering reveals no preference for any
of the main competing fracture planes. However, after tempering
to the stage where cementite starts to form, fracture on {211} and
(321} planes becomes more prevalent, these being shear modes of
frasture enhanced by cementite coherency strains, At higher tem-~
pering temperatures, and in ferrite, fracture on {110} planes
dominates,

On fracturing at -195°C, martensite fractures on multiple
planes as at room temperature, but the fracture plane in ferrite
switches from {110} to {100}, or from the shear mode %o cleavage,
Thus, unlike ferrite, martensite is not subject to a sudden transi-
tion in mode of fracture at test temperatures down to -195°C.

Although the general path of fracture is comprised of many
crystallographlically oriented segments, the over-all direction of
propagatiion 1s probably more sensitlve to the state of stress and
the concommitant plastic flow than to the orientation of the mar-
tensitic crystallites, A strong oorrelation is found hetween the
width of the electron-iransparent zone along the fracture and the
general direction of the fracture. When the fracture direction 1s
such that {111} allp dirsctions have a high resolved shear stress,

rlastic flow can occur readily, and a wide transparent zone 1s de-
veloped,
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JIII, ATOMIC DISPLACEMENTS IN MARTENSITE
S. C. Moss
A, Introduction

Although as-gquenched martensites contaln substructures of ap-
preclable complexlty involving transformation twimning and high
densities of dlslocations, the static iron-atom displacements
caused by ocarbon atoms in interstitial so0lid sclution are of un-
questionable 1mport?n$e in the high strength exhlibited by iron-
carbon martensites.!l) fTherefore, it was considered desirabdble to
determine the magnitude of these iron-atom displacements, taking
into account their anisotropy in the body-centered tetragonal lat-
tlce and the dynamioc displacements due to thermal motion.

The presence of large c-axis distortions of the iron atoms in
a 1.57 percent carbon %?rtensite was demonstrated some years ago
by Lipson and Parker,( who made densitometer traces of a Debye-
Scherrer photograph taken of a moderately fast-quenched specimen,
There have also heen several related Russlan papers, summarized by
Kurd jumov {3}the latest of which on electrolytically extracted mar-
tensite(4’reported that the mean-square static displacement in the
c=direction was twlece that in the a-direction of the body-centered
tetragonal lattice.

B, Diffraction Theory

The x-ray theory underlying the measurement of atomic displace-
ments is now well establlished, aside from a few polints of interpre-
tation which will rece%g? further ?Eyention later. It 18 known
from the work of James'Y/and Borie'®/that, neglecting the effects
of extinection, the lntegrated x-ray intensities from a monoatomic
powder sample are glven by!

-2Mp1

2
Ihyy = const. |Fhkll e XLoPe XPpi

2
= I'yin | Fual XLaPo XPhkl - (III-1)

where Fp,, 18 the structure factor for a particular (hkl) reflec-
tion, Py 18 the plmar miltiplicity assoclated with that reflec-

tion, and L.P. 18 the combined Lorentz and polarization factors
which in this case had to be slightly modified from the usual tabu-
lated values because a monochromator corystal was employed. The

~2Mp1

factor e may be rewritten as
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Bpiy 18 then equal to:

By = Bn° [uzth + uzstJhkl (IT1-2)

where the uz's are, respectively, the mean-square thermal dis-
placement and mean-square statlic displacement 1ln a direction nor-
mal to the (hkl) plane, These displacements are taken about the
mean atomic positlons as defined by the lattice constants.

Since we are dealing with tetragonal martensite, it may also

be shown that 1f the values of ug differ along the a- and c-axes:
W = K5 (2) s1n” ¢ + p® (3) cos® ¢ (I11-3)
where @ is the angle between the c-axis and the hkl] direction,

The two sets of diffraction peaks measured were the tetragonal

doublets (200,020 - 002) and (211,121 - 112), for which the values
of u* are:

!

Fl\'ll_

200,020 = W° (8)
w2002 = W& @ (I11I-4)
oy gz = 0.849 WP (&) + 0,181 we (8)
" . " o B
T 0.360 u° (&) + 0.640 = (3)

These equations apply to both the statlic and thermal displacements,
The coefficlents shown are based on an axial ratio of ¢/a = 1.06
which is appropriate for the 1.33 percent carbon martensite to be
examined in this sectlon.

FbKﬁ radiastion was chosen in order to achieve maximum resoluw

tion of the martensite doublets, The measurement teohnique was
the so-called "peak-to-peak" procedure wherein the intensity ratio
of a single peak at two temperatures was obtained to determins the
thermal displacements, In order to make use of this method, it

must be assumed that Bg, (or ;Egt) i1s not a functlon of temperature.
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Ome may then write, for any particular reflection, the follow-
ing ratlio:

I (T2) s1n°0 s1n%0
in {m}r—' 2 Ii(Bth—:-g- )Tl - (Bth 7z )Tz] (I1I-5)

where )\ is the x-ray wavelength, snd @ is the Bragg angle,
Also, since Bst(Tz) = Bst(Tl), Biy, 18 likewise given by:

- 2 2 _  gnfp x

where the x-ray Debye temperature (OM) is taken to be independent

of temperature, m 18 the mass of the iron atom, x 1s the tempera-
ture ratlo, OM/T, and @ (x) is & tabulated function of x, For

the two temperatures of measurement used here:

B,y (205°K) = §§.é.9.1. x10-13 (III-7)
o
m

o = 25,88 =13
Bth(92 K} _-é—- X10

%

For the ratioc in Eq.(III=5):

3 2
I' (92° K)). _2 63,01 £in © -(25,08 81N 0 ) (I11-8)
n( It(zgsox)j o5 {( CARP T \ 2 )gzoxj

In accordance with Eq.{III-1), the intensities (I') are the ob-

served intensities (I) divided by the factors [Flz, L.P. and P, the
first two of which vary slightly wlth temperature because of their
dependence on the Bragg angle, The atomic scattering factors for
iron were taken from Volume III of the International Tables for X=-ray
Crystallography. Henceforth, only the reduced intensities (I') are
necessary for this discussion.

Through the ald of the fore%oing equations, one can experi-
mentally evaluate By, Oy, and <, in both the a- and c-directions

of the martensite as long as the tetragonal doublets are resolvable.
With regard to the static displacements, it 1s possible to de~
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termine these parameters(z) by taking the following ratio at elther
temperatures

’ 2 - 2 ’
14/ I'o0g 1296°K)/_ 8in“0 - gin 0)
Eln (295°K) Bth[oogl _-:T 002 Bth[zoolv 200

1
T ooz
+/{B__ (002] ———Bin%) -(B [2001-—-5-51’12" ) (111-9)
5t \2 Jopz | st x ¢/ 200

When Bth (002) and Bth(zoo) are known, we are left with a differ-
ence measurement of essentially uit(é) -ugt (). Because the

static displacements encountered ln martensite are very large, 1t
turns out that their determination is relatively Ainsensitive to the
magnitude of Bth‘ There are_alsc certain restrictions in the range

of variation that the ratio “gt (;)/ugt (¢) oan take, and thus a

much more unambiguous value for ;Et (8) can be obtained than might

seem possible at first glance from Eq. (III-9).

C. Experimental Details

The slloy chosen for this study was & s0lid sample of a 1.33
percent carbon steel whose composition is given in Table ITI-I.
Flat x-ray specimens were machined from the center of a 5/8-inch
hot-worked bar, and were austenitized at 970:°C for 1/2 hour in e-
vacuated Vycor tubes which were then rapidly quenched and broken
in an iced-brine solution. The steel samples were further cooled
in liquid nitrogen and brought back to room temperature. After
metallographic polishing and etching, very fine~grained martensite
and some retained austenlte wers revealed. The flat surfaces were
then given an addltionsl light polish and etch in a 1 percent nlital
golution, Hardness measurements indicated that the extent of aging
resulting from these room-temperature operations was quite small.

Preliminary zx~ray measurements with unfiltered radlatlion and a
Laue backe~reflectlion camera showed continuous Debye rings of nearly
even intensity, indlcating that a random fine-grained martensitic
gtructure had been produced. These exposures were taken at both
normal and oblique incidence, and the specimen area illuminated wes
about 1/20 of the beam size to be used in the subsequent intensity
measurements.

The diffractometer was set up with an iron-target line-focus
x=-ray tube, and monochromatic FeRo radiation was obtained with a
singly bent and ground LiPF crystal. Narrow entrance slits and
very careful adjustment of the monochromator eliminated the Koy

*A similar ratio can be written for the (211,121 - 112)doublet.,
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TABLE III-I

Composition of Steel Used for X-ray Intenslty Measurements

(Weight Percent)

c Mn P S S1 Cu N1 cr N

1,33 <0.,01 0,004 0,003 0,037 0.006 0,020 0,002 0,00L
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component entirely, as confirmed by the high-angle reflections from
8 relatively perfect silicon single cerystal. The latter crystal
gave an 1instrumental broadening of about six minutes of aroc, this
being approximately the same width as derived from a pure carbonyl-
iron powder standard,

The diffractometer was operated with a very narrow recelving
slit (which permitted the sharp iron-powder peaks to pass through)
and Soller slits to decrease the vertlcal~divergence broadening. The
intensities were measured with a low-nolse scintillatlion counter and
pulse-heigh® selector, set to eliminate completely any /2 contami-
nation from the LiF monochromator. The iron~target X-ray tube was
operated at 30 KV and 15 ma, which ylelded appreclasble intensities
for the pure iron stendard (~ 50,000 counts/min. pesk intensity for
the (211) reflection}.

A liquid-nitrogen sample holder was mounted concentriec with the
diffractometer axis and, with the instrument completely aligned, 26
posltions for the peaks of the lron-powder standard were recorded
to callbrate the martensite pesaks, A1l of these precautlons were
considered essential for attalning good resolution of the martensite
doublets, high accuracy of the absolute lattice constants, symmetri-
cal pesk profiles (no Ko, component), and very high signal-to-noise
ratios.

When the doublets were well resolved, the corresponding diffrac-
tion peaks appeared quite symmetrical. This c¢lrcumstance permlited
the direct measwrement of the lattice constants by recording the peak
maximum in esch case. It also allowed a direct and accurate deter-
minstion of the relatlve integrated intensity merely by sitting at
the maximum position and taking a 20-minute count. The backgrourd
wag counted on either side of each entire doublet, and the peak meas-
urements were appropriately corrected, This technique depended
solely on belng able to resolve the peaks, with the peaks having a
well-defined shape. As wlll be discussed later, these requirements
were more completely met with the (200,020 - 002} than with the
{211,121 - 112) reflections,

All the x-ray determinations made at 295° and 92°K were rever-
slble in the sense that they could be repeated with any sequence of
these two temperatures., This signified that the initisl speclmen
preparation and handling at room temperature probably led to some
aging of the martensite and thereby minimized any further aglng which
might otherwise have occurred during the subsequent X-ray runs at room
temperature,

D. Experimentsl Results

Figure III-1 1llustrates the two sets of (200,020 = 002) and
(211,121 - 112) doublets at room temperature. The full-~scale in~
tensity amounted to 2000 counts/min. in both cases. It is obvious
that the (200,020 - 002) doublet was completely separated, permitting
a direct determination of both the ¢~ and a-parameters, Here, the
angular scale was accurately calibrated by means of the (200) re-
flection from pure iron, The (211,121 - 112) doublet, even though
at a higher Bragg angle, was less well resolved, The small overlap
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in this case (of perhaps 10 percent) affected the lattice-constant
determinations and, more lmportantly, the peak-intensity measure-
ments, Hence, although the (211,121 - 112) data are included here
for comparative purposes, the main weight should be given to the
(200,020 = 002) data.

The c- and a-parameters and the c¢/a ratio were determined at
both liquid nitrogen (actually 92°K) and room temperatura {(295°K),.
Table III-2 lists the values obtalned. Ba?ed on the relationship:
c/a = 1,000 + 0,045 wt.%4C, given by Roberts!7) and corroborated by

Winchell,(sl the carbon qontent calculated from the (200,020 - 002)
doublet at 295°K was 1.32 percent, 1n close agreement with the chem-
ical analysis (Table III-1)., The other doublet ylelded 1,30 per-
cent carbon, suggesting that the measured line separation in this
case was slightly too small because of the overlap.

The thermal coefficlents of expansion along the c¢- and a-axes
could be derived from the lattice parameters at 295° and 92°K, as
shown in Table III-2, Here again, the (200,020 - 002) measure-
ments should be considered as being more dependable; on this basis,
the thermal coefficlent of expansion was mueh larger in the c¢-
direction than in the a-~direction,

Next, the mean-square amplltudes of thermal vibration were de-
termined. As previously described, the intenslty counts at the
peak posltions were recorded at 295° and 92°K, and two runs aplece
wore made altermatively at each temperature. Such duplicate runs
agreed to within + 1 percent of each other. The results are sum=
marized in Table III-3, According to the thermal.-expansion values

in Teble III=Z2, @%i'(é) would be expected to be larger than ”Eh (3),

and, while this was indicated by the (211,121 -~ 112)data, the more
valid (200,020 - 002) data showed the opposite. At the same time,
the mean Debye temperature of 365°C based on the (200,020 - 002)
measurements was found to be, in good agreement with those reported
by the Russian investigators!d) on martensites of about the same
composition, in contrast to a mean Debye temperature of 435°K cal=-
culated from the (211,121 - 112) data,

In additlon to the diffraction-peak overlap which rendered the
(211,121 - 112) measurements questionable, errors due to thermale
diffuse scattering may have entered the plcture at the higher Bragg
angles involved. The resulting correction, if applied, would tend
to bring the higher-angle data into line with the lower-angle data.
In other words, the (211,121 - 112) observations were undoubtedly
distorted by the fact that the thermal-diffuse tall of the (211,121)
peak overlapped the (112) peak more at 295° than at 92°K. Thus,
we must conclude that only the (200-020 - 002) measurements should
be relied on for serlous analysls and Interpretation, This will
be done in the next sectlon.

We come now to the static displacements in the martensite. As
mentioned in comnection with Eq. (III-9), differences of the kind

;E;{E) - ugt (2} { could be obtained from the intensity ratios
'ooo/I'002 and X'211/T'112, on the assumption that these static

11



FIGURE III-l1, Room-Temperature Diffractometer Tracings of the
(200,020 -~ 002) and (211,121 - 112) Tetragonal
Doublets from As-quenched 1.33 Percent Carbon
Martensite, X-radiation = FeKal. Full-Scale

Intensity = 2000 Counts Per Minute.
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TABLE III=2

Lattice Conatants, Axial Ratles, and Coefficlents of Thermal
Expansion for 1,33 Percent Carbon Martensite

Diffraction a,A° o, A° e/a a xlO6 acxloe
Doublet ' a8
per per
295°K 92°K 295°K 92°K 206°K 92°K ogs oCcH#
2086220 2,854, 2.8496 5.0245 5.016O 1.0595 1.0584 8.63 13.0
L * L L L L ] 5 9- 2 9082
21%i%21 2 8516 2 8461 3 0188 3 (.‘-'12.6 1 0586 1.0 85 6

A8

(§§§FJ‘EEFE)
a 8995°K =

4 g = Ag ( _1 )
0295°K 295° - 92°K
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TABLE III-3

Mean-Square Amplitudes of Thermal Vibration and Debye Temperatures
for 1.33% C Martensite®

ae-axis c=-axlis
Diffraction -3 -3
€
Doublet Moy (&) M (&) ey (&) QM (&)
09 o2
200,020 00,0068 A 342°K 0.0062 A 389°K
002
ol ol
211,121 0.0039 A 450°K 0.0047 A 418°K
112

% Both the Debye temperatures and statioc displacements are

assumed to be independent of temperature in this tabu-
lation.
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displavements were independent of temperature, It was tkgn found
that the mean-square static displacements (0.040 - 0,100 ) were

an order of magnitudeolarger than the mean-square thermal displace-

ments (0,004 ~ 0,007 AE). Consequently, the thermal displacements
could be neglected in Eq. III-9 without significant error, Because

only the differences { ;Et () - I._Lgt (g)jwere obtained in this way,

various assumptions for the anisotropy in static displacements rang-

from “gt (8)/u2at (&) = O to 1/2 were tried, The results are

presented in Table III-4 in terms of the root-mean-square (BMS3)
static displacements,

Once more, the (200,020 - 002) results should be regarded with
greater confidence than the (211,121 - 112), but the discrepancy
here was only about 10 percent and could be entirely accounted for
by the postulated overlap in the latter palr of peaks, Accord-
ingly, it was posslible to rule out preferred orientation of the mar-
tensitic plates as the cause of the discregancies arising from the
two sets of doublets, Lipson and Parker(Z) reported

w2 (8) =0,20 & for a 1.57 percent carbon martensite, based on
the assumption that the static displacements ln the a-dlirection wgre
nil. This figure ies somewhat lower than the corresponding 0,23
value given in Table III-4, perhaps because of inadvertent temper-
ing in the Lipson and Parker gpecimen, On the other hand, the re-

sults summarized by Kurdjumov(3) indicate much less anisotropy in

the static displacements, namely, uzst(g) = 0,168 and
-é ~ = a -E g —_2. >
‘/u'st(c) 0.23 &4 or wu st(a)/“ gy (6) =~ 1/2. For this ratio,

the present measurements would give \/uz (&) = 0.34 3, (Table III-4,
last column), which turns out to be unreasonably high. The rele-
vance of these comparisons will be discussed in the next sectlon.

E. Discusislon of Results

It follows from these x=ray diffraction measurements on BCT

martensite that the root-mean-square gtatic displacenment ”zst

of the iron atoms 1s very large ln the c-directlon. However, as
we have seen, the mmerical quantity depends on what is assumed
for its relation to the RM:5 displacement in the a-directlon. These
orthogonal static displacements are each averaged over the entire
lattice, and represent fluctuations about the mean BCT lattice
sites as defined by the c- and a-parameters, Undoubtedly, the
iron~atom displacements are a consequence of the local distortiohns
around individual carbon atoms trapped in the octahedral intersti-
tlal sites, and 1t is these local distortions which are believed
to be regsponsible (through their inter~ction with the strain
fields of dislocations) for the solid-sclution strengthening of
virgin martensite, '

15
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The fact that the a-parameter decresses linearly with in- (7,8)
creasing carbon ocontent, while the c~parameter increases linsarly, ’
suggests that the mean distortion field arising from all the inter-
stitial carbon atoms may be considered as a linear super--gition
of the distortions around the individual carbon atoms, and also
that the local contraction along the a-axis may be regarded as a
Polsson-type contraction acoompanying the expansion along the o=
axis. Recent elastic-constant data on 1ron€9) gives & Polsson

ratlo of v = -012/(011 + 012) = =0,37, which places an upper limit

on the local sa/a / s0/¢ ratio around a carbon atom because the
local displacements within the lattice are probably more constrained
than i1s the response of the bulk metal to external forces. Hence,
we can gay that

2 - - + 2 > 2
g (a) < 0.5?¢/u ot (¢), or u ot (&) < 0,14 p at (3)

which is not in agreement with the findings of Arbuzov et al.(4)
Based on these arguments, the best RMS static displacement in the
¢-direction of the 1l.33 percent carbon martensite studied here
comes out to be 0,24 A, while the RMS value in the a-direction is

less than 0.24 X 0,37 or 0,09 A,

Before analyzing the significance of the static displacements
in the problem of martensite strengthening, we now turn to the de-~
rived temperature parameters: thermal expansion (Table III-2) and
thermal displacements (Table III-3). Inasmich as the thermal-
expansion coefflclent in the c-direction is appreciably larger than
in the a-direction, marked anisotropy must exist in the anharmonic
vibrations of the iron atoms about their equilibrium positions,

For the thermal displacements, however, there really 1s no single
Zero-point equilibrium position, and what has been measured in the
present investigatlion is both space-averaged and time-averaged.

Ap mentioned earlier, a comparison of the thermal-expansion
coefficients, a, and a,, would indicate that the thermal dlsplace-

ments in the c-direction should be larger than in the a-dlrection.
Yet, the more reliable measurements on the (200,020 - 00Z2) lines
show the reverse., This anomaly forces a re-sxamination of the
assumptions implicit in the calculation of the thermal displace-
ments, and it now appears thet the statlc displacements may not be
completely independent of temperature over the range of measure-
ments, In fact, one may obtain a qualitative appreciation for the
change 1n the statlic displacements by examining the corresponding
variation in Poisson's ratio over the same temperature interval,

Using the model developed by Fisher,(lo) sa/eo (the ratio of tae

orthogonal strains associlated with a single carbon atom in an octa-
hedral site of the BCC iron lattice) is gilven at low temperatures by
- 12Acll+ 012), or Poisson's ratio. From the data of Lord and

Beshers, (9) v = -0,367 at 298°K and -0.362 at 77°K. In other
words, there must be a relative change in the a-axls and c-axis lo-
al statlic distortions with decreasing temperature, By allowing
}-z
Hag

to become a function of temperature, we would then expect to
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obgerve a greater change 1n.~J ;zst (é) than iny uzst (¢).

Experimentally, it 1s observed that I'200 (92°K)/I'200 (295°K)
is greater than I'002 (92°K)/I1'002 (295°K), If, as we have previ-

ously assumed, ';Et # £{T), then uih (a)> uih (3), 88 listed in

Table IIl=3. Alternatively, the X«ray in ity data may be 4dlp-
closing some anisotropy in the change of uat with temperature,

in line with the varistion in Poisson's ratio.

The same limit?t§ons apply to the Bussian results, as summa-
rized by Kurdjumov.(2 Unfortunately, once the possibility of a

change in V “zst with temperature is admitted, the x.ray intensity

measurements do not afford a quantitative sorting-out of the thermal
displacements from the static displacements, and it could even be

that .;zn {(2) is actually greater than uih (a), in contrast to

what has been caleulated before, Then, the anisotropy in the ther-
mal amplitudes would conform with the anisotropy in the thermal-
expansion coefficlents.

Be that as it may, J ;E;t (3) 18 quite large compared to the

temperature-dependsnt effects, whether the latter are ascribed to
thermel or static displacements. The mean iron-carbgn distance
in the 1.33 percent ogrbon mertensite is ¢/2 = 1.512 A, whereas in

cementite it 1 2,01 A.(11) Thus, the local dizplacement of an
iron atom next to an interstitial carbon atom in the BCT martenslte

nly has to de abogt twice the observed RMS displacement
,& uzst (8) = 0.24 A}  in order to accommodate the carbon atom, if
the interatomic distances in cementite can be taken as a gulde.

With regard to the problem of martensite strengthening by in-
teratitlal carbon, we now make use of the RMS static displacements
in order to deduce the local dlsplacements of iron stoms adjacent
to carbon atoms, The difference c, = €g = Ac enters intc the

Fleischer model,(lz)the carbon~dependent strengthening at 0°K

A
belng QSE H°1/2’ where G is the shear modulus and N, is the atomioc
fraction of carbon, In this expression A: 18 the difference be-
tween the c-axis and a-axis straina (the so-called tetragonal
straln or dipole distortion) in the immediate vicinity of a carbon

atom, and has ?reviously been evaluated as 0.41 from lattice-

eonstant data, 12) However, this is a questionable procedure be-
cause 1t is risky to estimate the local strain fleld around a car-
bon atom from bulk-lattice properties. Hence, we shall now try
to invoke the measured RMS statle displacements,

Fisher(lo)has suggested a way of calculating the local distor-
tions from the BEMS distortion. using the bulk elastic constants
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for pure iron., Unfortunately, even 1f the elastic constants were
svallable for BCT martensite, the local displacement field is not
necepsarily de?erTined by the bulk elastic properties. More re-
cently, Glelen{ld) has extended the Pisher caloulations by incor-
porating the interatomicec force constants obtained from the phonon-
dispersio? ggrves in neutron inslastic-gcattering experiments on
BCC iron, \1 He computed the entire set of distortions for a lat-
tice of 40 iron atoms containing one carbon atom (2.5 atomic per-
cent cardon). When the resuiting values are normalized by apply-
ing the c~direction RMS displacement measured in the present work
(scaled down proportionally from the 6 atomic percent carbon of the
experimental alloy to the 2.5 atomlc percent of the calculated mod-
el), the local displacement (x,) in the c-direction of an iron atom

next to a carbon atom turns out to be 0,68 A, relative to the origi-
nal BCC lattilce.

This displacement in the c-direction of an iron atom next to a
oarbon atom is the maximum encountered in the lattice, and is Bo

large that the exact relatlonshlp between x; and ;Et (¢) becomes

very insensitive to the ?et?ils of the rest of the dlsplacement
field, In fact, Kaplow(l5) has suggested that x, may be estimated
directly from the RMS value by assuming that only the maximum 4is-~
placemsnt contributes to the RMS displacement 1ln averaging over all

——

the atoms, Thus, x; = Véég_ pit (c), where N is the number of

iron atoms per carbon atom, and the averaging is taken over one-
half this number because there are two x, displacements in the +
¢c=direction for each carbon atom. From this calculation, X; agaln

equals 0,68 A.

According to elther the Fishertlo) or Gielen(ls)methods of com-
putation, a glven value of X, fixes the entire set of iron-atom dis-
placements, even those in the a~dlirection, The loecal displacement

(y=) in the a-direction is then found to be ~0,17 . fThe ratio
y59x1 = ~0,26, which 18 appreciably less than the bulk Poisson rat%o,

as we suspected, Therefore, the RMS static displacement of 0,09 A

in the a-direction, which we calculated before from / If_st (¢) and
Poisson's ratio, must represent a maximum figure, notwithstanding
the still higher values reported elsewhere, 4)

If the iron atoms adjacent to the ecagbon atoms 1ln martensite
are now regarded as being displaced 0.68 A in the c-direction off
the originel BCC lajtice, the iron-carbgn distance is then
ao/2 + 0,68 = 2,11 A, compared to 2.0l A in cementitg. This differ-
ence suggesta that the derived displacement of 0.68 A may be too

a
large. Another gifficulty is that an iron-carbon distance of 2,11 A
would cause an increase in the a-~parameter of the martensite, where-
as a decrease is actually observed. This means that the carbon
atom does not seem to interact in a symmetrical way with its slx
nearest-neighbor iron atons, Further refinements in the ERMS de-
terminations and in the local-distortion calculations may lead to
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smaller values for x;, thus bringing the iron~carbon distance in
martensite into line with that in cementite. For the time being,

then, 1t seems best to regard 0,68 R as an upper limit for the di-
pole dlsplacement in martensite.

Correspondingly, ?pper limit for the local tetragonal strain
in the F.eischer model {(12) can now be established as

AE = € - € mx -3 = 0,68 ~(,]17
o a 37% 39§ THY - S = 0.57, which 1s

glightly larger than the 0.41 previously used, There 1s now hope
of evaluating a¢ with falr accuracy by applying the experimental
and computational procedures described here to a series of iron-
carbon martensites.

F. Conclusions

1. 'The thermal-expansion coefficients of BCT martensite sug-
gest that the interstitiasl carbon atoms loosen the lattice along
the c=-direction, glving rise to the anisotropy, ap > ag.

2, Although the above anisotropy indicates that the thermal
displacements 1n the ¢-direction should be greater than in the a-
direction, the opposite turns out to be the case 1f it is assumed
that the statlic displacements are invariant wlth temperature, In
order to rationalize these findings, 1t is conecluded that the statie
displacements do change with temperature, although this variation 1is
quite small compared to the large static displacements.

3. On the basis of the BRMS statlc displacements thus deduced,
upper limits have been computed for the loecal displacements of irom
atoms adj)acent to carbon atoms, and from thls, the local tetragonal
straln around the carbon atoms. These gquantities are fundamental
to the sclution-~hardening of martensite by interatitial carbon.
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IV, AUSFORMING OF IRON-NICKEL-CARBON MARTENSITES

D. W, Hoffman

A, Introduction

In the development of materials with higher sitrength levels,
the thermomechanicazl treatment of steel hag been actively explored.
Since 1957, the most intensively studled treatment along these
lines has heen that of ausforming, in which the parent austenite 1=s
plastically deformed just before transformation to martensite. BEe-
gearch in this field has proceeded concurrently on both the devel-
opmental and theoretical fronts, and a number of comprehensive re-
views have appeared describing both the properties obtalned in va-
rious steels throu§h susforming and the l1deas advanced to explaln
the observations,(l1,2,3) These reviews also dlscuss the influence
of the processing variables which are basic to an understanding of
the ausforming phenomenon.

The effectiveness of ausforming i1s dependent on steel compo-
gition. In very low-carbon alloys (e.g., 0.00? gercent carbon),
the response to ausforming is relatively small, (4 But if the
carbon content 18 increased to only 0.3 percent the incremental
strengthening produced by ausformling hecomes qulte marked. Al
though further ralsing of the carbon content increases the absolute
strength, the response to ausforming tends to level off. 5) Tne
presence of atrong ocarbide-forming elements such as chromium, mo-
lybdenum and vanadlium further enhances the ausforme-strengthening,
provided that these elements are dissolved in the austenite prior

to its deformation. (6}

The yleld strength of ausformed martensite 1s, in general, an
increasing function of the amount of deformation imposed on the aus-
tenite, in the absence of recrystallization. Some investigators
have found that the strengthening 1s dir?ctly proportional to the
reduction in thickness or cross section.\?) Consequently, the
ausform=strangthening of a given steel is often divided by the
percent deformation in order to provide an index of the response
to ausforming. Typlecal values of this index run from 1000 to
1500 psi/%, with the majority of values being closer to the lower

end. 1,2) Increasing the deforTayion temperature causes a decrease
in the response to ausforming,{8) even when recrystallization or
gross decompositlon of the austenite 1s not allowed to ocour.

The tenpering behavior of martensite, as evidenced by the
strength properties, 1s influenced by ausforming in a variety of
ways. In gome cases, there appears to be little change in the
over-all trends, the yleld strength vs tempering curves of the zus-
formed and unausformed martensites being generally parallel but sep-
arated by the ausform-strengthening increment,(7) With steels nor-
mally displaying secondary hardening, ausforming may eliminate the
intermediate softening on tempering and thereby obscure the hard-
ening peak, {9) However, at least one instance has been reported
in which zusforming %ives rise to a secondary-hardening peak where
none existed before, (10) In the exemples where ausforming alters
the strength behavior on tempering, it appearse likely that the un-
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derlying carbide-precliplliation reactions are altered. Other pro-
cessing variables such as rate of deformation, time at deformation
temperature, and method of deformation, do not have a primary in-
fluence on the ausforming response.

Several hypotheses have been suggested to account for the phe-
nomenon of ausform=-strengthening. Those congldered to be of major
importance are the following:

1. Strain hardening (lattice defects and substructural
changes) inherited by the martensite from the austenite.(1l)

2. Dispersion hardening due to precipitation of fine car-
bldes during austenite deformation, the carbide-hardenin% ?ffects
being transferred to the martensite formed subsequently,(®

d. Increased density of imperfections retaining more carbon
in sclution in the martensite for solid-solution hardening during

tempering.(5)

4, Disperslon hardening due to carbonerich clusters segre-
gated around dlslocations in the austenite and inherited by the

martensite.(lz)

5, Enhanced dispersion hardening during tempering due to the
preciplitation of fine carbides on the substructure lnherited by the

martensite.(5)

Of course, these mechanisms are not mutually exclusive. For
example, the first may depend on the second, in that the fine struc-
ture lnherlted by the ausformed martensite may be influenced by the
prior precipitation of earbides in the plastically deformed austen-
ite, It has been proposed that alloy carbides precipltated during
the austenite deformation increase the concurrent rate of disloca-
tion multiplication and then stabilize the dislocation network as
1t is transmitted to the martensite.(6) Possibly, additional dis-
locations are accumulated during the transformatlion from the moving
dislocation arrays and accommodation stralns. It has been pointed
out that glide dlslocations on certain variants of the austenite
81lip systems should become sessile with a type <1l00> Burgers vector

in the martensite.(13)

_ The third and fourth mechanlsms are interrelated inasmuch as

both are based on the interactions between interstitial carbon atonms
and the strain flelds arocund dislocatlions. The fifth mechanism
goes a step beyond the fourth, with the dislocation locking belng
attributed to the formation of distinguishable carblde particles.
The latter two processes may operate simultaneously at some step of
the tempering sequence,

All of the explanations except the first are dependent upon
the presence of carbon, and as mentioned, even the first may be
greatly enhanced by the concomitant precipitation of alloy carbldes.
The known importance of dissolved carbon implies that at least one

# Although each of these hypotheses has been discussed by several
investigators, only a slngle key reference 1s given here.
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of the carbon-dependent mechanisms is active in any steel contain-
ing carbon. Only the last hypothesls depends upon the migration
of carbhon in the martensite.

It is likely that more than one of these processes may be op-
erative at the same time, and they may contrlbute to the ausform-
strengthening in different degrees depending on the alloy system.
In a recent 1nye?tigation of steels containing strong carblde-
forming solutes, 6} the ausform-strengthening was explained by an
additive combination of mechanlisms 1, 2 and & reduced amount of the
regular solid-gsolutlion hardening by carbon interstitials. A sa-
lient feature of this hypothesls was that the alloy carbides pre-
cipitated during the austenite deformation promote the retention
of very high dislocation denslties in the ausformed martensite,
Nevertheless, slgnificant ausform-strengthening doces occur in al=-
loys not contalning strong carbide-forming elements,

The present investigation was undertaken to learn more about
the magnitude and mechanisms of susform-strengthening in a steel
containing 23 percent nickel and 0.4 percent carbon. In this case,
the carbon-dependent strengthening cannot be linked to the presence
of carblie-forming elements and, therefore, certain slimplifications
in 1lnterpretation become possible. At the same tlme, since the Mg
temperature of this alloy lies below the amblent, the parent aus-
tenite can be studied 1in detail, with and without plastic deforma-
tion.

B. Experimental Procedures

l. Specimen Preparation - Stoek for all the experiments in
this part of the program was prepared from a 5/8-inch diameter bar
of alr-mslted iron - 23 percent nickel - 0.4 percent carbon alloy.
The bar was alternately swaged and annealed (1000°C) to insure ho-
mogenization and to reach an appropriate size for ausforming by
wire drawing. Before each heat treatment, the rod surface was
carefully cleaned by machining, grinding, and/or electropolishing
te remove contamination and defecots. The rods were then sealed
in evacuated Vycor capsules for the annealing or final asusteni-
tizing, At one stage after several c¢ycles of reduction and an-
nealing, all the rods were sealed in a single capsule and held at
1000°C for 24 hours for homogenizing purposes. After the final
austenlitizing for 1 hour at 1000°C, the individual encapsulated
gpeclmens were water guenched to room temperature, retaining 100
percent austenite,

Wire drawing was selected as the mode of deformation for aus-
forming because (a) the temperature of deformation could be easily
controlled, (b) the extent of deformation could be readily re-
produced, and ({c) the shape of specimens cut from the wire was
convenient for tenslle, magnetic, and electrical-resistivity meas=-
uvrements, Prior tc the wire drawing, the stock had been reduced
to 0.0751 inch in diameter. The wire drawing on the austenitic
specimens was carried out at 2 inches/minute through six even
steps of nsztural straln to a final dlameter of 00,0382 inch, the
total reduction by wire drawlng then being approximately 75 per-
cent, :
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To vary the ausforming temperature, the die and wire were
heated in a speclally designed hot-air furnace which enclosed the
die and undrawn wire, Becrystallized specimens having the final
diameter were obtained by first electropolishing the drawn wire,
and then reaustenitizing for 1 hour at 1000°C in evaocuated Vyocor
capsules,

Three and one-helf-inch lengths were cut from the 0,0382
inch wire for the tensile tests, One-half 1nch was detached in
each case for magnetic or metallographic studies, and a 1=-3/4 inch
reduced section was electromachined at the center of the remaining
Jd=inch tenslle specimen, The flnal cross-sectional area of the
gage section was about 10 percent less than that of the unmachined
grip ends,

The magnetic speocimens were prepared from pieces of the 00,0382
inch dlameter wire by grinding the ends normal to the wire axis at
a length of about 0.4 inch.

The resistivity specimens consisted of 3-1/2 inch lengths of
the 0.0382 inch dlameter wire, Potential leads of 30 gage copper
wire were soldered about 2 inches apart to the specimens, requir-
ing only a brilef heating at 200¢C, The prior ausforming tempera-
ture for these speclmens was 225°C, and so the soldering operation
had no material effect on the structure. Current leads in the
form of heavy copper wire were soldered to the ends of the specl-
mnen.

To obtain desired amounts of martensitic transformation with
or without susforming, speclmens were refrigerated tc pre-selected
temperatures below the M; temperature by immersion in baths of pe-

troleum ether and methyleyclohexane c¢coled with liquid nitrogen.
Subsequent tempering of the transformed specimens was performed in
salt or oil baths, or in water for the 25° and 30° treatments.

2. Magnetic Measurements - An apparatus for measuring spon-
taneous magnetization at 5000 ocersteds was constructed along the

lines suggested by Schaller and Zackay.(lé) The magnetic readings
(deflections on a ballistic galvanometer) were corrected for the
specimen diameter, and were then normalized according to the read-
ing obtained on a pure-~iron standard, The purpose of these meas-
urements was to determine the volume fractlion of martensite, 3Suit-
able callbration was provided by a serlees of test specimens having
different smounts of unausformed martensite up to asbout 85 percent,
the maximum that cculd be genserated by refrigeration alone. The
martensite contents 1ln this series were measured separately by quan~

titative metallography.(15) The magnetle deflection for 100 per-
cent martensite was determined by tensile sitraining several speci-
mens {ausformed and unausformed) to fracture at =195°C, Inasmuch
as the normalized magnetic readings on such specimens all increased
to nearly the same limiting value regardless of the ilnitial amount
of martensite, this value was taken to represent 100 percent mar-
tensite for the callbration.

A second apparatus for measuring the percentage of martensite
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by megnetization at 580 ocersteds was constructed 1n the general
form of a small Fahy permeameter, as described by Bozorth. 16) as
for the higher-field method, the deflections of a ballistle galva-
nometer were corrected for specimen dlameter and normalized with
reference to a pure~iron standard. 'The advantage of the perme-
ameter configuration was that the electromsgnet could be attached
to the center of the reduced section of z tensile specimen for mar-
tensite determinations elither before or during the tenslle test.
Calibration was carried out on specimens whose martensite contents
were known from the high~field magnet. It was found that, because
saturation was not attained at the low fleld, the callbration
curves for the ausformed and nonsusformed specimens were not the
same.,

Differences of 0.15 percent martensite could be detected by
both the high-fleld and low-field methods.

3. Tenslle Testing - The tenslle tests were performed on a
Tinlus-Clsen machine, using speclal grips and a low-temperature ex-
tensometer for the wire specimens, The grips were of a8 modifled
Templlin design in which spacers on elther side of the wire speclmen
between the jJaws insured that the axis of the specimen was well a-
ligned with the direction of the applled load, The extensometer
was similar to that suggested by Feltner for cryogenic testing, (17)
but was redesigned to be self-aligning, and was suspended from a
counterbalanced arm so that its weight did not bear upon the specl-
mern, Spring~loaded knife edges were incorporated to attach the ex-
tensometer to the wire specimens,

Por low=-temperature tenslle testlng, the specimen was surround-
ed by a cylindrical oryostat insulated wlth styrofoam. Coollng
was effected by means of vapor from a pressurized contailner of li-
guld nitrogen which wae sprayed into the c¢ryostat through holes in
a spiral coil of ocopper tubing, deflecting agalnst the walls to
provide good mixing action. The temperature was measured with two
copper-constantan thermocouples adjacent to the specimen at the ex-
tensometer knife-edges, and was manually controlled by adJusting the
supply of nitrogen with a magnetic on-off valve.,

The tenslle tests were made at two temperatures, 30°C and =-100°C,

The speclimen grips were connected to the pull rodes of the tensile
machine through apherical bearings. To enhance the alignment, a
small preload was applied before attaching the extensometer to the
specimen, - If in-situ magnetic measurements were to be conducted,
the low~field magnet was clamped to the specimen between the knife-
edges of the extensometer (the search coil having been slipped over
the specimen prior to attaching the grips).

: For the testing of virgin martensite, the specimen was mounted
in the tensile machine in the austenitioc condition, but the grip-
ends were previously converted to martensite for gtrengthening pur-
poses, The desired initlal martenslte content was obtained by
cooling to -100°C or below in the tensile machine, and then warming
to =100°C for the testing.

All the tensile tests were performed at aAconstant eross~head
speed of 0,015 inch per mimute. The load and extension were auto-
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graphically recorded. When megnetic readings of the instentans-
ous martenslte percentsges were taken during the test, they were lo-
cated by tick-marks on the losd-extension curve.

4, Electrical-Reslstivity Measurements - The electrical resis-

tivity of specimens in the austenitic state was measured at 0°C in
an lce-water bath, The dliameter of a specimen was measured with

& mlcrometer to an accuracy of 0,0001 inch, which was about 0.26
percent of the dlameter or 0.52 percent of the cross-sectional area.
The specimen was inserted 1n a jlg with spring-loaded knife-edges
making the potentlial contacts at a spacing of 2.500 inches. The
resigtance was measured with a Rublcon 1622 Kelvin Bridge to four
significant figures. The reslstivity could then be computed to an
accuracy of 0.5 percent as limited by the diameter measurements.

Following this, the apecimen wag removed from the 3jig and leads
were soldered on, as described previously. Again the resistance
was measured at 0°C, and by comparison to the previous value, the
spacing of the soldered potential leads could be computed. This
~enabled converslon of subsequently measured resistances to resig-
tivities.

Reslastance changes caused by tempering were determined in the
following way. The speclmen wag refrigerated in liquid nitrogen
and its resistance was messured in the virgin condition, Then it
wag up-quenched into a sildcone o0ll bath at the tempering tempera-
‘ture, controlled to within + 0.1°C, and resistance measurements
were begun at temperature after one minute of tempering. Occasion-
ally, the tempering was Iinterrupted for additlonzl measuremente at
the liquid-nitrogen temperaturse,

C. Experimental Results

1. Augtenltes - In contrast to the annealed austenite which
was paramagnetic, significant ferromegnetism was observed in the de-
formed austenites, The latter magnetization (measured in a field
of 5000 oersteds) was converted to percent martensite and related
to the deformation temperature, as in Flgure IV-l,

The high martensite content of the austenite deformed* at room
temperature was to be expected. Although the magnetlization de=-
creased substantially with increasing deformation temperature, 1t
d1d not go all the way to zero. According to Keufman and Cohen, (18)
there is a tempersture Ty above which plastic deformation should

not convert austenite of a glven composition into martensite, Typi-
cally in iron-nickel salloys this temperature is 200°C above the Ms'

If thls correlation holds in the presence of carbon, then no mar-
tenslte should be found in the austenlte under consideratlon when
it is deformed above 150°C. But here, ferromagnetism 1n the aus-
tenlte was observed after deformations up to 326°C, It was con-
c¢luded that some martensite did form under these conditlions due to
lowering of the effective carbon content. Wnether thls was caused

* 411 of the deformations in these experiments corresponded to 75
percent reduction in area by wire drawing.
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by a trapping of carbon atoms at lattice lmperfections or by actual
carbide preelpitation will be considered later.

The Ms temperatures and transformation characteristics of the

annealed and deformed® austenites were observed magnetically by im-
mersing the specimen together with the 580-cersted magnet in a bath
which could then be cooled progressively by additions of liquid ni-
trogen. The M_ is plotted as a function of deformation tempera-
ture in HFigure Fy-2. After each M, measurement, the martensite

content was monitored during further cooling down to ~155°C,
Curves of percent transformation ¥s coclling temperature are given
in Flgure IV-3,

The anrealed austenite exhlbited a large burst of transforma-
tion at the Ms temperature, but prior deformation at 75°C suppressed

the burst and lowered the MB slightly. The amount of martensite

formed on cooling to =195°C was also diminished. With further rais-
ing of the deformation temperature, however, the burst phenomena re-
appeared, accompanied by an increase in Ms and in the extent of trans-

formation achleved on cooling to =195°¢C, Nevertheless, the amount
of martensite generated by refrigeration in liquid nitrogen remained
less than was obtained from the undeformed austenite (75 vs 85 per-
cent martensite), Evidently the transformatlon characteristics
were being affected by the austenite deformation in a complex way,
depending upon the structural changes produced and the extent of
carbon trapping or depletion.

Back-reflection Laue x-ray photographs were made on the de-
formed austenites for determining preferred corientation. Wire spe-
cimens electropolished to about one~half thelr original dlameter and
unfiltered iron radiatlon were used for thls purpose. In additlon,
x-ray patterns were obtalned with the wlre axis tlpped 30° toward
the film to bring more textural spots onto the diffraction rirngs.
The annesled austenite produced spotty rings with no texture, where-
as the deformed austenites had dyplex (111) and (100) fiber tex=-
ture, typical of FCC materials, (19 By visual examination, no dif-
ference was noted in the relative strengths of these two textural
components in austenite deformed at 75°C and at 326°C.

The tenslile behavior of the austenites, with and without prior
deformation, was investigated at 0°C, The stress-strain plots for
the deformed austenites exhiblited falrly abrupt yielding followed
by very low work-hardening, as reported by Thomas et al,(8) In Fig-
ure IV-4, the 0.2 percent yleld strength 1s plotted against deforma-
tion temperature, showlng a monotoniec decrease with lncreasing tem=-
perature. On the other hand, meaningful tensile strengths and duc-~
tility parameters could not be determined in these tests because in-
gitu magnetic measurements showed that strain-induced transformation
t0 martensite set in after only a few percent of strain, and was ac-
companled by an enhancement 1ln the rate of work hardening,

The high yleld strength of the material deformed at 25°C re-
sulted from the presence of deformation-induced martensite (see Pig-
ure IV-l). This was gslso true to a lesser extent for deformation

¥See Footnote on Page 27.
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temperatures up to 126°C, Above 125°C, however, the amount of
martensite caused by the deformation dild not vary enough with de-
formatlion temperature to account for the observed change in
strength. Apparently, significant differences in substructure of
the austenite were obtalined, in addition to the production of some
martensite, depending on the deformation temperature.

The ammealed austenite had an squlaxed structure comprised of
large grains and numerous twins, The photomlerographs in Fig-
ure IV-5 show a selection of deformed austenites, with slip bands
in elongated grains. After the deformation at 125°C, the slip
bands were heavily decorated with a fine constituent, but this de-
lineation faded with inereasing deformation temperature until, at
275°C and above, the bands etched out only as vaguely-defined
stripes having little if any decoration, In the light of these
trends, 1t was concluded that the fine constituent was the defor-
mation=-induced martensite previously mentioned,

A patehy light-ctching constituent was also detected in the
austenites deformed at the higher temperatures, amounting to some-
thing less than flve percent of the area under observatlon. - It
was Judged to be surface martensite, and was too small in quantity
to account for the ferromagnetlsm found in the same austenites.

Electrical-resistivity measurements at 0°C were carried out
on five wires each of annealed austenite and of austenite deformed
75 percent at 225°C, The average values were 77.1l1 + 0,15 and
76.39 + 0.1l2 microhm-centimeters, respectively, the + ranges rep-
resenting the standard deviations,. Surprisingly, the resistivity
of the deformed austenlte was about one percent less than that of
the annealed austenite, This dlfference, opposite in sign to the
effect of lattice imperfections per se, could be accounted for by
the presence of martensite, the latter having about one-half the
resistivity of austenite, Moreover, the removal of carbon atoms
from their random positions in the austenite during deformation
could algo lead to a decrease in resistivity.

The above reslistivity difference was not attributable to the
erystallographice texture of the deformed materisl, inasmuch as e-
lectrical resistivity 1s spherically symmetric in cublo erystals.

2. Martensites - The tenslle behavior of ausformed martensite
was first investigated by testing specimens that had been ausformed
(by 75 percent reduction) at 125°C. Since retained asustenite
could not be entirely eliminated by refrigeration, extrapolations
were made to ascertaln the behavlior of fully martensitic materials.
The procedure was to refrigerate a series of tensile specimens to
different temperatures, producing various martensite contents (see
Figure IV-3). These specimens were warmed to room tempersature and
held for twelve hours. The respective martenslte contents in the
gage sections were then measured magnetically, using the low-fileld
apparatus. The specimens were tempered all together for three
hours in an oil or salt pot at the desired tempering temperature,
send tenslle testing was then performed at 30°C. From each auto-
graphically recorded load-elongation chart, the stresses corre-
sponding to a pre-~selected series of plastic strains were deter-
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A. 125° C B. 225° C

C. 325° C

FIGURE IV-5. Austenite Deformed 75 Percent at the Indicated
Temperatures. Longitudinal Section Etched with
Modified Aqua Regia. 500X.
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mined, Stress v8 initial martensite content ourves were drawn in
crder to extrapclate to the flow stress of 100 percent martensite
at each of the selected tensile strains.

A set of such plots for regular martensite tempered at 30°C
is shown in Flgure IV-8, Contrary to the findings of Winchell and

Cohen,(20 the curves were found to be nonlinear, although the de-
viation from linearity was small, The curvature decreased at high-
er tensile strains and higher martensite contents, Extrapolation

to 100 percent martensite was performed by éxtending the tangent to
the experimental curve from the highest martensite point, This is
shown in Figure IV-6 for 0.4 percent plastic straln, the lowest
strain for which this procedure appeared relisble in the worst case,
However, the nonlinearity tended to vanish on tempering the regular
martensite above 30°C, and except for the lowest strains, linear ex-
trapolations could be made with confldence.

Corresponding curves for ausformed specimens tempered st 30°C
are given in Flgure IV-7. Here, the nonlinearity was qulte pronounced,
and the curves for the lower strains actually passed through a mini-
mum, Thls behavior reflected the change in shape of the stresa-
strain curves as the martensite content was increased, Compared
to the deformed austenite, the yielding became less abrupt with ine-
creasing amounts of ausformed martensite, but the strengthening due
to the martensite did not show up at low strains until the marten=-
slte content approached some 60 percent. Because of the nonlinear-
ity and the longer required extrapolations (more retained austenite)
in the ausformed serles than in the nonausformed series, greater un-
certainty was encountered 1n deducing the strength of the ausformed
100 psrcent martensites; the tangentisl extrapolation method adop-
ted undoubtedly led to conservatlive values of the flow-stress prop-
erties after ausforming. Here, again, tempering improved the relia-
bllity of the extrapolations, in that the strength became less sen-
sitive to the amount of retained austenite and the dependence be-
came more linear, '

The flow strength at 0.4 percent plastic strain extrapolated
to 100 percent martensite is plotted agalnst tempering temperature
in Figure IV-8 for both the regular and ausformed treatments. The
increment of ausform-strengthening present after tempering at 30°C
and 100°C was found to increase upon tempering at 200°C and then de-
crease somewhat at stilll higher temperatures, This trend was a
consequence of the fact that the ausformed martensite mailntained its
enhanced strength on tempering at 200°C, whereas the regular marten-
site weakened appreciszbly. Clearly, the tempering behavior was be-
ing altered by the ausforming, despite the absence of carbide-
forming elements. The ausform-strengthening was significant even
after tempering at 400°C, This was the highest tempering tempera-
ture investigated becsuse reaustenization occurred at 500°C.

Noting that tempering produced an enhancement in the lncrement
of ausform-strengthening, 1t was deemed important to know whether
tempering played a role in the ausform-strengthening even when the
tempering temperature was only 30°C. Actually, iron-nickel=-carbon
martensites have been shown to undergo age-hardening at temperatures

as low as -60°C.(20) This ralsed the critical question as to wheth-
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er ausform-strengthening would be present in virgin martensite,
l.e., 1n the absence of aging or tempering.

To settle this point, regular and ausformed martensites in
the virgin conditlion were tested at ~100°(C, Specimens mounted 1n
the tensile machine were cooled to temperatures below -100°C to
generate various inltial amounts of martensite, whereupon they were
warmed to -100°C and tested. The retained austenite was subject
to rapid conversion during these tensile tests, so that the mar-
tensite content was monitored by means of in-situ magnetic meas-
urements with the low-field apparatus. After the tenslle test-~
ing, the final martensite.percentage was measured in the 5,000-
cersted magnet. In all cases, the final martensite content was
greater than 98 percent and usually greater than 29 percent., It
was further found that the maximum flow stress attained by these
almost fully martensitic specimens was nearly independent of the
initlal martensite content, although it did depend upon whether
the martensite was ausformed or not. Thus, it was possible to
conclude that the martensite arising from the retained sustenite
during the tenslle testing behaved about the same as the marten-
site formed during the prior cooling treatment, In addition,the
flow stresses at low strains (where the extrapclation to 100 per-
cent martensite was important) were found to be quite consistent
with the flow stress at higher strains (where the extrapolation
was not necessary because of the virtually complete conversion of
the retalned austenite durlng the tensile test).

Representative stress-strain curves for 100 percent marten-
site are plotted in Figure IV-9, Evidently, ausform-strengthen-
Ing was manifested even in the virgin martensite. The differ-
ences exhiblited among the three ausforming temperatures were not
regarded as significant.

The effects of subsequent tempering on the strength of 100
percent martensite tested at =-1l00°C are summarized in Figure IV-10.
Both the regular and ausformed martenslite increased in strength dur-~
ing tempering up to 100°C for the former and 200°C for the latter.,
The lncrement of ausform-strengthening remained the same on tem~
pering from subZero temperatures up to about 30° and then in-
creased, in agreement with the previous findings (Figure IV-8),.

An interesting feature of the flow curves cbtained at -100°C
(Figure IV-8) was the low strength level of both the unausformed
and ausformed martensites at small tensile strains, and the rapid
rate of strengthening during the first percent of plastic strain.
Such behavior has been observed by McEvily and co-workers(€l) in
a series of unausformed iron-nickel-carbon martensites with 0.017 -
0.57 percent carbon. They made no correction for the presence of
retained austenite, but concluded its transformation during test-
ing d4id not account for the low initiasl strength levels, This
conclusion was substantiated by the present results even after the
retalned gustenite was taken into account by the extrapoclation pro-
cedures.

Some electrical-resistivity measurements were made during the
tempering of regular and susformed martensltes at 100°C. Retained
austenite was present in these speclmens but, as King and Glover

have reported, (22) it did not transform during the tempering. These
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investigators also found that the resistivity changes on such tem-
pering was dlrectly proportiocnal to the amount of martensite, thus
making 1t possible to correct the measurements in Figure IV-ll to
100 percent martensite.

The ausformed martensite obviously tempered much more slowly
than the regular martensite, as indicated by the retarded decrease
in resistivity. This difference was also reflected by resistivity
measurements at -195°C made before and during tempering., For ex-
ample, the resistivity changes corresponding to 3 hours of temper-
ing at 100°C, when corrected to 100 percent martensite, were 2,91
microhm~-cm for the unausformed martensite and oniy 2.)l7 microhm—cm
for the ausformed martensite. This suggests that the regular mar-
tensite precipitated 1.34 times as much carbon as did the ausformed
martensite dQuring the given tempering treatment, and that carbon re-
moval from the martensitlec solid solution, whether by clustering or
precipltation, was being inhibited in the ausformed martensite. An
alternate explanation based on the depletion of carbon from the par-
ent austenlte durlng the ausforming deformation (leaving less car-
bon available for the tempering process) was considered unlikely be-
cause no evidence of carblde preoi?itation in the austenite has been
found with the electronmicroscope.id)

_ Careful exanmination of the autographlic load-elongation charts
Vlelded some 1mportant observations on the strain-sging behavior of
ausformed and unausformed martensite, During each tensile test at
30°C, the speclimen was unloaded after about 1.7 percent plastic
straln, and then reloaded for continuation of the test. Plastic
flow did not resume untll the load attained a higher value than the
level at which unloading wes begun, but there was no yleld drop.
The higher flow stress remasined steady during further straining un-
til it met the extension of the original flow curve, after which
straln hardening set in once more. The aging time during the un-
loading cycle varled from two to eight minutes, but produced little
effect on the strain-agling phenomencn. Evidently, the aging oc-
curred very rapidly, within the first minute or two at 30°C.

The increment in flow stress cazused by the aglng was found to
be an increzsing function of the martensite content, In most in-
stances, no detectable straln aging was observed in the austenlte.
The flow-gtress increments for speclmens contalning 70 to 85 percent
martensite and tested at 30°C are shown as a function of the prior
tempering temperature in Figure IV-lZ, The difference in the be-
havior of the ausformed and unausformed martensites was striking.
Considerably more strain aging occurred in the ausformed marten-
site after all tempering treatments, although tempering reduced the
strain aging in both the ausformed and unausformed martensites. Dur-
ing the testing of one ausformed specimen tempered at 200°C, the
straining was interrupted for only 15 secondes without removal of
the load. The increase in stress observed when stralning was re-
sumed is also plotted in Figure IV-lZ; this straln aging had at-
tained half of the increment observed after several minutes of
aging in the unloaded condltlon.

Analogous strain a%%g§ was found by Stephenson and Cohen on

unausformed 4340 steel, the comparahle tests being those in
which retempering (aging) was limited to room temperature.
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The strain=-aging results described here exhibited the charaze-
teristics of stress-induced ordering of interstitlals, as discussed

by Wilson and Russell for the case of ferrite.(14) Breyer and
Polakowskl have concluded that stress-induced ordering also occurs
within the strain flelds around dislocations in martensite. (25)

The stress-induced ordering in ferrite takes place within a minute
at room tempersature; in contrast, aging by the segregation of car-
bon to dislocations proceeds more slowly by a factor of several
thousand, Because the aging observed in the present ilnvestigation
was 80 rapid it was probably caused by the stress-lnduced ordering
of the interstitial carbon atoms near dlslocations in the martensite.

According to Wilson and Russell,(24) the increase in yield
gtress of ferrite caused by stress-induced ordering is directly pro-
portional to the dissolved interstitizl content, with a proportion-
ality constant of 18 KSI per atomic percent carbon (and nitrogen)
when aged in the unlcaded condition. This flgure leads to a pre-
dicted stress 1ncrease of 34,8 KSI by stress-induced ordering in
a 0.4 weight percent martensite. If the strain-aging increments
reported in Figure IV-1Z2 for tempering at 100°C are linearly cor-
rected to 100 percent martensite, they become 12.1 KSI for the aus-
formed martensite and 6.2 KSI for the unausformed martensite. Com-
raring these figures to 34.8 K5I provides a measure of the fractiomn
of the iInitial 0.4 percent carbon remaining in solutlion after the
tempering treatment, This simple proportionality gives 0.14 per-
cent carbon still in solution in the tempered ausformed martensite
and 0.07 percent in solutlion in the tempered regular martensite.

There are so many differences 1n substructure between ferrite
and martensite that the extension of Wilson and Russell's data to
mertensite can only be regarded as a very rough approximation,
Nonethsless, the strain-aging measurements in Figure IV-12 now of-
fer strong evidence that more carbon was retained in solid solu-~
tion to higher tempering temperatures in the ausformed martensite
than in the regular martensite,

D. Discussion of Results

It 1s evident from Fisure IV-l0 that ausform-strengthening oc-
curs even in virgin martensite, and that the strengthening incre-
ment remains the seme on aging or tempering at least up to 30°C.

At the szme time, the strength of both regular and ausformed mar-
tensite increases remarkably wilth the tempering temperature in this
range.

Because the strengthening respomse to tempering at higher tem-
pering temperatures is not the same in regular and ausformed mar-
tensite, the ausform-strengthening increment is approximately
doubled by tempering at 200°C compared to tempering at 30°C or be-
low. This phenomenon results from the more rapid weakening of
the unausformed martensite on tempering beyond 100°C.

Referring to the 30°C tests, the ausform-strengthening index
can be obtained by dividing the increment in strength by the 75 per-
cent reduction in area used for the ausforming, The index 1s
525 psi/% for a tempering temperature of 30°C, and this represents
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the response of untempered martensite as well, Cohen has reported

an index of 300 psi/% for a low-ocarbon iron-nickel alloy.(4) Tem-
pering the present 0.4 percent carbon iron-nlokel alloy at 200°C
raises the index to 1080 for an ausforming temperature of 126°C
and to 1280 when the ausforming is performed at 225°C., The latter
value compares favorably with the ausforming response of high-
strength steels such as 4340 and H11,(7,26)

Justusson and Schmatz have found somewhat gimilar results on
an iron-4 percent nickel - 12 pefc?nt chromium - 0,35 percent car-
bon stesl having an M, of 100°C, (5 The strengthening index was

about the same as for the present iron-nickel-carbon alloy, when

tempered at room temperature and at 280°C. However, thelr aus-

forming was performed at 510°C, and the ausformed martensite did

not soften even when tempered at 430°C. This greater resistance
to softening seems to be related to the presence of chromium,

Although the results assembled here do not point unequivocally
to a complete interpretation of the strengthening of ausformed mar-
tensite, they do indlcate what may be the dominant strengthening
mechanisms in the iron-nickel-carbon alloy at hand. Perhaps the
pivotal data are the strain-aging effects (Figure IV-12) which
strongly suggest that more carbon remains in solution when the aus-
formed martensite is tempered than when the regular martensite is
tempered, although some carbide precipitation takes place in both
cages, The resistivity changes on tempering (Figure IV-1l) also
support thls coneclusion, If the resistivity changes during tem=-
pering are assumed to be proportiocnal to the carbon removed from
sclution in the martensite, the regular and ausformed martensite
can be readlly compared on this basls, As previously mentioned,
after tempering for 3 hours at 100°C, the regular martensite pre-
cipitates l1l.34 times more carbon than does the ausformed marten-
site, A similar calculation for the strain-sging changes shows
this factor to be 1.27, which 18 in good agreement considering the
widely different nature of the two sets of measurements.

_From these figures we may infer that within the ususl filrst
stage of tempering, a larger proportion of the strength of aus-
formed martensite is due to solid-solutlon hardening than is the
case with regular martensite. On tempering at 100°C, the aus-
form-strengthening increment is only slightly enlarged over that
produced without temperling. This bshavior ¢zn be attributed to
the precipitatlion hardening which occurs in the early stages of

tempering(go) and which more than makes up for the reduced s0lide
solution hardening, thereby raising the strength level of both
types of martensite a little, However, as the temperlng process
proceeds at 200°C and the dlspersion of epsilon carbide in the un-
susformed martensite coarsens beyond the optimum for precipltation
hardening, the difference in sclid-solution strengthening 1n the
two types of martensilte becomes more evident, In the prevalling

carbon range, the work of Winechell and Cohen(20) has shown that
small differences in solid~solution carbon make relatively large
differsnces in the flow stress.

Of course, 1f less carbon precipltates in the ausformed mar-
tensite, one would expect a difference in the carblde morphology.
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Investigations by electron microscopy on this point haﬁe been some-
what conflioting.({5,27,28,29) Some alteration of the carbide dis-
persion ig usually noted, but in two instances, reduced amounts of

carbide were observed in the tempered susformsd martensite.(5s27)
The electron micrographs in Flgure IV-13 show less precipltated
carbide in the ausformed martenslte than in the regular martensite,
although a quantitative estimate cannot be made by thls approach.
Rather, the resistivity and strain-aging measurements, indicating
the amount of carbon remaining in solution, are more capable of di-
rect interpretation. From these findings it is concluded that re-~
tention of carbon in solutlon and the accompanying resistance to
carbide ocoalescence account for the enhanced stablllty of the
strength of ausformed martensite during tempering.

While the effect of ausforming on the tempering kinetics has
not been investigated in detall, the indications are that the driv-
ing force for the precipltation of epsilon carbide is diminished.
This could be a consequence of the trapping of carbon atoms at the
extra dislocations or even in lattice vacancies, as proposed for the
more severe case of straln-tempered martensite in Section Vi these
traps constitute more stable positions for the carbon stoms than do
the interstitial sites in the martensite, At the same time, the
"stabilized® carbon atoms can contribute to both the general strength-
ening and the strain-aging phenomenon, because these atoms will have
to be foreced into the high-energy interstitial sites in order to
move the disloeations,

Having rationalized the effect of ausforming on tempering we
now conslder the ausforn-strengthening of the untempered martensite.

Thomas et al,(s) have reported that the presence of dissolved ocar-
bilde~forming elements in the austenite greatly increases the strain-
hardening response of the austenlite, and that the strength of the

resulting ausformed martensite 1s also benefited.(s) This suggests
that one might gage the strengthening obtainable from ausforming by
noting the strain-hardening of the austenite. For example, Cohen
found that 75 percent reduction of iron - 31.9 percent nickel,

0.017 percent carbon austenite at 300°C ralsed the flow stress by

50 KSI,(4} whereas with the present 0.4 percent carbon alloy, the
same reduction in area at 275°C ralsed the austenite to flow stress
by 90 K3I, The difference ls undoubtedly the result of carbon-
dislocation interactions in the austenite, inasmuch as there is no
evidence that carbldes pre%é?itate from the zustenite under these

conditions., Thomas et al have examined an iron = 28 percent
nickel - 0.3 percent carbon austenite deformed 30 percent at 510°C
by transmission electron mlcroscopy. In contrast to similar ale
loys containing carblde~forming solutes, they were not able to de-
teect any carbide in the deformed iron-nickel-carbon austenite., As-
sumlng that this observatlion also applies after deformatlon at the
lower temperaturses studled here, the interaction responsible for
the increased strain hardening of asustenlte in the presence of car-
bon must be one that retains the carbon in solution.

A simple explanztlion can be offered for the effect of carbon

on the straln hardenling of austenite. It 1s known that the rapid
work hardening of FCC single crystals in stage II is prolonged by
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FIGURE IV-13. Electron-Replica Micrographs of Regular and Ausformed
(75 Percent Reduction at 225° C) Martensites, Subsequently
Tempered at 200° C. Static Shadowed with Chromium.
Nital Etch. 10, 000X.
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the presence of solute atoms.(so) Cross sllip and dynamic recovery
which give rise to the decreasing rate of strain hardening denoted
by stage III are hindered, Thus,the dislocation density rises
more rapidly in the presence of solutes, in that concurrent re-
covery does not set in so soon. Most of the available datadlong

these lines are for substitutional solutes, but Fleischer and Hib-

bard(31) point out that the important distinction between substi-
tutional and interstitlal solutes depends mainly upon whether the
distortion produced by the solute ztom is symmetrical or tetragonal.
The interstltial sites occupied by carbon atoms in sustenite are
symmetrical, so that the effect of carbon on the strain hardening
of austenite can be explained in the same way as for substitutional
solutes in FCC materials,

Because of the diffusionless nature of the martensitic trans-
formation, the dislocation substructure in the straln-hardened aus-
tenlte 1s carried over into the martensite. Consequently, the re-
sulting dislocation density is higher in ausformed martensite than
in regulsr martensite, and 1ls further increased by the presence of
carvon, This inherited dislocation substructure ls believed to
be the prineipal czuse of the ausform-strengthening observed in
virgin martensite,* However, part of this strengthening may also
be attributable to the reduced plate size of the ausformed-mart? -
site, a factor which can operate even in the absence of carbon, (4)

It is recognized that the changes in magnetization and M; tem-

perature resulting from the deformation of austenite could be con=
strued as evidence of lron-carblide precipitation. In fact, a gim-
ilar raising of MS in an ausformed alloy containing strong carblide-

forming solutes (H-11) has been interpreted in just this way by

Haymond and rReuter, (32} we have not adopted that viewpolnt for the
iron - 23 percent nickel - 0.4 percent carhon alloy primarily be-
cause (a) the strain-aging behavior indicates that more carbon

is in solution in the ausformed martensite than in the unausformed
martensite, and (b) no carbides have been observed by electron mi-
eroscopy in the deformed iron-nickel-carbon austenites,

Moreover, although cementlite is ferromagnetic, a simple cal=-
culation will show that its preclpitation could not account for the
observed inecrease in magnetlzation in the deformed austenite.

Based on the specific magnetization of iron (182 erg/gm-gauss) and
of cementite (103.5 erg/gm gauss) in a field of 5000 oersteds, (33)
1t would require the precipltation of three-fourths of the carbon
in the austenlte to cementite to explaln the change in magnetiza-
tion at 326°C, whieh 1s the deformatlion temperature where the
change 1ls the smallest, Precipitation of this magnitude should
be readily detectable by electiron mlcroscopye.

¥ Previous studies on the internal twiming in iron-nickel-carbon(6)
martensltes have disclosed no definlte change in this structural
feature as a result of susforming. Hence, the presence or ab=-
gsence of internal twinning is not regarded as an important fac-
tor in the ausform-strengthening.
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We have concluded that the increase in magnetization arises
from the formation of a minor quantity of finely-dispersed mar-
tensite due to a lowering of the effective carbon content by trap-
ping of the interstitial atoms in lattice imperfections, Most
likely the 1mperfections active in this respect are the disloca-
tions generated during the plastic deformation of the austenite,
but vacancles are also a possibility for carbon trapping, s dis-
cussed in Section V of this report. The postulated formation of
martensits is consistent with the decrease in electrical resisti-
vity that attends the deformation process.

When the virgin martensite (whether ausformed or unausformed)
1s heated from subzero temperatures to room temperature and some-
what above, substantial strengthening tekes place in both types of
martensite, Considering the low temperature range involved, 1t
is not likely that enough epsilon carblde could precipltate to ac-
count for the strengthening. Instead, this interesting phenome-
non undoubtedly reflects the very low flow stress exhibited by vir-
gin martensite at low strains. A8 MoEvily et al(2l) have found,
tempering even at room temperature removes this snomslous behsavior,
and the strength level at low strains rises rapildly. On the other
hand, the increment of ausform-strengthening is not affected by
these 1nteresting changes, and so thelr origin will not be exam-
ined here,

All of the strengthening mechaniems dealt with in this inves-
tigation relate to ellip, rather than mes ?al twinning, as the
prevalling mode of deformation. Richmen'S4) has reported that me-
chanical twinning becomes important in iron-nickel-carhon marten-
sltes when the carbon content is above 0.4 percent. However, in
the present alloy, optiecal microscopy revealed very few mechanical
twins in the tenslle-tested martensite, and 1t may be safely pre-
sumed that the operative strengthening processes are controlled by
sllp-interference mechanisms.,

E., Conclugions

l., The strength of iron - 23 percent nickel - 0,4 percent
carbon martensite in the virgin (unaged or untempered) condition,
tested at -100°C, is substantially enhanced by asusforming. How-
ever, the yleld strengths of both ausformed and unausformed mar-
tensites are very low in the virgin state, even after correction
for the retained austenite by extrapolation to 100 percent marten-
glte, The susform-strengthening in virgin martensite is thought
to result mainly from the lattice imperfections introduced into the
parent sustenite by the prior plastic deformation.

2. The extrapolation to 100 percent martensite requlires par-
ticular care because the flow stress at any gilven strain 1s not al-
ways a linear function of the retained-austenite content. The
linearity becomes more definite the higher the tempering tempera~-
ture and the higher the strain at which the flow stress is taken.

Y The yleld strength of virgin martensite, whether ausformed
or not, rises rapidly on tempering from ~100°C to slightly above
room temperature, but the lnorement of ausforme-strengthening re-
mains the same, With further tempering up to about 200°C the in-
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crement of ausform strengthening increases to a level comparable
to that obaserved in the more ocomplex steels contalning carbide-
forming elements. This change comes ahout because the ausformed
martensite resists weakening on tempering more effectively than
does the regular martensite.

4, Strein-sging and electrical-resistivity measurements indl-
cate that the rate of carbide precipltation on tempering is appre-
clably retarded in the ausformed martensite, Electron miocroscopy
geems to confirm this in the appearance of fewer carbldes during
tempering. Consequently, it 1s proposed that the greater reten-
tion of strength by the ausformed martensite on tempering results
from s larger component of interstitial solid-solution hardening
than 1s the case during the tempering of regular martensite. This
difference in tempering kinetles 1s asoribed to the trapping or
satabllization of carbon atoms at lattice imperfections in the aus-
formed martensite,
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V. STRAIN TEMPERING OF IRON-CARBON MARTENSITES
B, A. MacDonald*

A, Introduction

Untempered or tempered martenslte can be further strength-
ened by plastic deformatlion and subseguent tempering. Such
strain tempering involves an interaction between the normal stages
of tempering and the imperfections generated by the deformation.
Under some conditlons the resultant enhancement in strength 1is
striking.,

Several studles have shown that the yleld and tensile strengths
of martensitic steele can be lncreased significantly through a com=-
bination of plastic straining and retempering (l-5). A systematic
investigation of straln tempering was conducted by Stephenson and

Cohen, (1) encompassing a wide range of pretempering, straining, and
retempering treatments on AISI 4340 steel, Pretempersd speclimens
were deformed to O, 1 and 3 percent tenslle straln, and the ten-
8lle propertles measured after retempering. The greatest strength-
ening due to this process was found when the martensite was pre-
tempered at relatively low temperatures ( ~200°C), strained 3 per=-
cent, and retempered at about the same temperature. Retempering
treatments above the pretempering temperature caused a progressive
loss of the strengthening increment due to straln tempering.

Breyer and Polakowski(g) have since studlied AISI 4340 steel,
cold drawn to reductions in area of 3-8 percent, With deformations
over 4 percent, straln tempering was found to result in light-
etching martensite. Thig effect was attributed to reduced amounts
of epsilon carbide precipltating in the martensilte. To account
for this phenomenon it was proposed that carbon atoms may prefer
to reside in the tenslile-gtressed reglons around dislocations rath-
er than occupy positions in the epsilon-~ocarbide lattice.

This light-etching characteristic of strain-tempered marten-

gilte was reported sarlisr for plailn-ocarbon steels by Wilson(s) who
used a Vickers-type pyramid lndenter to deform the martensite. He
concluded that, when as-quenched or low-tempered martensite ls de-
formed and retempered, the precipitation of epsilon carbide is in-
hibited at temperatures up to about 200°C, whereas the preclpita-
tion of cementite is little affected at higher tempering tempera-
tures, The dislocations introduced by the plastlc straining were
consldered to provide sufficiently stable sites for the carbon atoms
in the martensite to retard the kinetles of epsllon-carbide preclipl-
tation,

In the present investigation the hardness-indentatlion method
of deforming the martensite was adopted in order to examine the ef-
fect of large plastic strains and to accentuate the phenomena that
are operative in strain tempering. A Rockwell diamond conical
brale was employed for this purpose. Both the pretempering and
retempering temperatures were varied aystematically for three plain.
aarbon steels. The hardening response wag determined by micro-

* Now at Ingersoll-Rand Company, Princeton, New Jersey.
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hardness tests in the deformed reglion=, and the structural changes
were gtudied by light and electron mlerosocopy. Speecial attentlon
was gilven to the roles of epsilon carblde and cementite in the pre-
tempered martensite, and to the imperfection/carbon interactions
during the rotempering stage.

B. Experimental Details

l. Materiazls and Heat Treatment - Table V-1 lists the steel
compositions investigated in thls pzrt of the program, The speci-
mens were in the form of 1/8-inch thick discs cut from 5/8-inch
dlameter rod in the annealed condition. The end faces were sur-
face ground to a disec thickness of 0.09 ineh, wet ground on 240-
grit paper, and the edges beveled to reduce quench-cracking ten-
dencies durlng the subsequent hardening.

The discs were austenitized for one hour at 805 + 5°C (0.80
percent carbon steel) or 1000 + 5°C (0.18 and 0.38 percent carbon
steels) under an argon atmosphere in Vycor tubing, and then quenched
into iced brins, The pretempering, if any, was carried out for
one hour in an oil or salt bath, followed by water quenching to room
temperature, Retempering after the plastic straining was conducted
in a similar way. The retained austenite was always less than
10 percent,.

2. Brale Indentation and Microhardness Tests - A standard
Rockwell diamond indenter (with a conlcal apex angle of 120° round-
ed to a radlus of 0,20 mm) was used for imparting plastic deforma-
tion to the martensites, From pravious studies of plastic flow
under such conditions,(6,7) it appears that the maximum plastic
strzin oceurs at the tip of the indentation and varles inversely
28 o functlon of the cube of the radial distance. However, this
relationship also depends on the size of the indentation; hence,
the latter wae gtandardized in the present work by adjusting the
applied load in the Rockwell hardness machine to glve impresslons
of 0.40 + 0.2 mm diameter for the 0.80 carbon steel, and 0,48+0,02
m for the 0,18 and 0,38 carbon steels. These indentation sizes
were chosen to correspond to those obtalned with the conventional
Rockwell C test for the as-hardened 0,80 and 0,38 ocarbon steels,
respectively.

Vickers microhardness tests (DPH) were carried out on pol-
ished ard etched sectlons along traverses leading radially away
from the brale indentations. Inasmuch as the maximum hardness ine-
variably occurred near the indentation apex, most of the hardness
readings were taken on surfaces carefully ground to a depth (be-
low the original surface) where the indentation diameter tapered
down to 0,10 - 0,14 mm, Unless otherwlse specifled, the micro=-
hardness readings revorted in the following filgures and tables
were taken at this level below the original surface., Figure V-1
illustrates how the microhardness decereases with distance from the
indentatlion edge, when measured at two levels below the original
surface, Micorohardness determinations on sections passing through
the axis of the indentation indicated similar trends.

It was found that the Vickers hardness measurements were not
sensltive to the state of residual sptress around the brale irndenta-
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TABLE V-1

Composition of Steels

(Welght Percent)

Steel No, C Mn Si S P
1 0.18 0.86 C.19 0.037 0,009
2 0.38 0.75 0,23 0,024 0,014
3 0.80 0.81 0.17 0.025 0.014
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tion, in contrast to Knoop hardness measurements.(e) Hence, the
Vickers readlings were relied on for the present purposes. In some
instances, 1t was only nscessary to deal with the maximum effects
occurring near the apex of the indentation; in such cases, at least
four Vickers hardness readings were averaged at 0,05 mm from the in-
dentation edge.

5. RJBleotron Microscopy - The electron microscopy involved ro=-
tary-shadowed replicas, ocarbide-extraction replicas, and thin-foll
transmission speclmens, Areas ad)acent to, and far away from, the
brale indentations were compared in this way, The rotary shadow=-
ing was deposited on collodlon replicas stripped from specimens that
had been etched with 2 percent nital containing zephiran chloride.
Good results were obtained with chromium shadowing at an angle of 30°,
and wlth sllicon monoxide at 90°,

G?rbide-extraction techniques for electron microscopy are well-
nown, {9-11) but the procedure described here proved to be especially
appropriate for the extraction of epsilon carbide under the condi-
tions at hand. After metallographle polishing, light etching, and
repolishing with dlamond paste, the speclimen was heavily etched with
2 percent nital, rinsed in alcohol, and dried in a hot-zir stream.
The surface was then molstened with methyl acetate, and a strip of
acetyl cellulose plastlc applied. After drying, the strip, together
with the adhering carbldes, was removed and coated with a thin layer
of evaporated carbon The plastic strip wes then dissolved away by
the method of Jaffe. (12)

The Glenn- Reley technique(ls) of electrothinning was used for
preparing the transmission folls, Disc specimens 5/8-inch thick in
dlameter were wet ground to 3 - 4 mils thickness, the edges were lac-
quered, and the electrothinning was carried out in a chromic-gcetic
acid electrolyte until seversl holes appesared. The holes were al-
lowed to grow until the remalning bridges between =d)zacent holes
could be cut out for electron microscopy. These pleces were cleaned
in ethyl alcohol, and examined at 100 kilovolts in a Siemens Elmi-
skop I,

C. Experimental Resulis

1, Undeformed Martensites - The tempering behavior of the 0.18,
0.38, and 0.80 percent carbon martensites was first studied in the
undeformed condition to provide a basis for later comparisons with
the strain-tempered martensites. The as=quenched structures ex-
hibited twimning (Figure V-2} in some of the martensitic plates of
the 0.38 and 0.80 carbon steels in agreement with previous work.{14)
Howiver, the 0.18 carbon martensite contained only disleocatlion net-
worxse,

Figure V-3 shows the hardness varlation with tempering tempera-
ture for these materials., As expected, 1ncreasing the carbon con-
tent raised the as-quenched and tempered hardness, At 100°C, the
hardness of the 0.80 carbon steel increased slightly due to pr?cigi-
tation of epsilon carbide during the first stage of tempering, (15
Although epsilon carbide could not he extracted at this low tempera-
ture, this was possible after tempering at 150, 200, and 260°C. The
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FIGURE V-2. Internally Twinned Martensite in 0. 38 Percent
Carbon Steel. 40, 000X
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0. 25

FIGURE V-4. Replica-Extraction of Epsilon Carbide from
0. 80 Percent Carbon Martensite, Tempered

at 200° C for One Hour. 60, 000X
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Epsilon Carbide 0.5n

FIGURE V-5. Replica-Extraction of Epsilon Carbide and
Cementite from 0. 80 Percent Carbon Martensite,

Tempered at 250° C for One Hour. 40, 000X



TABLE V=3
Diffraction of Cementite in Tempered Martenslte

Present Resulis (Electron Dif- Jack's(ls)Results (X-ray
fraction on Extracted Carbides) DAiffraction Without Ex-

traction of Carbildes)

Observed Spacings Observed Spacings
kX Intensity* kX Intensgity#
2.50 W 2.51 m
2.38 m 2.58 m
2.26 bi:}
2.21 m 2.20 m
2.09 B 2,10 W
2.06 ms
2,03 v8 2,04 - 2,00 (llane)
1.87 m
1.68 W 1.68 W
1.69 ms 1l.57 8
1.40 m 1.44 - 1,42 (200 )
Ure
1036 w 1134 - 1-52 m
1025 B 1122 - 1.21 VS
1.17 ms 1.18 - 1,18 (211 )
Gpe
1.09 mwW
1.05 W 1.02 - 1.01 (22an3)
0.994 m

vw = very weak, w = weak, m = moderate, ms = moderately strong,
= gtrong, vs = very strong
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epsilon~carblide diffrsotion spacings are listed in Table V-2, and

agree olosely with existing data.(ls'ls} After tempering for 1 hour
at 150°C, the extracted epsilon carbide was rather dendritic 1in
form, but holding for 10 hours at 150°C or 1 hour at 200°C produced
platelike epsilon carbide with moderately sharp diffraction spots
(Figure V-4§. The fourfold pymmetry of the spots wlll be diseussed
later.

On further tempering these steels to 250°C, the drop in hardness
corresponded with the formation of cementlte, This phase gave many
more diffraction spots than the epsilon carbide, and was easlly recog-~
nized in the carbilde-extraction replleas. An example of the two
types of carblde coexisting in the 0.80 carbon steel tempered for 1l
hour at 250°C 1s shown in Figure V-5, The electron-diffraction
lines obtalned from cementlte are listed in Table V-3 along with

Jack!s x-ray results-l6 on cementlte in tempered steel,

The structursl changes in the 0,80 carbon steel due to tempering
between 200° and 700°C are illustrated in Filgure V-6. Thin, irregu-
lar plates of epsilon carbide emerged after tempering for 1 hour at
200°C, intersecting the surface at many angles, Considerable plt-
ting of the carbide was noted at this stege. On tewpering at 300°C,
cementite became the dominant carblde at the expense of the epsilon
carbide, and took the form of platelets lying both along martensitic
boundaries and within the martensitlic grains, After tempering at
500®C, thick cementite plates were found preferentlially at the prior
martensitic boundariles, most of the cementite particles within the
martensitic gralns having dissolved. Upon tempering at 700°C, this
process of coementite coalescence developed further, leaving massive
oval=-shaped particles along the ferritle boundaries, At this point,
the ferritic grains were still elongated in configuration, although
somewhat coarsened compared to the aclcular structure of the original
martensite.

Among the three steels studied, there were two notable differ-
ences in the atructural changes on tempering. The amount of epsilon
carblde 1n the 0.18 percent carbon steel asppeared to be quite minor
compared to that in the two higher-carbon martensites, and sphero-
dization of {he cementite occurred more slowly (maintaining an elon-
gated form) in the 0.80 carbon steel than in the two lower-carbon
materials. '

2, Deformed Martensites - The brale-indentation method adopted
here for deforming the martensite made it possible to impose large
plastic strains desplie the attendant brittleness. The resulting
strainhardening of the 0.80 carbon martensite, pretempered at various
temperatures before the indentation straining, is summarized in Fig-
ure V=7, Fcr all such pretempers, the hardness was highest near the
indentation edge,” and decreased with increasing radial distance until
the hardness level of the undeformed matrix was reached. The greatest
degree of straln hardening was noted ln the as~quenched martensite.

—

m -
Note that the microhardness data given in this and subsequent fig-
ures were taken on sections ground below the original specimen sur-
face, as described in the sectlion on Experimental Detalls.
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20, 000X A. 200° C 1n 20, 000X B. 300° C 1

—
20, 000X C. 500° C 1p 10, 000X D. 700° C 21

FIGURE V-6. Electron-Replica Micrographs of 0. 80 Percent Carbon
Martensite, Tempered at Indicated Temperatures for
One Hour. Rotary Shadowed. Modified Nital Etch.
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FIGURE V-7. EFFECT OF STRAIN HARDENING BY BRALE INDENTATION
OF 080 PERCENT CARBON MARTENSITE, TEMPERED FOR | HOUR AT
INDICATED TEMPERATURES PRIOR TO INDENTATION.
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0.80 PERCENT CARBON STEEL,
HARDENED AND PRETEMPERED
AT 25°C
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FIGURE V-8. HARDNESS OF DEFORMED (AT 005 mm
FROM BRALE INDENTATION EDGE) AND UNDEFORMED REGIONS
IN 0.80 PERCENT CARBON STEEL AS A FUNCTION OF
RETEMPERING FOR | HOUR AT INDICATED TEMPERATURES.
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FROM BRALE INDENTATION EDGE) AND UNDEFORMED REGIONS
IN 0.80 PERCENT CARBON STEEL AS A FUNCTION OF
RETEMPERING FOR | HOUR AT INDICATED TEMPERATURES.
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FIGURE V-10. HARDNESS OF DEFORMED (AT 0.05 mm

FROM BRALE INDENTATION EDGE) AND UNDEFORMED REGIONS
IN O0.80 PERCENT CARBON STEEL AS A FUNCTION OF
RETEMPERING FOR | HOUR AT INDICATED TEMPERATURES.
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Remarkably little strain hardening wag observed after pretempering
in the range of 200 = 500°C. Yet, after pretempering at €00°C and
700°C, the strain hardening became appreclable again,

To describe the hardness change taking place on retempering
after the sbove plastlic straining (this combined process belng the
same ag strain tempering), it is convenient to divide the pretemper-
ing into two temperature ranges according to whether epsllon or ce-
mentite 1s the predominant carbide formed prior to the straln temper-
ing. Also, to emphasize the underlylng phenomena, only the reglons
of maximum deformation near the rim of the brzle indentations have to
be compared with the unformed regions farther away, as is done in
Figures V-8 to 10, This short-cut makes it unnecessgary to plot the
type of hardness-gradient curves shown in Figure V-7,

For protempering temperatures up to 200°C (see Figures V-8 to
10 for the .80 carbon steel), the deformed martensites generally
malintalned their increments of strain hardening on retempering up to
150° = 200°3, In fact, some further hardening often occurred with-
in this low retempering range, Upori retempering above 200°C, the
extrs hardnesss of the deformed martensites diminished progressively,
and vanished at about 700°C for the 0,80 carbon steel, at 600°C for
the 0,38 carbon steel, and at 550°C for the 0,18 carbon steel. Hard-
nesg data for the latter two materlals are listed in Table V-4, Af-
ter tempering at 700°C, the deformed martensite in the lower-carbon
gteels actuslly becsme softer than the undeformed martensite.

In these straln-tempering experiments on martensites as-quenched
or pretempered up to 200°C, important differences in the carbide-
precipitation morphology took place, as compared to the normal tem-
pering processes in undeformed martensltes. The electron mioro~-
graph in Figure V-1l 1llustrates how the martensitlc plates were dis=-
torted by the plastic straining near the brale indentations, Upon
retempering, the martensite in such deformed reglons tended to re-
gist etching, in contrast with the regular dark-etching of the unde-
formed regions, This light-etching effect around the lndentations,
previously observed by Wilson,\3) was brought into highest contrast
by tempering at 200°C after the plastic straining (Figure V-12).

This phenomenon was noted 0 varylng degrees in all three steels, but
it was most conspicuous in the 0,80 carbon steel.

As mentioned earller, epsllon carblde could be detected 1n the
replica extractions after tempering the undeformed martensites at
150° - 250°C. Yet, when the martensltes were pretempered at 100°C
or below, and then indented and retempered at 200°C, practically no
epsilon earblde could be found in the replica extractions of the
light-etching regions. In another serles of extractions, the specl-
mens were pretempered at 150°C to produce epsilon carbide in appre-
ciable amounts prior to the plastic straining; after retempering at
200°C, much less epsilon-carblde was detected in the light-stching
zones than in the undeformed regions. Moreover, the diffraction
patterns of the epsilon carbide were more diffuse in the deformed
zones,

It was also found that the epsllon carblde generated during the
pretempering operation ocould be made to disappear progresslively by
strailn tempering. Several 0.80 carbon steel specimens were pre-
tempered for 5 hours at 150°C, indented, and retempered for perlods
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A. Undeformed 1l
Region

10, 000X

10, 600X B.

Deformed o
Region

FIGURE V-1l1l. Electron-Replica Micrographs of 0.38 Percent

Carbon Martensite, Indented and Tempered at

200° C for One Hour. Rotary Shadowed. Modified

Nital Etch.
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FIGURE V-12.

Light-Etching Region Around a Brale

Indentation in 0. 80 Percent Carbon Martensite,
Tempered at 200° C for One Hour after Indentation.

Modified Nital Etch. 75X
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20, 000x% C.

FIGURE V-13.

500° C

1p 10, 000X D. 700° C 21

Electron-Replica Micrographs of 0. 80 Carbon Martensite,

Plastically Deformed by Brale Indentation, and Retempered

at Indicated Temperatures for One Hour. Rotary Shadowed.
Modified Nital Etch.
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up to 20 hours at 150°C, The light-ctching zones were not inltial-
ly present after the deformation, but developed as a function of

time during the retempering at 150°C, As before, virtually no epsl-
lon carbide could then be detected 1n the deformed and retempered
regions by the replica-extractlon method.

On the other hand, when the pretempering was ralsed to 200°C,
the light-etching effect after subsequent deformatlion and retemper-
ing was less marked, and the corresponding reduction 1n epsilon car-
bide was snzller, Evidently the epsilon carblde formed durlng the
pretenpering at 200°C became more stable than that formed at 150°C.

After pretempering in the first stage of tempering and then
plastiec straining, as in the foregoing experiments, the first ex~
traction evidence of cementite preclpitation during retempering was
obtailned at 300°C, slthough the electron microscopy suggested ce-
nentite formation at 250°C. Flgure V=13 presents a series of ro=-
tary-shadowed electron microgrephs of the 0.80 carbon steels after
such straln tempering, whereas Figure V-6 shows the corresponding
structures without the plastic straining, i.e., after regular tem-
pering. On strain tempering up to 200°C, the structures were es-
pecially pitted, giving the impression of carbide films, but as pre-
viously emphaslzed, no carbides could then be detected by extrac-
tion and diffractlon methods. After retempering at 300°C, however,
cementite became clearly vislble and identifiable, snd there was rel-
atively little difference in the replica micrographs beiween the de-
formed and the undeformed regions (Figure V=-13B vs V=-8B). Howw
ever, it was surprising to find that retempering at 500°C and 700°C
digd csuse a difference in structure bhetween the deformed and unde-~
formed reglons,. After the 500°C retemper, the cementite particles
were finely spherocldized ln the deformed zones, but maintained an
elongated shape in the undeformed reglons. In both cases, coales-
cence occurred on tempering at 700°C, but some difference in particle
shape persisted (Figure V-13D vs V=-8D). At the same time, recrys-
talllzatlion of the ferrltlic matrix took place in the deformed zones,
leading to equlaxed ferritlc grains as compared to the aclicular fer-
rite inkerited from the martensite on regular tempering.

Unlike the 0.80 carbon steel, the 0,18 and 0.38 carbon steels
exhiblted delinitely less cementite in the deformed zones on strain
tempering at 300°C than during ordinary tempering. An example is
given in Plgure V-14, However, the cementlte partlcles were coarser
in the deformed zoneg than in the undeformed reglons, and they sphe-
roldized more rapidly on further tempering.

We now conslder further strain~tempering experiments in which
the pretempering was conducted at 300°, 500°, and 700° in order to
have cementite present before the plastlie straining and subsequent
retempering. The assoclated hardness changes for .the 0.80 carbon
steel are plotted in Filgures V-15 to 17. While the general hard-—
ness level decreased wlth increasing pretempering temperature in
this serles, the degree of straln tempering became more pronounced
~nd resulted in an extended hardness plateau after the 500° and 7T00°¢
pretempers. Data showling similar trends for the 0.18 and 0,38 car-
bon steels are glven in Table V-4,

This hardening due to strain tempering when cementlite was al=-
ready present in the pretempered martensite tocok place at retemper-
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FIGURE V-15 HARDNESS OF DEFORMED (AT O0O5 mm
FROM BRALE INDENTATION EDGE) AND UNDEFORMED REGIONS
IN 0.80 PERCENT CARBON STEEL AS A FUNCTION OF
RETEMPERING FOR | HOUR AT INDICATED TEMPERATURES.
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FIGURE V -16. HARDNESS OF DEFORMED (AT 005 mm
FROM BRALE INDENTATION EDGE) AND UNDEFORMED REGIONS
IN 0.80 PERCENT CARBON STEEL AS A FUNCTION OF
RETEMPERING FOR | HOUR AT INDICATED TEMPERATURES.
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B. Pretempered and
Deformed.

C. Pretempered, Deformed, Pretempered, Deformed
and Retempered at 300° C. and Retempered at 700° C.
FIGURE V-18. Electron Transmission Micrographs of 0.38 Percent
Carbon Steel, Hardened and Pretempered at 700° C

before Plastic Straining and Retempering at Indicated
Temperatures for One Hour.

D.
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ing temperatures below the pretempering temperature. An attempt

was made to reveal the corresponding changes in microstructure. The
replica~extraction technique showed only the ceme?tite exlsting be~-
fore the strain tempering. Also, point-counting(l9) on replica
electron micrographs disclosed no consistent change in the volume
percent of cementite due to such straln tempering. Electron trans-
misslon metallography was then applied to the 0.38 carbon steel pre-
tempered at 700°C, In this lnstance the plastic stralning was ac-
complished by overlapping indentations of a Brinell ball before the
retempering and electrothimning; this method of deformation was a-
dopted to provide larger regions for electron transmission micros-
copy than could be obtained in the deformed rim around s brale in-
dentatlion.

The results are shown in Figure V-18. The as-pretempered
(700°C) structure (Flgure V-18A) contained cementite particles ly-
ing mainly at grain boundaries; the ferritic grains were aclcular
In shape, and in some cases were separated from each other by low-
angle dislocation-type boundaries. After the plastic deformation
(Plgure V-18B), dense arrays of dislocations appeared in the fer-
ritic matrix, producing subgrains outlined by entangled disloecation
networks and attended by the strain hardening indlcated 1in Figure
V-l7. The further hardening caused by retempering at 300°C was ac-
companied (Figure V-18C) by some decrease in dislocation density and
the precipitation of small particles along the remalning disloca=-
tions. In line with the strain-aging studies of Keh and Leslle, (20)
this precipitate was judgell to be cementite, but it could not be
properly ldentified here because of the coarse cementite already
present.

It appears that the carbon for this fine carbide preecipita~
tion reslded in supersaturated solutlon in the ferritic matrix after
the pretempering at 700°C, and that nucleation was promoted by the
extra dislocatlons introduced in the plastlic straining. Yet, the
hardness increment due to the retempering at 300°C was independent
of whether brine quenching or furnace cooling was employed after the
700°C pretemper. This signifled that the degree of supersaturation
required for the strain-tempering phenomenon was relatlvely small,

On raising the retempering temperature to 700°C in thls se-
ries (Figure V-18D), the small carbides redissolved, the dislocation
networks disappearerd, and recrystallization of the ferrite matrix
took place. In the 0,18 carbon steel, the recrystallization a-
round the brale impression could be seen even at low magnifica-
tions (Figure V-19). Such recrystazllization caused the hardness
in the deformed reglons to drop below that of the undeformed re-
zions on retempering at 700°C, as shown by the cross-over 1n Fig-
ure V-17.

D, Discussion of Results

1. Tenmperines Behavior of Undeformed Martensiteg - The three
stages of tempering in plain-carbon steels have received the atten-
tion of many investigators.!<l-23) The present work is directed
primarily to the formation of epsilon carbide and cementite, the
maximum amount of retained austenite belng always less than 10 per-
cent. Thus, the second stage of tempering (involving the conver-
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FIGURE V-19. Recrystallization in the Strained Region Around
a Brale Indentation in 0, 18 Percent Carbon
Martensite Pretempered at 700° C, Indented,
and Retempered at 700° C for One Hour.
Modified Nital Etch. 100X
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slon of retained austenite to bainite) is not an important factor
here.

Epsilon carbide precipitates from the as-quenched martensite
on tempering up to 200°C (1 hour), but the replica extraction of
this carbide was successful only at 150°C zand above. Notwlth-
standing the recognized difficulties in this technique, the follow-
ing observatlons seem pertinent. (a) The structure of epsilon
carblde precipitated at low-temperi temperatures appears to be
dendritic with interlocking arms. I]‘%b) Additional tempering con-
verts this carbide into a platelike structure. (e) The electron
diffraction patterns for such plates are sharp, and are conslistent

with the known orientation relationship of (10,1)] | (101}, (00.1)¢ ||
(011) ,(18) 2nd (100}, as the hebit plenel22,25) Fisher(9)” nas in-

terpreted the previously mentioned four-fold symmetry as an indica-
tion thzt epsilon carbide lies with its (10.0) planes parallel to
the four (10l) planes of the parent martensite.

Although the precipitation of epsilon carblde is basically a
strengthening process, softening sets in toward the end of the firsy
stage of tempering because of carblde coalescence. This softening
continues with the formatlon of cementite in the third stage of tem-
pering. At tempering temperatures above 300°C, the cementite be-
comes coarse enough for some quantitative electron microscopy on the
intercarbide spaecings, whereas this approach was not at all feasible
with the epsilon-carbide structures. On the assumption that hard-
ness and yleld strength reflect approximately the same dependence on

the microstructural parameters,(25 Orowan's model{27) of dispersion
strengthening zives:

+ SGb (v-1)

H = Hpagpix Y

where H hardness of steel

Hmatrix = hardness of matrilx

¢ = a constant

G = shear modulus

b = Burgers vector of a glide dislocation

X\ 1g often regarded as the mean free distance between particles,(ge)

but Tyson(29) nas suggested that A 1s more properly defined as the

mean distance between nearest-neilghbor particles in a slip plane be-
cause this is the spacing parameter that a moving dislocation '"sees."
Measurements of A were carrled out for the 0.8 percent carbon steel,

according to the method of Tyson,(zg) and the results are plotted in
Filgure V-20 as a function of /% . The stralghtline relationship
observed for the hardness data corresponds to a tempering range of
300° to 600°C, Over this range, the slope is about the same as that
found by Tyson for the yleld-strength variation with 1/\ .
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Déspite this correlation which seems to support a2 simple dis-
perslon=-strengthening hypothesis for the highly tempered steels,
it should bhe emphasized that carbone-depletion of the matrix occurs
ag the tempering proceeds, and hence the matrix hardness ls not
held constant while the carbide distribution is changing. This may
explain why the 700°C hardness point in Figure V-20 1lies above the
linear trend displayed between 300° and 600°C. Furthermore, the
cementite distributlon is by no means random, as called for by the
simple theory. And, finally, in the straln-tempered martensites,
correlations with the carbide spacings of the type shown in Fig-
ure V-20 are not obtained because of the concommitant changes in
dislocation density as the intercarbide spacings are varied.

2, DTempering Behavior of Deformed Martensites - It is evident
that significant increments of hardening can be developed by the
strailn tempering of as~guenched or low-tempered martensites. The
resulting hardness gain may be reflected either by an increase 1in
hardness on retempering, over that contributed by the deformation
process ltself, or by retarded softening on retempering compared to
that shown by undeformed martensite durlng tempering. The maximum
degree of strain tempering takes place whan the retempering temper-
ature 1s no higher than about 200°C, and is not sensitive to the car-
bon content, At higher tenperatures the hardness increment of the
strain-tempered material above that achieved by regular temperlng
decreases gradually, and actually becomes negative when recrystal-
lization of the deformed matrix occurs.

As proposed by w1lson,(o) the most strikling hardness changes
associated with the strain-tempering process are related to the light-
etching phenomenon observed after the plastic straining of as-=quenched
or low=tempered martensites and retempering at about 200°C. The fact
that epsilon~carblde precipitation is inhibited, or that particles of
this carblde may even be dissolved if already present, indlcates
gtrongly that the plastlc straining provides relatively stable traps
for the carbon atoms. Indeed, these traps must constltute higher-
affinity sites for the carbon than does the epsilon-carbide struc-
ture, It is likely that both dislocations and lattlice vacancies
are important in thils respect, as will now be discussed.

The interaction of carbon atoms with dislocations in ferrlte
has received much attention.(Z,32=34) It is generally agreed that
the stress fields around edge or screw dislocations can acc?mmodate
the carbon atoms in preferred interstitlal sites in the BCC 54) op

BCT(2)unit cell. For example, an edge dislocation on a (110) slip
plane wlth the half-plane extending in the [001] directlon has as=-

sociated tenslle stresses which favor the location of carbon atoms

in interstitial sites between the {0l0] or [100] cube edges.(2

There are two obvious conditions which must be fulfilled to ac-
count for the presence of carbon atoms at dlslocations instezd of in
the epsilon-carblde structure. First, a sufficient number of dis-
locations must be avallable, and second, the binding energy of the
carbon atoms to dislocations must be greater than to the epsilon
garhide, There are 3.1 X 102l carbon atoms in one cubic centimeter
of the 0.8 carbon steel, Making allowance {or the low-carbon mar-
tensite ( ~0.2 percent carbon) which can normally coexist with ep-
silon carbide, this means that up to 2.5 X 102l carbon atoms/cm®
must be trapped by dislocations A1f epsilon carbide is to be inhibited
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from precipitating. Even for an exirenmely high dislocation density

of 1012/cm2, there would have to be some 70 carbon atoms trapped per
atomic »lane of iron.

If the carbon atoms could arrange themselves in such atmos-
pheres around the dislocatlons, the strength of the martensite would
be substantially ralised because of dislocation locking, and the ex-
tra hardness on strain tempering could be accounted for, However,
it is not likely that the precipitation of epsilon carbon would be
greatly retarded thereby. The b%nﬁ}ng energy between a carbon atom
and a dislocation 1s about.0.5 eVi38) but this applies only when the
carbon atom is very close to the dlslocation core; all the other car-
bon atoms 1in the atmosphere experience much weaker interactions (36
which are probably smaller than the binding energy of carbon in epsi-
lon carbide (~0.27 eV). The latter value was obtained by Arndt

and Damask(37) for the low~temperature carblde which preclpitates
from supersaturated ferrite.

Perhaps a more realistic pleture is one in which the carbon
atoms migrate along dlslocations and cluster at speocial sites, such

as Jogs or kKinks, In faot, Phillipa(54) has found evidence of car-
bon clusters on aging an 0,015 percent carbon ferrite, This con-

figuration could also lock dislocations qulte effectively for strength-

ening purposes but there would then be not nearly enough of such car-
bon traps to explaln the inhibition or absence of epsilon-carblde
formation during the first stage of strain tempering.

in alternate viewpolnt is that carbon atoms may be trapped in
lattice vacancles produced by the plastic straining of the marten-
slte, Thls situation would be rather analogous to the vacancy pro-
duction in supersaturated ferrite (0.015 p?rcent carbon) by neutron
irradiation, as described by Damask et al. 573 In the latter work
it wag conecluded that carbon atoms are trapped in the (iron-atom) va-
cancies wlth a binding energy of 0.41 eV, which represents a more
stable state for the carbon than does the first carbide (binding en-
ergy = 0.27 eV) that precipitates during ordinary aging. On the
other hand, the carbon 1s still more stable in cementite, the bind-
ing energy then being (according to various investigators) 0.42 eV(40),

0.52 ev(4l) op 0.89 ev{42), Thus, the existence of carbon-atom/
vacancy complexes in deformed martensite is a real possibility, and
thelr relative stability could nicely explain the reduced tendency
for epsilon-carbide formatlon during straln tempering.

Due to the lack of experimental data on vacancy generation by
plastic deformation, it is difficult to estimate the number of va-

cancies that might be expected in deformed martensite., Seitz(43)

and Cottrell(44) have proposed deformation mechanisms of vacaney pro-
duction, and van Bueren(45) has used Seltz's model to compute the
number of vacancles in deformed copper, as fg%lows: for 1 percent
plastic straig, 1019/om5; for 10 percent, 10 _/cms; and for 100 per-
cent, 10%/en®.  With the brale indentation used here, perhaps 10=50
percent plastie strain is a reasonable range in the light-etching rim,

Consequently, 1020 - 10%l/cm® vacancies may be present if the numbers
can be carried over to martensite, A dlfferent spproach to such esg-
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timates i1s to assume that some fraction (~ 2 percent) of the mechan-
ical work expended 1n the indentation process remains stgﬁed in the
martensite as vacancles, This calculatlion gives 3 X 10 vacan-

cies/cms. Such values are within an order of magnitude of the

2,5 X% 1021/cm carbon atoms which must be itrapped to suppress epsi-
lon-carblde formation.

From geometrical considerations of thls problem it is possible
to fill the iron-atom vacancy with not one but two carbon atoms and
$till obtaln a reduction in straln energy relatlive to the as-gquenched
interstlitlal state of the carbon atoms, Figure V=21 1llustrates
the trapping of two carbon atoms in an iron vacancy in BCT marten-
site, Considering the cearbon and iron atoms to be hard spheres of

2.478 and 1.410 kX(46) respectively, the lattice parameters of the
resulting cell can be calculated by minimizing straln energy in

terms of the angle ©. This glves the parameters of the hypothetical
cell as ¢ = 2,718 and a = 2,589 kX, compared to a, = 2.861 kX for the

lattice parameter of BCC iron. Although thils hard-sphere approxima-
tion is gquite crude, it does indlcate that two carbon atoms can re-
gide in an iron-atom vacancy without requiring severe distortion of
the iron unit cell, and the tetragonal symmetry of the as-gquenched
martensite is still preserved, If such a model 1s operative in the

0.8 carbon steel, about € X 1020/em® carbon atoms can be trapped by
vacancies, which i1s within a factor of four of that required. The
balance of the carbon atoms oould certainly be accommodated as clus-
ters around dislocations, In fact, the latter traps could more than
make up for any overestimates in the vacancy concentrations deduced
here.,

As suggested earller, the existence of carbon-atom/vacancy com-
plexes offers a possible explanation for the inhibition of epsilon-
carbide precipitetion on straln-tempering. In the extreme case,
there would then be no driving force for the preclplitation of epsi-
lon carbide because the lattice vacancies, once produced by external
means, would provide more stable sltes for the carbon atoms than does
the epsilon carblde. However, such trapplng should result in lower
strain fields around the complexes than around the original inter-
stitial carbon atoms in the as-quenched martensite, and c¢onsequently,
any such change in carbon position during strain tempering could not
be regarded as a strengthening mechanism, The strengthening would
seem to arise mainly from dislocatlion arrays generated by the plastic
deformation, snd thelr subsequent locking at strategic polnts by car-
bon elusters. This state of affalrs could persist on retempering
to 200°C becausse carbon-depletlon is retarded through the suppression
of epellon-carblde formation.

When the strain tempering 18 cerried to 250°C or above, cemen—
tite precipitates, the carbon now beilng more stable in thls carblde
than in the vacancy traps. Nevertheless, the driving force for ce-
mentite nucleation is now smaller than in the case of normal temper-
ing where the epsilon cerbide of the first stage 1s converted into
cementite during the third stage, This explains why, at least in
the 0.18 and 0,38 carbon steels, fewer cementite particles nucleate
(at 300°C) in the deformed martensite than in the undeformed marten-
slte, In addition, spheroidization of the cementite proceeds more
ropldly in the deformed than in the undeformed regions; this could
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BCT UNIT CELL (110) PLANE

FIGURE V-21 TWO CARBON ATOMS TRAPPED
IN A VACANCY IN MARTENSITE
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he a consequence of the vacancies released when the carbon atoms
pass from the vacancy traps to the cementlte. During this higher-
tempersture tempering, the hardness increment of the strain-ten-
pered martensite over that of stralght-tempered martenslte gradu-
ally vanishes as the dislocatlon densities converge on each other.
St1ll, the difference in hardness 1s not entirely wiped out until a
relatively high tempering temperature is resched, because the ree
ncval of the extra dislocations in the dsformed muterial ls impedeld
by the cementite particles.

When the strain tenpering is carried out after pretempering Lo
produce cementite instead of epsilon carbide, straln hardening as-
sociated high dislocation demnsities 1s again observed, but there is
no indlcation that the existing cementite 1s appreclably dlssolved
in this process, If the dislocations or lattlee vacancles provide
traps for carbon atoms in this instance, the carbon involved must
come principally frcem the ferritie matrix, as in the case of strain
aging or quench sgling of low-carbon ferrites. Yet, the further
hardening end retentlon of the strain hardening on retemmerinz to
rather high temperatures suggests that cuch small carbon contents
are important in the locking of the extra dislocations. In faet,
tiny carbide particles, presumably cementite, are found to vrecipi-
tate on the dislocations during retempering, and they undoubtedly
help impede the ammealing-out of the dislocations. Accordingly,the
hardness changes durlng strain tempering of this sort seem to depend
on the locklng and stablillization of high dislocation densities gen~
erated by the plastic deformztion, rather thzn on dispersion harden-
ing due to the cementite particles per se. This is probably why the
strain-tempered materizls do not exhihblt a closgse relztionship between
the hardness achieved and the intercarblde spaecings, sucil as is ob-
served for the regulzrly tempered martengltes in the cementite-
precipltation range.

E. Conecluslons

l, Martensites in the range of 0.18 - 0,80 percent carbon
studled here follow the normal stages of tempering. The initial
form of epsilon carbide 1s dendritic, while further tempering coers-
ens it into plates. With the subsecuent precipitation and growth
of cementite, the steel hardness varlies as the lnverse of the mean
distance between nearest-neilghbor particles,

2. Plastic streining of martensite develops substantial in-
cregses in hardness with combinations of low pretemperling and retemw
pering temperatures. However, the hardening increment thus derived
is insensltive to the carbon content, at least between 0.18 and 0.80
percent.

3. Plastic straining znd retempering of martensites pretem-
pered below Z200°C tends to suppress the formation of spsilon carblde
during the retempering or even to dissolve it if zlready present,
Evidently the trapping of carbon atoms by dlslocatlions and lzttice
vacancies 1s sufficient to inhiblt the first stsge of tempering.

A model of two carbon atoms per iron vacancy ls suggested for the
carbon-atom/vacancy complex.

4, The increased hardness of straln-tempered steels stems
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primarily from the dislocation structure introduced by the plastie
deformation. Additional strengthening and the retention of the
strain hardening through the first stage of tempering can be account-
ed for by persistent oclusters of carbon atoms which lock these dls-
locatlons,

5, Cementite nucleatlon in the third stage of tempering is re-
tarded by prior deformation of the martensite; this phenomenon 18 at-
tributed to the trapping of carbon atoms in lattice defects, thereby
reducing the driving force for cementlte precipitation. However,
spheroldlzation of the cementite 1s accelerated under such conditions,
and it is suggested that the vacancies released from the carbon-atom/
vacancy comolexes are responsible.

6, The hardness of sirain-tempered martensltes pretempered to
form cementlte follows the characteristic strain-aging behavior of
low-~carbon ferrites. The hardness increase and its retention on
retempering probably result from the atmosphere-~locking of dense
dislocatlon arrays and thelr subsequent pinning by actual carblde
preciplitation. The latter process 18 believed to contrlibute its
main effect by stabllizing the dislocations against annealing-out
processes, rather than through dlspersion hardening as such.
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VI. STRAIN HARDENING OF BODY-CENTERED CUBIC VS.
FACE~CENTERED CUBIC METALS AT VERY HIGH STRAINS

G. Langford

A, Introductlion

The ausforming experiments 1n Section IV and the strain-tem-
pering experiments in Section V have demonstrated that the dislo-
catlon substructure in virgin martensite contributes to the
strengthening, although in a secondary way compared to the role of
carbon in s¢lld solution, In this section we have attempted to
intensify the strengthening effect of the fine structure by wire
drawing low-carbon iron-nickel martensite to very large stralns,
well beyond those achleved in an ordinary tenslle test. For com-
parison purposes, low-carbon ferrite and low~carbon iron-nickel aus-
tenite were studlied in a simllar manner.

Body-centered cublc metals are known to atraln harden merked-
ly at very high strains, whereas face-centered oubic metals straln
harden at a diminishing rate approasching zero. Peck(l) has meas-
ured the microhardness of drawn columbium and nickel wires, and Ob=
served an increase 1n the hardening rete of columbium at natursl
straing from 1 to 3 (depending on purity), but found no further
hardening of nickel beyond a strain of about 2, Using tenslle
tests, Cohen and Taranto(Z) noted a linear strain-hardening rate
in rolled BCC martensite (iron - 31.9 percent nickel - 0,017 per=-
cent carbon), but the corresponding FCC austenite rolled at 300°C
displayed a decreasing rate of hardening up to a strain of 2, the
highest etrain examined,

The iron-nickel alloy selected for the present investigation
had an Mg temperature of ~50°C, which made it possible to study the
straln hardening of both FCC austenite and BCC martensite of the
same composition, Vacuum=-melted electrolytic iron (Ferrovac E)
served as the comparison ferritic material, without having the inl-
tial complication of the martensitic substructure,

Large amountg of plastic deformation for the strain-hardening
studles were achleved by wire drawing, affording natural stralns up
to about 7. Stress~straln curves were determined at various de-
grees of strain hardening, and the corresponding substructures were
examined by transmission electron microscopy.

B. Experlimental Procedures

1. #ire-Drawing Dies: Design and Testing - In order {(a) to at-
tain the high strains desired in this program, (b) to achieve the
necessary close control over the conditions of deformation, and (c)
to enable convenlent testing of the deformed material, wire drawing
was chosen as the means of deformation., The drawing dies were de-
signed to minimlize the inhomogeneocus or redundant deformation nor=-
mally occurring in wire drawing, 80 as to render the drawing strain
more-or-less equivalent to a pure tensile strsein,

According to w1streloh,(5) the redundant deformation per pase
can be minimized by minimizing the parameter:
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R = (lméfﬂ) sin o (VvI-1)

where q¢ is the fractional reduction in cross-sectional area in the
die, and o 1s the die semi-angle in radians, From a practical
standpoint, the extent to which R can be reduced is limited by the
maximum value of q, at which the drawing force exceeds the breaking
load of the exit wire. In turn, qmax depends on the coefficient

of friction (u) and the die angle in the following way.
(3)

The drawing stress (wd) can be expressed approximately as:

d - (1L +uecota)ln(

T T q) (VI-2)

where o 1s the mean flow stress of the wire in the die. If the
strein-hardening rate of the drawn wire is negliglble, q will have

1ts maximum, for given values of p and a, when o4 = L Then,
-1
=1 -e -3
Unax xp| 1+ 4y cota ] (VI-3)

If the strailn-hardening rate is eppreclable, then the assumption
that ogq ='¢m will cause an under-estimatlon of q,,., which is

acceptable here,

In the light of these equations, the least redundant deforma-
tion is obtained, for a gilven coefficient of friction, when o is
small and qmax is as large as possgible for that a, since ¢ and qmax

are interrelated through Equation VI-3. Another factor to be taken
into account is that, if o is made quite small, many dles will be
needed to obtaln large total reductions.

Equation VI-2 was used to determine the effective coefficient
of friction with molybdenum disulphide as the lubricant by observe-
ing the drawing stress on pulling wire through a single die of
known geonmetry, p was found to equal 0,09 under the conditlions
at hand, Then a wire with stepped diameters was drawn through the
same die, and Apax Was noted as the maxlmum fractional reduction

that could be obtalned without breaking. Uax W2E also calculated
independently from Equation VI-3, and the agreement was good.

Based on the foregolng conslderations, the die geometry se-
lected was o = 1.5° and q = 0.2, To achiave the desired over-all
strains, a set of 35 sintered carbide diles was made, To take start-
ing rods 0.400 inches in diasmeter down to wires 0,008 inch in 41~
ameter,

The dles were tested for inhomogeneous deformation by comparing
the stress-strain curves®* of tough-pitch copper in the annealed and
¥Unless otherwise indicated in this section,the stress-strain curves

are true stress~true straln curves contalning the Bridgman correc-—
tion for necking.(4) See following section.
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wire-drawn conditions, as shown in Figure VI-l. The fitting-to-
gether of these curves indicates that the strain produced by the
wire-drawing operation was reasonably homogeneous, and that the die
degign could be regarded as adequate for the purpose at hand.

For lubrication, molybdenum-disulphlde powder was sprayed onto
the clean wire surface and from an aerosol can. This was followed
by burnishing lightly with the dlsulphide powder and a superficlal
coating of grease,

A1l the wire drawing was carried out with a Tinius Olsen ten-
sile testing machine at a crosshead speed of 2 inches/minute. For
elevated-temperature drawing the dle was heated 1n s small box with
foreed hot alr, and the wire was led to the dile through an open-
ended glass tube in order to preheat the wire as 1t approached the
dle.

2. Tenslle Testing - The tenslle testing of heavily drawn
wires in tkis program pogsed several problems: (a} The tensile
specimens had to have a reduced sectlion of simple shape to minimize
the preparstion effort., (b) The gripping method had to accommodate
a wide range of specimen diameters. (c¢) Most of the specimens un-
derwent necking with virtually no uniform elongstion in the tensile
test; hence, true stress-true strain curves were required.

For the most part, the tenslle-specimen gage sections were e~
lectro~machined in a Jet of 5 percent perchloric acid (72 percent
grade) in glacial acetic acid. During the electrolysis, while the
specimen was belng rotated horizontally, it was also osclllated ax-
ially by a cam to generate a slight hourglass shape along the gage
length, The minimum section was only a few percent smaller in area
than the grip ends.

- The tenslile grips consisted of two sets (maximum lecads of 3500
and 600 pounds) of three~jaw drill chuoks with the following two
modifications: (a) Closely spaced teeth were ground into the jaws,
and (b) the bodies of the chucks were relieved to permit enough jJaw
movement so that the teeth could sink into the grip ends of the spe-
cimen.

In the tensile testing the gage section was photographed fre-
quently in order to establish the natural straln all along the stress-
strain curve, while the crosshead speed was gradually reduced to a=-
chisve a constant strain rate. The minimum diameter, a reference
diameter (taken where no plastic deformation had occurred), and the
radius of curvature of the neck proflle were measured from the en-
larged photographs. The resulting data, together with the load
corresponding to each photograph, were fed into a computer program
to obtaln both the true strain as well as the true stress corrected

for necking.(é)

3. Materisls and Heat Treatment = The iron-nickel alloy con-
tained 31.9 percent nickel and 0.008 percent carbon, It was ho-
mogenized at 1150°C for 100 hours in vacuum, and was eventually re-
crystallized snd austenltized at 900°C for 2 hours after cold-
working to a strain of 0.45. In this condition the M, temperature

was -50°C, and the Ay temperature (start of the martensite-to-aus-
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tenlte reversion on heati ) was 310°C, giving an estimnated equilib-
rium temperature of T 2 (M + Ag) = 130°C. To produce marten-

gite the austenlte Was water quenched from 900°C to room temperature
and refrigeratsad in ligqulid nitrogen. The amount of retalined gus-
tenite was then gbout 15 percent.,

The Ferrovac E lron typlecally contalned 0.006 percent carbon,
0.0020 percent oxygen and 0.0002 percent nitrogen, with other ele~-
nents totaling less than 0.082 percent. The starting condition
of this materisl for the wire-drawing experiments was a reocrystal-
lized and annealed state, obtalned by cold drawing to a straln of
0.32, heating at 630°C for 3 hours, and cocling to room temperature
over a period of 3 days to minimize the carbon retalned in solution.

Both the iron and martensitle wires were always held in liguid
nitrogen, except during the actual wire drawing or speclmen prepa-
ration, in order to inhibit possible aging effects. The austen-
itic speclmens were alsc kept refrigerated, but above the M temper-
ature,

C. Discussion of Results

1, deneral -~ The tensile properties of the drawn wires are
summarized in Figures VI-2, 3, and 4. The solld pointe represent
the Wltimate tensile strengths, while the curves are the Brldgman-
corrected true stress - true siraln relationships after selected
amounts of plastlec strain by wire drawing, In each instance, ex-
cept for the undrawn and lightly drawn specimens, the uniform elon-
gatlon was negligible, and so the indicated tensile strength 1ls also
the yleld stress as well as s true stress. Consequently, the en-
velope genarated by plotting the tensile strengthe of the drawn
wires agalinst the prior plastic strain should provide a representa-
tion of the true stress-true strain propertles of the material over
the wlde range of stralns obtained here. This conclusion is sup-
ported by the individual stress-straln curves in Figures VI-2 and 4,
where the curves nearly superimpose on one another, and the tenslle
strengths of all the specimens (even for those whose actual stress-
strain curves are not shown) fall generally slong the composite
stregg=3traln curves,

The sfraln-hardening rate of the FCC iron-nickel austenite in
Figure VI-2 drops off progressively to nearly zero with lncreasing
strain, whereas the straln-~hardening rate of the BCC ferrite in
Figure VI-3 remains high even up to the highest straln reached.
The BCC iron-nickel martensite in Flgure VI-4 exhlbits a high but
somewhat decreasling strain-hardening rate up to the maximum strain
investigated,

2. Strain Hardenlng of FCC Austenite - Figure VI-56 shows a

series of transmission electron nmicrographs¥® of the drawn austenite

¥ The electron mlerographs in Sectlon VI of this report were pre-
pared at the Edgar C., Bain Laboratory for Pundamental Research
of the U.,S,.S3teel Corporation, through the courtesy of Doctors
R.M.Pisher and J.D.Embury.
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€=4.9 (A/A_=

FIGURE VI-5.

1/130)¥T—-—1 € =6.0 (A/Ao = 1/420).__-1—“——(

Transmission Electron Micrographs Showing Structural
Changes Due to Wire Drawing of FCC Austenite (Iron -~
31.9 Percent Nickel - 0. 008 Percent Carbon) at 130° C.
20, 000X .
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wires after strains ranging from 0,9 to 6,0. A drawlng temperature
of 130°C was chosen 1n order to avoid the formation of martensite;
this temperature was also adopted for the tensile testing of the aus-
tenite. The evident lack of any systematic refinement of the sub-
structure 1s consistent with the fallure of the material to strain
harden at high strains,. The only apparent change is a lengthening
of the cells in the drawing direction. That the cells do not con-
tinue to marrow down in cross sectlon suggests that many of the cell
walls have migrated or merged into one another in a process of dy-
namic recovery during the wire drawing. The cells seem to remain
equiaxed in cross sectlon.

3. Strain Hardening of BCC Iron -~ The transmission electron
micrographs of the drawn iron wires in Figure VI-6 indicate a strong
refinement of the cell structure with increasing strain. In a
qualitative sense, such refinement would be expected 1f little dy-
namic recovery had taken place during the wire drawing, unlike the
case of the austenite.

However, the shape change of the cells in Plgure VI-6 does not
correspond exactly to that of the wire ltself, Peck and Thomas(5)
have found that the grains in a BCC materlal become ribbon-shaped
during wire drawing, and that these ribbons interfold with one an-
other to malintaln coniinuity. Hosford{6) has accounted for this
geometry iln terme of the usual wire texture of BCC metals in which
only two of the four <1l1> glip directions are oriented for tensile
deformation, the other two contributing no tensile strain because
they are perpendicular to the wire axis. Axially symmetric flow
of the textured grains would then result in 50 percent more slip than
in the case of unconstralned deformation. However, the grains ap-
parently find 1t easier (at least initially) to curl around one an-
other in contributing to the over-all plastic flow of the wire,even
though some redundant bending deformation takes place locally. There-
fore, 1t may be expected that if the cell walls do not migrate, the
substructure will consist of ribbon-shaped cells, whose curvature
in a transverse sectlon is similar to that of the grains themselves,
This situation can be inferred from the longltudinal sections in
Figure VI-&, where a group of several narrow cells alternates with
a few wide cells, as observed b¥ Meieran in connection with drawn
tungsten and columblum wires,

If the ribbon-like nature of the cells in the drawn BCC iron
ls taken into account and if it is assumed that the cell width
does not change appreclably (which would follow from the texture
theory as long as the cells continue to interfold with one another
rather than to deform with axial symmetry), then the thickness of
the cells should bear the followlng relstionship to the over-all
strain:

t = do exp (-¢ ) _ VIi-=4
where € 1s the natural strain attained in the wire drawing, and d
is the diameter of the cells whe? first formed, i.e., at a straiﬁ
of about 0.1, Keh and Weissmenl8) found dg to be about 15,000
in a gimllar type of iron.

If the cells were actually ribbon-shaped, the minimum trans-
verse spaclngs ln the electron mlerographs should correspond to the
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€ =4.9 (A/A =1/130) € =6.9(A/A =1/1000)
20, 000X F——— 20, ooox.._T‘;__.

FIGURE VI-6. Transmission Electron Micrographs Showing Structural
Changes Due to Wire Drawing of BCC Iron (0.006 Percent
Carbon) at Room Temperature.
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thickness dimension of the cells, and the logarithm of this parame-
ter plotted as a function of strain, as in TFigure VI-7, shouwld give
a straight line of slope ~l1, according to Egquation Vi-4, This
trend was observed up to a strain of 2, but not beyond. In the lat-
ter range the minimum ecell spaclings were much less sensitive to the
drawlng strain, suggesting that symmetriecsl axial flow had then be~
gun to take place. However,it 1s zlso possible that some of the
cell walls could have been misged in measurements at the higher
gtrains, thus contributing to the apparent relstive lack of refine-
ment of the cell thickness when this dimension became relatively
small,

On the other hand, the mean transverse cell dimension (gilven
by the average linear intercept) in Pigure VI-7 should vary with
straln as:

da = d_ exp (-~ €/2) VI-5

assuming that the cell volume remalns constant and that no new cells
are formed, This is analogous to the relationship derived by Em-
bury and Fisher(9) for the case of cylindrical greins or cells being
reduced 1n proportion to the wire diameter. The experimental
peints do not provide an unamblguous confirmation of XEquation VI-5
because a straight line 1s not obtalned, but the slope is closer to
=1/2 than -1 at the higher strains,

The tensile strengths of the wires are plotted against_ thelr
respective transverse cell sizes in Figure VI=S8, using (E)“l < as
the cell perameter as ig customarily done in grain-slze studles.
The best stralght line drawn through the resultling polnts has a
slope of 400 1b/in®/%2 and an intercept of about 10,000 psi. These
values corresvond to the ky and o parsmeters in the Peteh equa-

tion for the lower yleld stress:

c = ¢ + ¥ (2?1')_1/2 VI-6
o] y

where Uo is the friction stress. The fector of 2 has been in-

troduced here, sfter Embury and Fisher © o take into account the
fact that the =21ip systems are actually inclined to the transverse
direction in which the cell slze ls measured, The slope and inter-
cept glven by Figure VI-8 agree spproximately with the k_, and o
values obtalned for lron through grain-size veariations. y(lO) ©

Embury and Fisher(g) have combined the equivalent of LEqua-
tions VI-5 and 6 to express the strength developed br wire drawing,
on the assumption that the cells or other slip-limlting entitdes
are subjected tc axially symmetrical flow:

v = o + k (24 )'1/2 exp (€/4) VI=-7
o) ¥ o

This equation 1g tested in Figure VI-@, where log (¢ = ao) is

plotted against €. A reasonable straight line is obteined for
€ >2, and the slope is then 1/5, compared to a2 slope of 1/4 ex~
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FIGURE VI-7. CELL SIZE VS. STRAIN FOR BCC IRON, WIRE DRAWN

AT ROOM TEMPERATURE.
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200 T I T I

\SLOPE= /5

IRON-0.006% CARBON

TENSILE STRENGTH-o,(KSI)

20 — —

0 1 | | | | l |
{ 2 3 4 5 (5} 7

TRUE STRAIN—

FIGURE VI-9. TENSILE STRENGTH MINUS FRICTION STRESS
(op= IOKSI) AS A FUNCTION OF WIRE- DRAWING STRAIN

FOR BCC IRON, DRAWN AND TESTED AT ROOM
TEMPERATURE.
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pected from Equation VI-7.

In Figure VI-10, (v = ¢ ) is relzated directly to the mean
_o
transverse cell intercept {d) on a log-log plot. The points fall
reasonably close to a line having a slope of «1/2, thus indieating
a Petch-type of relatlonship.

It is evident, then, that in combining Eguations VI-5 and &
to give Egquation VI-7, the main uncertalnty arises in Equation VI=5.
There are at leagt three reasons for thls uncertainty: (a) at low
straing (less than 1) the cells are nearly equlaxed and the factor
of 2 in Equation VI-6 1s then inappropriste; (b) subsequently, the
formation of ribbon-shaped cells generates more cell boundaries per
unit transverse distance than would be the case with a symmetriczal
reduction of the cells; (¢) there seems to be a change-over to
the symmetrical reductlon of cells at the higher strains; and (d)
the rate of reduction of the cell size is less than predicted at
strains greater than 2 (while axially symmetric flow is taking
place). These complications couwld account for the rapidly rising
flow stress in Figure VI-8, followed by the settling dovm to a con-
stent slope (but less than 1/4)at strains above 2.

In summary, the straln haréening of the BCC iron (containing
0.006 percent carbon) appears to be governed by the transverse di-
mensions of the cells generated by the deformation. In turn, these
cell dimensions depend in's complex way on the shape change of the
wire speclimen, but there is a progressive and persistent decrease
in this parameter wlth lncreasing reduction of the wire. Desplte
the wire texture developed by the drawing operation, axlally sym-
metric flow evlidently ensues at strsins greater than 2. In this
high-strain ranse the straln dependence of the flow stress follows
the form predicted by Embury and Fisher, 9) but with a somewhat
gmaller exponent, The latter fact suggests that some dynamlc re-
covery takes place, but it 1s relatively minor compared to that oc-

- curring in the FCC austenite,

4, BStraln Hardening of BCC liartensite - Flgure VI-1l shows
2z serles of electron transmission micrographs of the wire-drawm
iron-nickel martensite. The sample with the lowest strain (5 per-
cent) contalns an internally twinned structure in some of the plates
and 2 high dlslocatlon density in the balance of the materlsasl. How-
ever, the twins are not visible after the higher strains. The cell
structure of the deformed martensite appears to correspond to that
of the deformed iron (Figure VI-6), except that the martensite ex-
hibits a much higher dislocation density within the cells than does
the iromn. For the most part, the martensitlic cells seem to corre=-
gpond to the originel) nmartensitle plates.

The work of Speidh and Swann(ll) indlczates that the ¢, com-

ponent of the flow stress (due to lattice {riction and solid-solu~
tion hardening} is about 80,000 psi for an iron-nickel martensite

of this composition; this high friction stress might account for the
meny dislocations "trapped' wlthin the cells, A value of 60,000

psl for o, Was adopted for deducing the best line through the

points in Figure VI=-12Z, where the tensile gtrengths of the drawn mar-

tensitic wires are plotted against (E)'l/z, as in Figure VI-8, The
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€ =2.9 (A/A_=1/18) 1y € =4.9(A/A_=1/130) 1

FIGURE VI-1l. Transmission Electron Micrographs Showing Structural
Changes Due to Wire Drawing of BCC Martensite
(Iron - 31.9 Percent Nickel - 0. 008 Percent Carbon)
at Room Temperature. 20, 000X.
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© AVERAGE TRANSVERSE LINEAR
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BCC MARTENSITE
IRON-31.9% NICKEL-0.008%CARBON
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FIGURE VI-13. CELL SIZE VS. STRAIN FOR BCC MARTENSITE, WIRE
DRAWN AT ROOM TEMPERATURE.
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slope of this line corresponds to a ky value of 320 lb/in3/2

i1s smaller than that obtained for lron in Figure VI-8.

y Which

Cohien and Taranto(z) have mezsured the effect of prior austen-
itic grain size on the ultimate tensile strength of BCC iron-nickel

martensite, and the ky value computed from thelr data is about

280 1b/1n%/2, when the martensitic plate thickness is taken as the
effectlve graln-size parameter,

Pigure VI-1l3 shows the average transverse linear intercept of
the martensitic cell dimension, 4, as a function of strain on a log-

-log plot. The results are essentially the same as for the iron in

Figure VI--7, except for the smaller size of the martensitic cells.

o measurements of the minimum transverse cell dimenslons could be
made beyond a strain of 3 due to insufficlent resoclution in the elec~
tron microgrzphs, Thue it was not posslble to ascertaln unambilg-
uously whether axially symmetric deformation takes place at the high-
er strainsg in the martensite, as appears to be the case in the iron.

The tensile strength minus o _ (taken as 60,000 psi) is plot-
ted logsrithmicelly in PFigure vI-12 against straln, The resulting
curve is very similar to that for iron in Filgure VI=8, except that
there 18 a slight decrease in the logarithmic strain-hardening rate
(execluding, perhaps, the reglon between € = 2 and 3}, The BCC mer-
tensite (having nearly the same carbon content as the iron studled
here) might be expected to undergo more dynamic recovery during the
wire drawing because of 1ts smaller cell size and higher dislocatlion
density, compsared to the iron. Alternatively, partial reversion of

the martensite to austenlte may take place at the high drawlng strains,

because the accompanyling hydrostatlie pressure could lower the rever-
sion temperzsture of martensite to sustenite by as much as 100-~160°C,
a8 estimated from the effect of pressure on the transformstion char-
acteristics, (12)

The last two stress-strain curves in Figure VI-4, whioch indi-
cate more straln hardening than is evident from the tensile strength
vs drawing-straln relationsnip, are consistent with the above mar-
tensite-to-zustenite reversion meckanism, Since the tenelle test
involves a hydrostatic tension component, any austenlte formed dur-
ing drawing should be retransformed to martenslte during the tensile
test, thereby strengthening the specinmen. The retained austenlte
( ~15 percent)} in the as~quenched martensite, on the other hand, is
probably transformed to martensite in the first drawing pass, where
the dle pressure is much lower. Hence, the subsequent tensile
curves should manifest no effect of retalned-austenite transforma-
tion untlil sufficiently high strains (or hydrostatic pressures) are
attained in the wire-drawing process to generate additional austenite.

Figure VI-15, in whleh the tensile strength minus T, 18 plot=-

ted against 4 on a log-log scele, demonstrates that there is an in-
verse square-root dependence of strength on the martensitic cell
size, in line with the results on iron in Figure VI-12, Evidently,
the mzin ressons for the higher strength levels reached by the BCC
martensite than the BCC iron in the wire-drawing operation are to be
found in the smalier cell size produced in the martensite and 1ts
larger friotion stress.
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FIGURE VI-14, TENSILE STRENGTH MINUS FRICTION STRESS (o, =60KSI}
AS A FUNCTION OF WIRE -DRAWING STRAIN FOR BCC MARTENSITE,
DRAWN AND TESTED AT ROOM TEMPERATURE.
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5. Comparison of FCC.and BCC Strain Hardening - The satura-
tion i1n strain hardening shown by -the austenite, together with its
lack of refinement in substructure, is typieal of other FCC

metals.(l’ls) The difference in behavior between the FCC austenite
and BCC martensite of the same composition is quite striking. The
high degree of strain hardening in the BCC iron and martensite as
well as the saturation of strain hardening in the FCC austenlte de-
pend primarily on the extent of transverse refinement of the cellu-
lar substructure. Judging from the relationship between strength
and the wire-drawing strain (tensile strength ve (3)-1/2 and T vse ),
there appears to be little change in the effectiveness of the slip-
1imiting boundaries with strain, and the strain-hardening rate 1s
controlled mainly by the rate of refinement of the cell structure.
The refinement, in turn, is goveruned by the complexities of the flow
process and by dynamic recovery. The detalled rearrangement of the
dislocations in the cell walls does not seem to be an essentlzl fac-
tor at the high strains investigated here. Hovrever, the movenment
of the cell walls is an important consideration because this deter-
mines whether dynamic recovery (and, hence, only limited cell re-
finement) will be found, as in the case of austenite. Intersti-
tial impurlties may contribute to the strain hardening, depending

on the extent to whieh they can inhi»it cell-boundary migration.

It ig likely that the residucl carbon is much mors potent in this
respect in the BCC iron and martensite than in the FCC austenilte.
Joreover, this difference in the role of interstitizl impuritles

in BCC and FCC metals may be a more significant factor at play than
any intrinsic difference in the sgtrain hardenability of the two lat-
tices.

Figure VI-16 shows some data on the strain hardening of a FCC (14)
copper -6,5 percent silver alloy taken from the worlk of Hodge et al.
This alloy was wire drawn in the solutlon-treated condition, and also -
in the ed condition after a prior strsin of 1,35, The slope of
the log (tensile strength minus friction stress) vs wire-drawing
strain curve for the aged material is about 1/5.3, if ¢ o 1s esti-

mated at 20,000 psi (of Figure VI-9). The slope for the solution-
treated material 1s much lower, and camnot be forced into the range
of 1/5 unless a considerably higher friction stress ( >50,000 psi

is assumed for that condition, which is improbable. Hence, 1t ap-
nears that the preciplitatés.. formed in the cell walls of the drawn
and aged material have plnned the boundaries, This indicates that
FCC metals, like BCC metzls, can be made to undergo strain hardening
out to very large strains if dynamic recovery is inhibited, even if
not prevented entirely.

Clearly, BCC martensltes are capsble of attzining high strength
levels through the cell structure developed by plastic deformation,
and the beneficisl refinement of the cells is enhanced by the fine
structure originally present in the mwrtensite, But it is doubt-
ful that such substructursl phenomens contribute in a dominant way
tec the strength of martensite in quench-hardened steels. In the
first place, desplte the tremendous strains aschieved 1ln wire draw-
ing, the maximun strength level reached by the BCC martensite falls
fzr short of the strength of a regular 0.4 percent carbon tetragonal
martenslte. Secondly, although some tetrazonal martensites con-
%aln high densities of entangled dislocations arranged lun cellular
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fashion, the cell sizes are mich larger than the fine dimensions
obtained by wire drawing. Thirdly, as previously noted, the marked
cellular refinement observed in the latter case 1s probably depend-
ent on the presence of carbon to inhihit migration of the cell walls.
4dccordingly, even here, carbon remains a major factor in the
strengthening of martensite by plastic deformatlon,

D. Conclusions

1. In the wire drawing of iron (0.008 percent carbon) as. well
as low-carbon (0.008 peraent carbon) iron-nickel martensite and aus-
tenite, elongated cells or subgrains are formed, and the transverse
dimensions of these cells appear to govern the strain-hardening char-
acteristics. However, the shape of the cells may vary in a complex
way with the drawving strain,

2. The cell boundaries are effective barriers 1n inhibiting
slip, and the resvlting strength is inversely proportional to the
gquare root of the asverage transverse dlmension of the cells, zs in
the Peteh relation Tor graln-zize strengthening.

3. In the BCC metals, the shepe change of the cells is influ-
enced by the wire texture at strains less than about 2, but at
strains above 2 there is no apparent effect of the texture on strain
hardening.

4, At high strains, the refinement of the cell structure in
both the BCC and FCC phases is countrolled by dynamic recovery; 1l.e.,
the oell cross sectlon does not reduce in proporition to the wire sec-
tion because the number of cells decreases through the merging of
cell boundaries. However, the rates of such dynamic recovery are
quite different in the two cases, probably due to the marked abllity
of interstitial impurities in BCC metals to interfere with cell-
wall movements.
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VII, HODES OF FRACTUAE TN MiRPINSITE

U. H, Lindborg and B. L. iverbach
£, Introduction

Detalled studies of fracture in martensitic steels are rendered
difficult beczuse of the small crystallite size, often about lp. How-
ever, transmission electron microscopy and selected-area diffraction
provide a posslble technique for dealing with the fine scale of mar-
tensitic structures znd the related paths of fracture.

Previous work(l's)has shown that room~temperature fracture in
martensite proceeds both by ductile and by brittie mechanisms. Rep-
licas of fracture surfaces often reveal cheracteristic caviities or
dimples, caused by extenslve vold formation in ductile modesz of frac-
ture,:3-6) ¥lat areas are also present in the case of as=quenched
or lightly tempered martensites.12,5) These areas resemble trues cleav-
age, as observed in ferrite, but show additional ductile features.(2)
The fractographlc studies sugzest that the path of fracture in mar-
tensite 1s transgranular at room temperature, at least with respect
to the prior austenite grains. This interpretation is supporied by
replication work on side surfaces or on sections through the fracture
after the fracture surface has been plated.{(3) At =195°C, however,
untempered or temper-smbrittled specimens break partly in an inter=-
granular mode following prior austenitle grain boundaries,(T,B) as
determined from replicas of fracture surfaces and sections. The re-
lation between the fracture path and the aggregate of martensitic
platelets remains uncertain., Side=surface replicas(5) suggest that
the fracture path may be at least partly transgranular with respect
to the platelets, but this interpretuation is only tentative, The
crystallography of fracture in nmaortensite does not appear to have
been treated previously.

The present lnvestigation was based on transmlssion electron mi-
eroscopy of thin areas formed near the fracture of martensitic speci-
mens 5 - 10w thick. The properties considered were (a) the crystal-
lographlc planes preferred for fracture, (b) the width of the de-
formed zone near the crack, thereby giving a measure of the amount of
local deformation to fracture, snd (c) the over=-all path of fracture.
The results were obtained on fairly thin specimens, which may not have
been wholly representative of bulk materiszl, Where a cross-check
was possible, however, as 1ln the case of ferrite, the thin-foil re-
sults agreed with the findings on bulk specimens.

B, IExXperimental Procedures

l. laterlal for Study - The material chosen for the present
investigation was a high-purity liron-carbon alloy containing 0.5 per-
cent carbon (Tsble VII-l). This carbon content was sufficlently high
to avoid the formation of pearlite and bainite during quenching to
produce martensite, and yet was sufficiently low to minimize the a-
mount of retained austenite,

* Now at Aktlebolaget Atomenergl, Stockholm, Sweden.
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The as-guenched mlerogtructure consisted of martenslitic plate-
lets and needles with a high internal dlslocation density. Some
groups of {211} twins were noted ii the martenslte, but the spac-
ings were rather large, about 500 A, suggesting that these twins
were not transformation twins but resulted from inadvertent de«
formation. Presumably the second or heterogenecus shear i1n the mar-
tensitic transformation took place by dislocation movements rather
than by twinnlng. The arrangemen? of crystallltes was similar to
that observed by Kelly and Nuttingl®9) in martensitic low-carbon
steels, with needles or sheet-llke groups of needles having a <111>M
axis.

TABLE VII-l

Composition of Iron-Carhon Alloy for Fracture Studies

(weight percent)

o Mn P 3 Si Al
0,283 0,002 0.002 0,004 Q.006 0,002
Cr i cu 0 N
0.013 0.001 0.00b 0.00L Hone
found

2. DSpecimen Preparation -~ The specimens for these fracture
studies conslsted of foils less than 10w thick. The hardening oper-
ation was usually performed on 2 mm thick specimens, Justenitizing
was carried out at 900°C for 20 minutes in an argon stmosphere, and
was followed by quenching in iced brine, Tempering was subsequently
conducted in air furnaces for 1 hour at various temperatures.

The specimens were thinned in several stages: (a) surface
grinding, (b) chemical polishing (1.1 part orthophosphoric acld 85
percent, 1 part hydrogen peroxide 30 percent), and (c¢) electrothin-
ning in a solutlon of chromic acid and acetic acid zccording to the

method of Glenn end Raley.(+0)

Pieces of thin foil were cut from the edges of the originally
12 mm squsre specimen with a pair of fine scissors, The foll pleces
were typiecally 1 X 3 mm, and the average thickness was zbout Hui. In
gsome instances the folls were transparent to the electron beam over
large areas, i.e., less than 0.3u thick.

3. Frzcturlng and Examination of Speeimens -~ When the foils
were to be fractured, they were placed on a glass mioroscope slide
and cracks were genersted by means of & sharp needle. Certaln
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groups of specimens were fractured in a shallow dish under a layer
of liguld nitrogen with no other changes in the procedure.

The speclmens were subsequently examined 1n a Siemens electron
microscope at 100 kV wilthout any further thinning. Transparent areas
formed along the fracture paths partly becsuse of local plastle de-
formation preceding the fracture and partly because of the oblique-
ness of the fracture surface, Selected-area electron diffraction
of these reglons usually gave compllcated diffractlion patterns. The
edge of each crack was followed in search of areas glving simple
single=-crystal patterns.

The dlrect cutput of thils transmission electron microscopy was
a set of eleciron mlerographs and the corresponding diffraction pat-
terns. It was found that the fracture pazth consisted of more-or-
less dlstinct segments, The angles between ezch of these segments
and the photograph border were measured and similar orientation meas-
urements were made on the diffraction pastterns, tzking into account
the inherent rotation between th? micrograph and the diffraction pat-
tern in the electron microscope.!ll) Pigure VII-1 illustrates how the
fracture segmente were related to the crystallographic lattice and to
the generszl or over-all direction of crack propagatlion, Histograms
were constructed for the angular distributions of the segments rela-
tive to the crystal lattice and to the general direction of crack
propagation. The width of the transparent zone along the fracture
path was estimated at five equidistant points and then averaged.

C. Discussion of Besults

l. Appearance of Fracture - Figure VII-Z2 shows two cracks in
an untempered martensitic foll which was transparent to the electron
beam before the fracture. The cracks cut right across several groups
of martensitlic needles, indicating that the mode of fracture is trans-
erystalline here, even wlth respect to the martensitic crystallites.

Figure VII-3 illustrates the fracture in thicker, tempered (260°
for 1 hour) foils. There is evidence that some plastlc deformation
and dislocation motion took place prior to, or along with, the frac-
turing process, The erack edge in Figure VII-3a, however, gave a
sharp single-crystal diffraction pattern, with no sign of distortion.
If dislocatlons took part in the fracturlng process their relative
absence suggests that they were annihilated at the free fracture sur-
face, The existence of the sherp diffraction patterns along the
fracture path was the rule rather than the exception, and made orien-~
tation determinations possible. In Figure VII-3b, on the other hand,
both the micrograph and the diffractlion pattern denote a heavily cold-
worked structure. Reglons llke this were encountered occasionally
1n as-quenched martensite fractured at 25°C and -195°C, and in fer-
rite frsecture at -195°C, Such areas may be the remalns of slip
bands formed ahead of the propagating cracks. The strongly local-
ized deformation could then have strsin hardened the material to the
point that the dislocatlions may have become locked in tangles, pre-
venting annihilation.

Figure VII-4 illustrates the appearsnce of room-tempersture frac-
ture 1n a relatively soft specimen, martensite tempered at 480°C.
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FIGURE VII-2. Transcrystalline Cracks in As-quenched
0.3 Percent Carbon Martensite. Transmission

Electron Micrograph, 1600X
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(a)

FIGURE VII-3.

(b)

Transmission Electron Micrographs and Diffraction

Patterns from Fracture Edges of Specimen Tempered

at 260° C, 1 Hour. 60, 000X

(a) Left, Single-crystal Edge; Diffraction Pattern
Corrected for Rotation in Microscope.

(b) Right, Heavily Cold-worked Tongue in Fracture
Path, Polycrystalline Diffraction Pattern.

128



FIGURE VII-4. Transmission Electron Micrograph of Fracture
Edge in Specimen Tempered at 480° C. 60, 000X
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The transparent area along the crack edge was considarably wider
than in the material tempered at 260°C. In fact, there was a pro-
nounced tendency for this Zone to wlden with increasing tempering
temperature, as shown 1in Figure VII-5, This zone represented a
measure of the local elongation to frgeture, i.e., the local duc-
tility, and increased from 200 - 300 A for as~quenched foils to

4000 - 5000 A for iron folls on fracturing at 25°C. When the frac-
turing temperature was lowered to =185°C, the transparent zone in
the iron narrowed significantly, but the zone in the martensite was
hardly affected.

The crack edge was found to change directlon repeatedly, even
side each corystallite of martensite, Typleally, 20 or more of such
segments could be distingulshed in each crystallite, and the seg-
ments tended to be stralght. This observation offered further evi=-
dence of the transorystallinity of fracture in the martensite,wheth-
er tempered or untempered. Most of the orystallites had their {100}
planes ?arallel to the foll surface, but other orlentations, partic-
ularly {1111}, were regularly encountered,

2, Crystsllography of Fracture =~ The distribution of the
crystallographic angle ¢ , defined in Figure VII-l, is presented in
Figure VII-G. The analysis Ais restricted to crystallites 1n the
two most common orientations, (100) and (111), and y is the angle
between any given fracture segment and the [0l0] direction. Each
plot corresponds to a partigular comblnation of tempering tempera-
ture, fracturing temperature and crystalllite orientation. On the
averasge, each plot 1s based on about 200 fracture segments.

The symmetry involved made 1t possible to reduce the messure-
ments to the region O - 45° for the (100} orystallites and 0 - 30°
for the (111). In the case of (100), for instance, measurements of
18°, 72°, and 108° ocould then be counted as 18°, The histograms
were bagsed on 3° intervals to obtaln the orientation distributions.
The error bars in Flgure VII-6 indicete the standard deviatlon of a
rlotted point, estimated as the square root of the number of read-
ings, A ochi-square analysis was employed to test for the valldity
of the peaks in Figure VII-8. In this test a uniform, horizontal-
line distribution of the angular measurements was asgsumed, and the
probabillty caleulated that a random sample would give no better fit
to thls line than the experimental points, The probablility turned
out, for example, to be as low as 0,1 percent for the (100) crystal-
lites tempered at 260°C, and for the {1lll) erystallines in ferrite;
the distribution peaks determined for such specimens must be con-
cildered to be well established. On the other hand, for the case of
the (100) crystallites in ferrite, the probability of random orien-
tatlons was as high as 10 percent, rendering the peak at 45° of bor-
derline significance,

Nevertheless, certaln general features become evident. 1In each
box of Figure VII-6 there is a background of a considerable "inten-
sity," indiocating that fracture can take place in many cerystallo-
graphic directions, In addition, there are some pronounced pesaks,
showing that speclal fracture directions and planes are preferred.
The peaks are fairly broad, the full width at half-helght being ap-
proximately 15°, and the peaks at 0° are about 25°, compared to an
estimated error in the angle measurements of + 3 - 4°, Thus, the
broader peaks designate real devlations from the most favorable crys-
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tallographic directlons. The positions of the peaks vary as the
martensite structure is changed by tempering treatments. An attempt
will now be made to deduce the preferred fracture planes from the a-
vallable data.

{100) Crystallites: Looking first at the curves for the (100)
crystallites in Figure VII-€, one notices that ferrlite exhibits a
diffuse peak at 0°, i,e., in the [010] dlrection, and another more
pronounced peak at 45°, l.e., in the [011l] dlirection, superimposed
on a falrly high background. Martensite tempered at 480°C shows
the same peaks, but thelr relative helghts are now different. Ten--
pering at 260°C produces a strong peak at an ilntermedlate angle,
about 27°, and traces of this peak may also be present after temper-
ing at 340°C, As=quenched martensite gilves only one peak, at 0°.

In order to rationalize these peaks we consider the intersse-
tions of possible fracture planes with the (100) surface of these
crystallites, The {110} , {£11l} and {321} famllies have been ob-
served to be slip planes in ferrite, wlith some preference for ({110}
at room temperature, and we now inquire whether any of these planes
would provide a good fit with the experimental results. {110} frac-
ture planes would give ¢ angles at 0° and at 45°; {211} at 26.6°
and 45°, and {321} at 18.4°, 26,.6° and 33.7°, On the other hand,
{100} cleavage planes should only yield a y angle of 0°, For the
(100) crystallites, then, the peaks at 0° and 45° may be attributed
to fracture on {110} planes, while the high background suggests that
planes like {211} and {321} may also contribute to the fracture. It
therefore appears likely that the fracture oprocess is one of shear
rupture after deformation on these slip planes, although cleavagse
separation on these planes camnot be ruled out.

The prominent 0° peak found in as-quenched and tempered marten-
sites fractured at room temperature suggests that {100} cleavage
alBo occurs, but not in the more ductile ferrite. The 27° peak
after tempering at 260°C must be ascribed to fracture on planes like
{211} or {321} inasmuch as the {110} and {100} planes do not in-
terest the (1005 crystallite surface snywhere close to the ¢ posi-
tion of the peak, Thls effect will be explalned later in terms of
the precipitation of cementite.

(111) Crystallites: The results for (1ll) crystallites in
the right-hand half of Figure VII-6 show less detall than those for
(100) because a larger number of available fracture systems can in-
tergect the (1ll1l) foil surface., Fracture on {110} plares would
give y angles at 0° and at 30°; {211} at 0° and 19.1°; and {321}
at 10,9°, 13.9°, 23.4° and 30°, Cleavage on {100} would only give
a ¥ angle of 0°,

The pronounced peak for ferrite at y = 30° is consistent with
{110} being the preferred fracture plane, but then a peak at 0°
would also be expected to appear. Fracture is governed, however,
by the resolved stresses in the plane of fracture, and the absence
of fracture on certaln members of a famlly of planes may be due to

low resoclved stresses on those planes.

There are no definite y-peaks for the (11ll) crystallites in
untempared and tempered martensite, The absence of a peak at ¢y = 0,
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the direction for {100} cleavage, implies that such cleavage oc-—
curs less freguently than in the case of (l00) crystallites. The
reason for thls discrepancy probably lies in the faot that the {100}
planes in (111) crystallites are subjected to lower resolved nor-
mal stresses during the fracture loading than are the {100} planes
in the (100) crystallites. This comes about because the poten-
tial cleavage planes are normal to the foll surface in the latter
case, whereas they are inclined in the former case,

Effects of Fracturing Temperature: Similar fracturlng exper-
iments were conducted at ~-1956°, and the v-angles measured. How=-
ever, no experimentally signiflcant difference from the room-tem-
perature behavior were observed, except for the ferrite (Figure
VII-8). In this instance a y-peak appeared at 0° in the (100)
crystallites of ferrite, in contrast to a peak at 45° when the fer-
rite was fractured at room temperature. This difference in y -
distribution reflects the change in the predominant fracturs mode
from shear to cleavage with decreasing test temperature, as 1s well
known in bulk ferrite.

In the martensite ocase there is no similar increase in the a-
mount of cleavage on lowering the fracture temperature to -195°C,
This lack of a transition temperature for the fracture mode in nmar-
tensite, at least down to ~l195°C, may account for the absence of a
sudden embrittlement range in bulk martensite when tested at sub-
Zero temperatures.,

3. Propagation of Fracture = In addition tc the crystallo-
graphic distribution of the individual fracture segments in the
crystalllites, the average fracture-propagation direction was also
measured for each erystallite (Figure VII-1) and expressed in crys-
tallographlic coordinates, B . Thls average direction would be ex-
pected to be & function of the state of stress during the frac-
turing operation, as well as the orystallographice anisotropy Just
discussed, The wldth of the transparent zone along the fracture
vath might, in turn, be sensitive to the general direction of frac-
ture, slince the latter could be related to the amount of deforma-
tion preceding fracture,

The transparent width versus the average dlrection of propa-
gation (relative to [010] in (100) crystallites is shown in Fig-
ure VII-7 for ferrite and for martensite tempersad at 480°C, Tach
point here represents one crystalllte. For these ductile mate-
rials the propagation directions occur uniformly over the entire
range of P -angles, indicating that anisotropy of the crystallites
does not have much influence on the direction of fracture, at least
for the conditions at hand. However, the transparent zone widths
are markedly dependent on the propagation angle, reaching a maxlimun
at p = 45°, i.,e,, In an<0Oll> direction. Figure VII-4 1s an ex-
ample of a wide transparent zone, resulting from such a propagation
angle, It turns out that, in (100) crystallites, slip in the reg-
ular [11l)l] and 111 directions 1s favored when the fracture path
extends in the [0ll] direction, and hence the transparent zone
should be maximized(due to the thinning that accompanies plastilc
deformation) when B = 45°, as in Figure VII=7.

4, Carbide Precipitation snd Fracture -~ There are several
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ways by which preelipitated carbldes may influence the fracture pro-
cegs in tempered martensite. An obvious assumptlon is that they
may cause cracking along the carbide-habit plane due to some weak-
ness in the carblde-matrix interface. The hablt planes are {100}

and {110}M for € -carbilde and cementite, respectively, but such N

fracture planes do not become more prominent as a result of temper-
ing. Another possibillity is that the fracture of tempered marten~-
site might be nucleated by the cleavage of carbide particles, but

no evidence of this was found. Alternatively, coherency strains
nezr the particle-matrix interfaces might favor some partlicular

mode of fracture. Both € -carbide and cementlte precipltate on
well-defined crystallographic hablt planes and with definlte lattice

relationships to the matrix, apparently to minimize coherency strains.

Such strains might exlst durling the early stages of precipltation,
i.e., at a tempering temperature of about 100°C for € -carbide and
200°C = 300°C for cementite. It would then be the shear components
of the coherency strains on the crystallographic slip planes that

should be consldered since fracture appears to ccceur by a shear mech-

anism for these intermedlate tempering temperatures.

The coherence strains have been calculated for each of the car-
bide phages, assuming perfect coherency and a BCC lattice parameter
of 2.86 A for the matrix, The results listed in Teble VII-Z2 are
further based on the carbide lattlce parameters and orientations re-
lationships reported by Pitsch and Schrader.(12,13) The strains
are taken to reside in the matrix, but the arguments below will re-
main valld if only a portion of the coherency strain is accommo-
dated by the matrix, provided that proportionallty constant 1s the
same for the components of siralin in different directlons.

It is now necessary to resolve these c¢oherency strains Into
components lying along a <l11> slip direction on the indicated sllp
planes {1101}, {211} and {3211, This can readlly be done by ten-
sor methods. However, in each case the strain normal to the hablt
plane 1s set equel to Zero because no strain is required in that
direction to maintain regisiry of the two lattlces across the hablt
plsne, The resulting shear strains are (10l)., - 13.4 percent,

(211)_~ 13,3 percent and (312) - 13,8 percent for the_ € -carbide;
and (110) - 2.88 percent, (¥11l) - 3.32 percent, and (321) ~ 3.26
percent for the cementite.

From thls tabulation we see that, when e -carbilde forms, the
prominent slip-plane families are strained to nearly equal extents
by the existence of coherency, and so tempering to this stage should
not favor omes set of planes over another for elther slip or subse-

uent fracture, This situstion changes when cementite precipltates
say at 260°C) because then the coherency straing are about 15 per-
cent higher on the (211} and {321} planes than on the 110 planes.
Such coherency effects could ascount for the observed intermediate
Y-psak 1n the (110) crystallites after tempering at 260°C (Fig-
ure VII-B).

D. Concluslons

1. Martensitlic folls 5 = 10y thick have been fractured with
a needle, and electron-transparent zones have been found along the
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Coherency Stralns Produced hy € =carbide and Cementite

in a Body-Centered Cublc Lsttice

Ferrite or llartensite e€-CarDide, Hexagonal

BCC o o a
(ao = 2,86 A) {2 = 2.73 A, = 4,33 A)
Relative
Strein
Interatonic Interatomic
Plone Distance (A} Plane Distance (i) Percent
100 2.86 111 3.20 11.8
ol1l0 2.86 111 3.20 11.9 (normal to
habit)
Ferrite or ilartenslite Cementlte,Orthorhombic
BCC (2.54, 5.52, €.74 1)
(2 = 2,86 }) zelative
o) Stralin
Interatomice Interstonmic
Plane Distance (&) Plane Distance (&) Parcent
011 4,04 100 4,52 11.0 (normel to
- hebit)
111 2.50 010 2.04 1.6
211 7.00 00l 5,74 ~3a'l
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fracture paths. The zones are thimned regions produced by plastic
deformation prior to fracture, and increase in width with increas=-
ing tempering temperature.

2, The fracture paths in untempered or tempered martensite
are transgranvlar with respect to the martensitic crystallites.
across each crystallite, the fracture is composed of many segments,
whose crystallographic distributions provide information zbout the
predominating fracture planes. at room temperature, the ag=-
quenched martensite fractures on multiple planes, but exhibits some
preference for {100} planes, thus indicating a eleavage mechanism,
0n tempering at 260°C, where cementite precipitates, {211} and {3211}
fracture planes also become operative. These modes of fracture are
considered to be shear types, and they seem to be favored by cemen-
tite coherency stralns, Similar analysis of the € —carblde co-
herency stralns indicates no prefervence for any of the main com-
peting fracture planes. On tempering at 480°C, and also in fer-
rite, shear fracture on {110} planes dominstes.

3, The fracture modes in martensite are not sensitive to the
test temperature down to -198°C, but in ferrite the fracture changes
te cleavege on {100} with decreasing test temperature. These find-
ings are in line with previous observations on bulk specimens in
which ferrite dlsplays & conspicuous transitilon in fracture appear-
snce, while martensite does not,

4. The general directlon of fracture propagatlion in the foll
speclmens 1s s composlite of many fracture segments, but shows no
over-sll crystallographlce preference. There 1z, however, a strong
corralation between the width of the electron-transparent zone along
the fracture and the general direction of the fracture. The zone
width 18 greatest when the over-all fracture path 1s such that <1l
slip directlons can easily operate,.
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