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ABSTRACT

Thls thesls presents the results of an experimental study on
the nature of precipitation embrittlement (47500 embrittlement) in iron—
chromium alloys. Zleectrical resistance, hardness, tension propefties, and
nierostructurs were studied using 19, 25, 34, 42, and 49 per cent
chromium~iron vacuum melted alloys.

Precipitation embrittlement was found to occur from 450°C to
about 540°C with the rate of embrittlement increasing with temperaturs.
Haximum embrittlement occurs near 500°C. Increasing the chromium content
from 19 to 49 per cent increases the rate and magnitude of precipitation
erbrittlement. An activatlion energy of 60,000 cal/mol was established
for the process.

Precipitation embrittlement was found to be analogous to
precipitation hardening in alloys where the formation of a'doherent
precipitate is responsible for property changes in the alloy. A chromium
rich body centered cubic ferrite with slightly larger 1aftice parameter
than the iron rich matrix 1s proposed as the non-squilibrium coherent

precipitate which evenitually decomposes to form gross sigma phase.
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I. INTRODUCTION

Historical Survey.

Soamgm———

Embrittlement of high chromium ferritic stainless stzels
has long been significant in petroleum and chemical industries,

These stainlaess steels are very oxidation resistant when the chromium
content 1s in excess of 20 per cent (1},* and are used in maﬁy_
applications involving high temperature oxidation resistance,

When equipment made of such stesl has bszen used for a long
period of time at temperatures near 47506, and then cooled to room
temperature, an extremely brittle condition results., Ordinary
maintainance operations caused failure of the embrittled material, In
sarly reports of thils phenomenon the materlal was described as resembling
glass in fragllity and brittleness, For many years intensive research
gstudies have been made in an attempt to determine the cause of this
embrittlement in high chromium stainless steels.

Since this embrittlement phenomenon was first noticed in
alloys held at or near 47500 for long periods of time, and since the
cause of embrittlement was not known, the phenomenon was named_475°C
embrittlemsnt, This name has been retained throughout the literature
treating this subject, However, the embrittlement is now known to occur
over a range of temperature, and is believed to be caused by precipl-
tation of a second phase, Therefore, in this thesis the name

precipitation embrittlement will be used to describe the phenomenon

herstofore called A?SOC embrittlement,

Numbers in parentheses refer to the bibliography at the end of this
thesis,
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in early revue of this work was given by Becket in 1938 (2),
from which some interesting conclusions were drawn. Becket recognized
that precipitation embrittlement "is probably caused by precipitation,
although the nature of the precipitate is unknown". Becket reported
precipitation embrittlement in high purity vecuum melted iron-chromium
alloys, thus estabiishing the phenomenon as being inherent to the iron=-
chromium alloy system., Microscopic sigma phase was not observed for
alloys with chromium content less than 35 per cent, or with aging
temperatures below 600°C. A series of experiments. measuring hardness
ag a function of aging temperazture from 300 %o 900°C for 60 hours aging
had shown a marked hardness peak at 475°C in all alloys from.21‘per cent
chromium to 58 per cent chromium; in addition, a large hardness increase
occurred at chromium compositions of 45 and 49 per cent from 600 to 800°¢
associated with sigma phase formation., Becket noted that failure in
precipitation embrittled alloys is transcrystalline while sigma phase
first_forms in the grain houndaries. He concluded that precipitation
embrittlement is independent of sigma phase formation,

The ifon-chromium phase diagram which has been accépted as the
Test establishment of sigma phase boundaries using pure iron-chromium
alloys is that of Cook and Jones (3) shown in Fig. 1. Sigme boundaries
were not determined below 60000, but the sigma + alpha boundary was shown
at approximately 25 per cent chromium at 600°C., Cook and Jones aged
their specimens for a maximum of 1440 hours and considered that equi-
librium had been obtained in that time, Subsequent investigations by

Heger (4), Shortsleeve and Nicholson (5), and Link and Marshall (6) -
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have indicated equilibrium may not be obtained after aging for many
thousands of hours at 600 to 850°C and the a +&~ boundary may be

exterded to lesser chromium content than that shown by Cook and Jones,
Shortsleeve and Nicholson have shown that silicon and manganese impurities
shift the a +& boundary to lower chromium content while éarbon impurities
shift it to higher chromium content,

Newell (7) added some new data in 1946. Using a 27 per cent
chromium commerical alloy, Type 446, he has shown the kinetics of tensile
property changes with 47500 aging, where tensile strength increased up
to 108 hours aging, and elongation decreased rapidly in the first 36 hours
of aging, Newell reported Neumann bands due to lattice straiﬁs gnd
broadening of back reflection X-ray lines after 13,000 hours aging at
475°C, He found no chenge in X-ray powder patterns with 475°C.aging of
27 per cent chromium~iron alloys, but found sigma phase lines appearing
after 1000 hours at 540°C. -

Heger (8) published a thorough review of precipitation embrittle-
ment of ferritic iron-chromium alloys in 1951, Heger has.shown that
sigma phase will form at 47500 in alloys with chromium content as low as
17 per cent when the specimens are severely cold worked and aged for
several thousand hours. Otherwlse no identifiable structural changes
heve been associated with precipitation embrittlement. On the basis of
his observations and the work of Bandel and Tofaute (9); Heger suggested

that precipitation embrittlement is analogous to precipitation hardening
| in aluminum-copper alloys and may involve the reaction: alphe iron -

transition phase - sigma phase, where the transition phase is coherent
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with the alpha iron structure and causes large coherency stresses,
Heger also noted that precipitates of nitrides, phosphides and carbides
are formed when commerical alloys with these impurities are aged at 47508.

Lena and Hawkes (10) published the latest work on precipitétion
embrittlement in 1954, With data on a high purity 28 per cent chromium
vacuum melted slloy, and a commerical type 31.6 per cent chromium alloy,
Lena concluded that,

n(1) High purity Fe-Cr alloys exhibit little tendency

to embrittle when aged at 475°C unless strained prior

to aging. (2) 475°C embrittlement of commercial Fe-Cr

alloys is not simply due to a grain boundary precipitate

as evidenced by the large increase in hardness of single

crystals after aging at 475°C, (3) It is postulated

that the embrittlement of Fe~Cr alloys after aging for

short times at 4759°C is caused by the accelerated formation

of an intermediate stage in the formation of sigma phase
under the influence of lattice strains, In pure

alloys the straining must be applied by external defor-

mation, whereas commercial alloys are strained prior

to embrittlement by the precipitation of a nitride phase,

The intermediate stage is believed to consist of the

formation of the chromium ferrite reported by Fisher,

Dullis, and Carroll,"

Fisher, Dullis, and Carroll (11) aged commercial type alloys
of about 27 per cent chromium content for 10,000 to 34,000 hours at
485%. They dissolved the matrix of these alloys in an alcohol solution
of picric ascid and hydrochloric acid, The residue was a body centered
cubic chromium rich precipitate (80 per cent chromium) with lattice

o _
parameter, a, equal to 2,878 A, When specimens of this material were
severely cold worked before aging, sigma phase was extracted from the
embrittled material, Fisher, Dullis, and Carroll have proposed that

precipitation embrittlement is due to the formation of the chromium

rich coherent precipitate,



Statement of Problem.

The present study was undertaken to determine new information
concerning the kinetics and mechanism of precipitation embrittlement in
pure iron-chromium alloys and to support or disprove existing theories,

or prbpose & new theory for precipitation embrittlement,

Experimental Methods.
Vacuum melted alloys of nominal composition 19, 25, 34, 42

and 49 per cent chromium were purchased from Vacuum Metals Corporation
and used for all experiments in this study.

Previous studies of precipitation embrittlement have shown or
indicateds (1) precipitation embrittlement occurs in pure iron-chromium
alloys and must be considered inherent to the iron-chromium system,

(2) 475°% embrittlement involves precipitation of a second phase in the
alpha solid sclution matrix. (3) The embrittlement is associated with
sigma phase formation, but is not due to direct precipitation of gross
sigma phase,

The experimental methods chosen for this study are (1) strain
aging experiments in 25 per cent chromium-iron alloys to show evidence
of precipitation of a second phase and the effect of strain on the rate
of embrittlement; (2) electrical resistance isothermal gging experinents
to establish the kinetics of precipitation embrittlement in 25 per cent

chromium-iron alloys; (3) isothermal aging experiments with 19, 25, 34,

42 and 49 per cent chromium-iron alloys using a temperature gradient
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furnace and measuring hardness; and (4) metallographic and X-ray studies
to determine the nature of the precipitate and the relation of szigma
phase to precipitation embrittlement., Fach experimental method and

its result are discussed in detail in separate sections which follow,
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II, MATERIALS, SPECIMEN PREPARATICN, AND HEAT TREATMENT PROCEDURE,

The iron-chromium alloys used in this study were vacuum cast
by the Vacuum Metals Corporation., The analysis of these alloys, Table 1,
was provided by the Vacuum Metals Corporation, The alloys were received
as 0.5 in, diameter round bars. BEach alloy was annealed and homogenized

for 0.5 hours at 1090°C and water quenched before use in these experiments.

TABLE 1

Analysis of Alloys Prepared by the Vacuum Metels Corporation

Nominal '
Per cent Cr Per cent Or Per cent C Per cent 02 Per cent N2

19 19.36 0.0017 0,021 0.00003
25 25,48 0.016 0.034 0.00028
34 33.75 0.0036 0,062 000051
42 41458 0,0077 0,086 0,0015
49 48,91 0,0064, 0,102 0,0017

The microtension specimens, Section III, were prepared by
slicing some of the 0.5 in. bar stock into four radial sections, machining
these radial sections into 0,125 in. round bars, and then machining the
microtension specimens from the 0,125 in, bar stock on s Jjeweler's lathe,
The electrical resistance specimens, Section_IV, were prepared by center-
less grinding 0,100 in, diameter cylinders 2.0 in. long from the 0,125

in, bar stock described above. The specimens to be treated in the gradient
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furnace, Section V, were prepared by cold rolling 0.5 in. bar stock into
0.040 in. square wire., The microtension specimens, electrical resistance
specimens, and one gradient furnace specimen were annealed for 0.5 hours
at 1000°C after their preparation.

A1l specimens used in this study were sealed in Vycor tubing

in 5,107

mm Hg vacuum before heat treatment in order to prevent nitrogen
or oxygen contamination during heat treatment,

Furnaces for isothermal aging heat treatment of electrical
resistance specimens and strain aging specimens were controlled in
temperature by the following technique. Large copper blocks were placed
in the furnaces for specimen holders, A chromel-alumel control thermo-
couple connected to a Leeds and Northrup Micromax Controller was placed
between.each copper block and its furnace heating element. Thermal
inertia in the copper blocks stabilized the core temperature of these
copper blocks to * 2°G, although the control thermocouple temperature
might vary * 5°C or more, The core tenperature was mgasqred with a
separate chromel=-slumel thermocouple placed in the core of the copper
blocks, Chromei—alumel cold junctlon thermocouples were placed in crushed
ice baths, Thermocouple voltage was measured by a leeds and Northrup
Portable Precision Potentiometer, Model 8662, The measurement error
of the potentiometer is * 0,05 mv(12) which corresponds to * 1% at
500°G for chromel-alumel thermocouples (13)., The cold junction ice bath
used crushed ice in a Dewar flask with the cold junction thermocouple
enclosed in a 1/8th inch diameter protection tube filled with oil, The

cold junction temperature is estimated to be accurate within + 0.5%C,
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The hot junction thefmocouple was enclosed in a 1/8th inch diameter hole
drilled near the center of the copper furnace block and was in contact
witﬁ the‘copper furnace block, Temperature errors between the furnace
block and hot junction thermocouple due to radiation or conduction aie
estimated to be less thap + 0.5°C. All chromel-alumel therﬁocoﬁple

_ materiél used for cdld jﬁnctions and hot junctions in these expériments
was taken from the same spools of chromel and alumel wire;. Thus, the
error in relative temperature measurements indicated by thesé thermo-
couples due to thermocouplecalibration was probably + 0.5°C,~although
the absolute temperature may be in much larger error, There is also a
possible error due to temperature difference between the potential
connections of the potentiometer, since only a single cold junction was
used, and this'error is estimated to be less than * 1%, The total

relative temperature measurement error is then estimated to be + 3.5°G.



ITII, STRAIN AGING EXPERIMENTS

Methods and Procedures.

Strain aging experiments with 25 per cent chromium=—iron alloys
were performed to provide evidence of precipitation of a second phase,
to show the effects of embrittlement on static tension properties of
.this alloy, and to show the effect of straiﬁ on the kinetics of precipi-
tation embrittlement.

Tension tests were performed on a Chevenard Microtension
machine (Typé Mi34~NR113), because the available amount of vacuum melted
25 per cent chromium-iron alloy was limited, A typical microtension
specimen with 1.5 millimeter diameter gage sectlon and 7,5 millimeter
gage length is shown in Fig. 2. All tension tests were made at room
temperature, 25%,

A series of specimens was aged one-half hour to 534 hours at
490°C after annealing and then tested, Another series of-speéimens was
strained in tension to a permanent deformation of from 2:per cent
elongation to 6 per cent elongation hefore aging., These specimens were
then aged for times of one-half hour to 1022 houré at 49006 and retested,
A few specimens were aged and retested over several cycles of strain
plus aging., One specimen was strained, aged for 24 hours at 49000, tested,.
annealed for one-half hour at 700°C and retested to show the effect

of 700%C aging on removing the embrittlement acquired at 490%.,
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METRIC 1

Fig. 2. Microtension Specimen.
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esults.

Some typical stress-strain curves, are shown in Figs. 3 to 8,

Fig.—B shows the stress=strain curve for an annezled 25 per cent chromium=~
iron specimen which was strained to 2.5 per cent elongation, then paitially
unloaded, and then reloa@ed without heat treatment between testé. The
reloaded stress-strain curve is an extension of the original stress—

strain curve as if the loading cycle had not been interrupﬁed.' Fige 4
| shows the effect of aging ét 47500 for 2,5 hours and 4.5 hours between
loading cycles. Note that the 0,2 per cent offset yield strength is not
only raised from 47;500 psi to 62,000 psi and 70,000 psi, but a yield
point similer to that found in mild steel appears, Fig. 5 shows a similar
effect where the specimen was sged 170 hours at 490°C, end the yield
strength was raised from 41,000 psi to 105,000 psi. Fig. & shows the
effect of strain aging for 24 hours at 49000 followed by 0.5 hours at
70000._ Strain aging at 49000 increased the yield strength ffom 40,000 psi
to 63,500 psi, but 0.5 hours at 700°¢ reduced the yield sﬁrength to
26,800 psi, although the mild steel type of yield was retained., Fig. 7
shows a stress-strain curve obtained with an annealed specimen aged at
490°% without previous strain. The absence of a mild steel type yield
point is notsble, Fig, 8 illustrates one of a series of specimens aged
at 49000 after approximately 4 per cent initial elongation, and the yield
point 1s quite apparent. The yield strength increases and the ductility
decreases with continued aging in both initially annealed and initially
strained specimens., These results are summarized in Table 2, Embrittle-
ment is shown to occur by the decrease in specimen elongation after aging at
AQOOC. Elongation is decreased to zero per cent after sufficient aging

at 490°C.
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Fig. 3. Annealed 25 per cent chromium-iron stress-—strain curve.
‘Initial loading, a. Reloading, b. :

‘ € —=

Fige 4. Strain aged 25 per cent iron-chromium specimen, 2.5 hours and
4.5 hours at 4759C. Initial loading, a. Reloading without
aging, b. Reloading after 2.5 hours at 47500, c. Reloading:
after 4.5 hours at 475°G, d.
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' Fig. 5. 25 per cent chromium-iron strain aged 170 hours at 490°C.
Initial loading, a. Reloading after 170 hours at 490°C, b,

Fig. 6. 25 per cent chromium-iron strain aged and annealed 0.5 hours
at 700°C. Initial loading, a. Reloading after 24 hours at
490°C, b, Reloading after 0.5 hours at 700°C, c.
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Fig. 7. 25 per cent chromium—-iron annealed and aged 4 hours at 49000.'

Fig. 8. 25 per cent chromlumriron elongated 4 per cent in tension and
aged 1 hour at 490°C,
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Interpretation of Results.
| A limited discussion of the strain aging experimental results

is'appropriate hers, although supporting metallographic work described

in Section VI will add to an integrated discussion in Sectiom VI.

The strain aging experiments have established that eﬁbrittle—
ment occurs in a vacuum melted iron-chromium alloy when it is aged at
49000, and that there is a straln aging effect. Such a sirain aging
effect has usually been associated with the formation of & second
phase(14). Plastic strain prior to aging accelerates the embrittlement,
increases the yield strength for a given aging time, and tends to hold
ductility at a higher level for a given yield strength or aging time.
Plastic deformation prior to aging changes the shape of stress-strain
curves obtained after aging, pérticularly in that a mild steel type of
yield point is developed. Some of these effects may be related to
interstitial impurities in the 25 per cent chromium-iron alloy.

Some interesting studies on this vacuum melted 25 per cent
chromiun-iron alloy have been conducted by Martens at the Jet Propulsion
Laboratory (15), and these studies substantiate the embrittlement effect
in this alloy when aged at 47500. |

Martens used annealed 0.25 in. by 0.25 in. by 1 in. Izod
impact specimens with a 0.050 in. 450 groove, and aged them at 475°¢,
Martens made impact tests with a 100 in. pound Izod méchine. Vickers
hardness was measured on a Tukon tester. The results of this
experiment are summarized in Table 3.

Martens! work shows that impact energy decreases with increasing
aging time while hardness increases, correlating well with the static

tension tests deseribed .above.
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"TABIE 3

Impact Data On 25 Per Cent Chromium=Iron Vacuum Cast Alloy Specimens*

10kg

Vickers
Impact Energy Hardness

Temperature _ Time In, Ib, Number

as quenched 100 187
475°%¢ 25 hr. 86100 | 194205
475% 40 hrs. 60~78 201-206
4715°% 56 hrs. 39-51 199-203
475% 72 hrs. 35-37 207-209
475% 120 hrs. 29-33 215~221

415% 240 hrs. 24~30 225=235

See Martens (15},
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IV. ELECTRICAL RESISTANCE EXPERIMENTS

Methods and Procedure.

Electrical resistance measurements were made with a Leeds
and Northrup Type 4340 Students Kelvin double bridge. The speéimens
were 25 per cent chramium-iron allay, 0.100 in. diameter, 2 in. long,
centerless ground rods; specimen fabrication is described in section II.
The specimen holder had pointed steel potential contacts 1 in. apart.
A gpecimen and the specimen holder are shown in_Fig. 9e

Since this experiment 1s designed to show a change in
electrical resistance as a function of aging treatments, relative
errors in resistance measurements are important. The primary sources
of relative error are 1) errors inherent to the Kelvin bridge,

2) thermoelectric effects, . 3) geometry of the specimen and specimen
‘holder, 4) temperature of the specimen, and 5) surface condition
of the specimen,

Errors inherent to the Kelvin bridge depend oﬁ several
factors. The bridge in perfect condition has an accuracy of + 0.7 per
cent (16). The surface condition of the main slidewiré and of decade
contacts will affect this accuracy somewhat, but surface conditions
of the bridge used in this experiment were not apparently varied during
the experiment., Inherent Kelvin bridge error with respect to relative
changes in electrical resistance are estimated to be at maximum
+ 1.0 per cent.

Thermoelectric sources of error were eliminated by reversing

the direction of bridge current on two separate balancing operations.
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Fig. 9. Electrical resistance specimen in the specimen holder.
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In this experiment the null point was found to be independent of
current direction within + 0.5 micro ohm, .

The specimens were cylindrical to at least + 0.0001 in. and
the dimensions of a specimen were not observed to change during aging.
Thus, the speclmen diameter was constant to a fraction of 0.1 ber cent.,
The léngth of spécimen Qver which resistance was measured depehdéd on
tﬁe Spacing of the poihted steel potential leads. The‘pdsitioniof
.f‘these leads was fixed in the specimen holder and could change during
the course of the experiment only by deformation and wear of the
points. The maximnm amount of such change is estimated to be 0.005 in.
which would introduce a resistance error of 0.5 per cent.

Specimen temperature was controlled by a constant temperature
" circulating oil bath with temperature observed to be 311.5 ivO.loK
_cogsiétently, and by a Dewar flask liquid nitrogen bath éstimated'te
be’77.4 * 0.5°6. The corresponding error in resistance is éstimated
to bg>le85 than + 0.1 per cent.

The effect of specimen surface condition cann;t be treated
quantitativeli. The Kelvin bridge is designed to eliminaté contact
potential and resistance effects; however, if oﬁe potentialvlead is
” in:good contact with the specimen while the other has a contact -

' :esistance comparable to circuit impedances of the bridge arm, large
\erroré can occur. The pointed steel contacts were dééigned to
_puncture surface films and minimize contact resistanée; Further, the
Specimens were carefully cleaned in acetone and sealed in vacuum
before heat treatment to minimize formation of surface films. HNever=

theless, surface films did form in some cases after many hours of
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aging in the 500°C range. It was occasionally necessary to clean
therspecimen by pickling in a hot solution of 10 per cent hydrochloric
acid and 10 per cent sulfuric acid. The specimen dimensions were
checked before and after pickling. Electrical resistance was glao
measured before and after pickling treatments. Usually no dimensional
~or reéistance chahges wére noted after the pickling treatment,'and
cdrrections were carried through the experiment when changes:did éccur.

Total experimental errors in the electrical resistanéé
experiments are estimated to be + 2 per cent. ReproducibilityAchecks
‘were made by measuring some specimens several times and was found to
‘be + 0.7 per ceht. |
o The electrical resistance specimens were annealed for 30
" minutes at 1090°C and water quenched after centerless grinding.
Initial resistance of each specimen was measured at 77.4°K and 311.5%K.
The specimens were aged isothermally in constant temperature furnaces
describad in Section II. A given specimen was aged 0.2,'0.4, 0.8,
:L1.6, +»s 5 2000 hours at one temperature, i.e., the agiﬁg time was
doubled at each increment. Electrical resistance at 77.4°K and 311.5%
was measured after each aging increment, thus giving electrical
resistance vs. log time data.

Specinmens 1, 2, 3, and 4 were étrained in tension to 0.67,
1250, 3.3, and 10 per cent elongation respectively.befére isothermal heat

treatment. Specimens 5 to 12 were not strained aftef annealing.

Results, 460°%C to 525°C.
The results of these isothermal aging experiments for

temperatures of 460°C, 475°C, 490°C and 525°C are shown in Figs. 10
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f,o: 1~5; Figs. 10, 11, 13, 15 are plots of electrical resistance vs.
log time for annealed specimens aged at temperatures of 46000, 4_75°G,
4§0°C’, an_d'. 52590, respectively. Fig. 12 shows the effect of plastic
deformation on aging at 475°C, and Fig. 14 shows the effect of plastic
defbrmatlon on aging at 490 C. ‘ ;

Results are plotted with the resistance scale for room
température measurements at the right and for liquid nitrogen {emperature
measurements at the left. The liquid nitrogen temperature resistance
vunit‘ scale and room temperature resistance unit scale are equal but
have different zero suppression so that both curves can be shown on
one graphe , | _

‘ Aging at 460°C, Fig. 10, produces a 55 pohm decrease in
electrical resistance measured at 311.5% aﬁ;er/ 8 hours aging. followed
by a 25 pohm inerease after 500 hours aging, and decreasing again
after 1000 and 2000 hours aging. Resistance measured at liquid nitrogen
tamperature decreases 20 nohm after 2 hours aging then increases

,'steaduy 200 piohm after 2000 hours at 4609C.

After aging a 25 per cent chromium-iron specimen at 475°C,
Fig. 11, electrical resistance measured at 311.5»°K decreases 55 uohms
in 8 chrs followed by a 55 pohm increase in 1000 hours, and decreases
again after 2000 heurs aging. Electricai resistance'meaéured at
77.4°K decreases 7 pohms in C.8 hours, then increases steadlly 250 pohms
after 2000 hours at 475°C,

| _After 490°¢ aging, Fig. 13,electrical resistance measured
at 311 5% decreases, shows a small anomalous increase at 2 hours, and

decraases 37 pohnms after 8 hours aging, then increases 75 Pohms
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in 150 hours, and finally decreases 175 juohms after 4000 hours.
Electrical resistance measured at 77 4%k decreases slightly after
0.2 hours, increeses slightly to a plateau after 2 hours, then steadily
increases 250 pohms after 2000 hours at 490°G. - There is an indication
of a resistance decrease after 4000 hours aging at 490°c, |

When the specimen is elongated 1 to 10 per cent in tension
before aging at A90°C, the resulting resistance vs. log time curves
(Fig. 14) are similar in shape to the 490°C aging curves for an
initially annealed specimen. Cold work has several important effects,
however. Maximum slectrical resistance measured at room temperature
is attained with shorter aging times, e.g. in 3 hours with 10 per cent
elongation compared to 150 hours with the annealed specimen. The
total éhanges in resistance are equal to or somewhat less than the
‘corresponding changes in the annealed specimen. Electriceal resistance
changes measured at 77 .4°K follow a pattern similar to thosé of the
annealed specimens, but again time to reach maximum resistance increase
is shortened. A maximum increase of 265 pohms was cbserved at 400
hours in the specimen elongated 10 per cent, corresponding to 265 mpohms
at 400 hoﬁrs in the specimen elongated 2 per cent, 235 )mhms at
840 hours in the specimen elongated 0.7 per cent, and 250 pohms at
2000 hours in the annealed specimen. Thus cold work seems to accelerate
the aging process without affecting the maximum change in resistance
and without modifying the basic shape of the aging curves. It is
interesting to note that change in resistance due to 10 per cent
elongation is 258 pomms measured at 311.5% compared to 93 pohms for

the same specimen measured at 77.4°K. This behavior violates
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Mattheissen's rule for dilute solid solutions that change in resistance
due to structure change is independent of temperature. Similarly,

the resistance change during aging of the specimens described above

is quite different at 1liquid nitrogen temperature than at room
temperature. This will be discussed in more detail later. Thé
relative change in‘resiétance (4R/R) due to cold work is more nearly
the same at room temperature and at liquid nitrogen température than
the total change in resistance as shown in Table 4.

The results of aging an annealed 25 per cent chromium-iron
resistance specimen at 525°C are shown in Fig. 15, Electrical resistance
neasured at 311.5%K decreases 40 pohms in 4 hours aging with a slight
increase at 2 hours, increases 40 ’mhms after 10 hours, and finally
decreases 110)uﬂmw after 1500 hours aging at 525°C, Resistahce
measured at 77.4°K increases 25;pohms to a plateau in 2 hours aging,
rises to 60 johms after 20 hours, followed by an additional A-80 pohms
increase at 80 hours, and a very slight increase from 80 to 1500 hours

aging.

Interpretation of Results, 46000 to §2§° .
The effects obtained after aging annealed 25 per cent chromium-

iron specimens between 460 and 525°C show several consisient features.
Electrical resistance measured at 311.5°K decreases apﬁreximatexy

50 polms in 8 hours aging at 460%C, 475°C, and 490°C, and in 4 hours
at 525°C. There is an anomalous resistance increase superimposed on
this decrease, resulting in a resistance peak in 2 hoﬁr§ aging at

490°C and 525°C. This effect is shown most strongly in the £490%
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TABLE 4

The Effect of Cold Work on the Electrical Resistance of 25 Per cent

Chromium~Iron Specimens.

el gZ::I':Zn Ry yox  Bypsox  CFlyyiox (311.5%
: Jrohums pohms per cent per cent
0.7 5 15 0.65 0.62
2 21 51 2.7 2.1
3.3 21 59 2.7 2.4
10 88 258 11.3 10.8




-34-

';ging curves, Fig. 13. This anomalous increase of resistance could
reasonably be associated with interstitial impurity effects such as.
théée caused by nitrogen, oxygen, and carbon, ILena (16) reports a
similar electrical resistance increase which peaks in about 1 hour
at 47500 due to latticeistrain associated with nitride predipitétion.
| The ganéral déérease in electrical resistance measured at
311.5% occurring in the first 8 hours of aging (4 hours at 5'25°c )
may be interpreted as a result of chromium depletion from the méirix
solid solution and beginning of local ordered domains or‘nuclei;_
Alexander and Hanson (17) and Fink and Smith (18) have pointed out
that such a process would be expected to decrease resistancé. After
this initial decrease, electrical resistance measured at 311.5°K
increases 25}uohms in 500 hours at 460°C, 55 pohms in 1000 hoﬁrs at
475°C, 75 pohms in 150 hours at 490°C, and 40 pohms in 10 hours at
52500. The rate and magnitude of this increase of resistancé seen
highly temperature sensitive. This increase in resistande may be
attributed to lattice strain associated with the formation of second
phase muclei which are coherent with the lattice of the matrix and
slightly different in size, This explanation foﬁ an increase of
eleétrical raesistance accompanying precipitation hardeniﬁg reactions
vas suggested by Mehl and Jetter (19), and the effect of a coherent
second phase is discussed b& AJH, Gelsler (20). The same auwthor
discusses the effeet of the amount of disregistry betwéeh precipitate
and matrix on aging kineties (21). Hé points out that in systems
where disregistry between matrix and precipitate is sﬁall,fe.g; in

aluminum-silver and copper-nickel=-cobalt, the increaseqof electrical
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resistance is small and does not become apparent until after a moderate
degree of solid‘solution decomposition has occurred, and this increase
in'resistance is not recovered until late in the aging process. With
alloys where matrix precipitate disregistry is large, e.ge alﬂ@inum~
zine or copper-berylliup, loss of coherency takes place early before
gross solid solution decomposition has occurred, and the resistance
increase starts initially instead of following an initial daérease.
Geisler (21) illustrates these effects diagramatically in Fig.,16.
The room temperature aging curves of a 25 per cent chromium-

iron alloy aged between 460°C and 525°C seem definitely to resemble
the aluminum~silver type of curve illustrated above, suggesting the
formation of a coherent precipitate having little disregistry with
the aléha'matrix. |

| The increase in resistance discussed above is followéd by
a continuous decrease in electrical resistance measured at 3M11.5%
after longer aging times. This continuous decrease in”electrical
resistance may be interpreted as the result of solid solutiqm.depletion
effects becomiﬁg dominant in the process. This phase of the aging
pfoeess would be expected to occur after sufficlent aging time according
to Geisler [(21) and Fig. 16]. The time of reaching maximum slectrical
resistance measured at 311.5°K decreases with increaéing temperatufe
from 460° to 525°C. |

The aging curves obtained by measuring the electrical

resistance of the aged specimens at 77.,°K are quite different from
the aging curves obtained by measuring ﬁhe electrical résiStanée of

the aged specimens at 311.5%K. Emphasis should be placed on'the fact
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Fig. 16. Effect of lattice disregistry on aging kineties, from
Geisler (21).
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that the observed structural changes took place at an aging temperature
much above the temperature at which resistance was measured. Electrical
reéistance measurements were made at least twice at 77.4°K and twice

at 311.5%K for points plotted on the aging curves.  No structural |
changes have been observed either at room temperature or iiQnid nitrogen
temperature regardless of the order in which the resistance measurements
were made, and regardless of the time these specimens were'sfared at
room temperature before their resistance was measured.  If ényVStructural
changes occurred between room temperature and liquid nitrogen temperature
they must have been ccmpletely’reversible in very short times, jeee
martensite type shear reactions, which have never been observed in

the iron-chromium alloy system. The differences between aging curves
obtainéd by measuring resistance at roam temperature and at liquid

nitrogen temperature must then be explained on the basis of the

diff@rence in measurement temperature and the fact that the electrical
resistance of a given metallic structure is highly tempefature dependent.
An interpretation of resistance changes measured at 77.4°K‘after
aging 25 per éent chromium iron specimens at 460, 475, 490; and 525°C
follows.

: An initial decrease in resistance of 23 pohms in.2 hours
at 46060, 7 johms in 1 hour at 4‘7500, and 10 pohms in 0.2 hours at
490%C occurs, while no decrease occurs at 525°C. - Fbiléwing the initial
decrease aging at 460°C shows a steady increase of 200 )nxmmvin 2000
hours. Similarly, there is a steady increase in electridal resistance
measured at 77.4°K with aging at 475°C of 250 pohms in 2000 hours.

After aging at 49000, electriesl resistance increases to a platbau in
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1.5 hours, then increases 250 pohms steadily in 2000 hours. The
elegtrical resistance date measured at 77.4°K with specimens aged

at 525°¢ ié difficult to interpret, Fig. 15; The resistance increases
25‘pchms to a plateau for a period from 8 to 38 hours, then ingreaSés
again(SO)uéhms to a plapeau for a period from 80 to 1500 hdurs;

The initlal decrease in resistance may be interpreted as
aolid solution depletion and formation of nuclei as in the case of room
temperature resistance effects. This initial decrease is smaller
with 49000 aging than with lower temperature aging because of the super-—
imposed nitride precipitation which strains the lattice. The initial
~ decrease in electrical reslstance is lost with 525°C aging because
precipitate coherency with the matrix is lost much earlier then with
'490°C,éging or lower temperature aging. There is a steady rise follow-
ing:thé initial decrease in electrical resistance measured at 77.4°K,
~ vhich continues after 2000 hours at 460°C or 475°C, which nay not
continue after 2000 hours at 490°C, and which does net'céntimue'after
'80 hours at 525°C.‘ Taking the time for one-half of the total resistance
changes which occur with aging at 525 C and 490° C, and assuming the
total change at 460°C and 475°C would with sufficient aging time equal
k”thai at A90°C, then teking the estimated half time for aging at 46000
and 475°C the results shown in Table 5 are ocbtained.

| It is clear that the precipitation embrittlemént process
does not look the same when studied by electrical resiétance messured
at 77.4%, as it does when studied by electrical resistance measured

at 311.5°. This is most obvious in the 49000 aging curves, Fig. 13.
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TABLE 5

The Relation of Temperature and Aging Rate

Time for 1/2 Total

Aging Temperature 77.4°%K Resistance Change
% : ‘ _ hours
460 520
475 265
450 55
525 : ' 15

Since the unit scales for resistance measured at 311.5°K and

resist#neé.meaéured at 77.4%K are equal, it is shown that there is a
‘ 50 pervcent larger total change in electrical resistance meagured‘at
77.4%K than in electrical resistance measured at 311.5°€. Further,
 the totallchange in resistance measured at 77.4% is an increase, while
the change in ;esistance measured at 311.5% is a decrease. Thus,
| Mattheissen's rule does not agree in magnitude, or in sign with results
obégrved in this case.

| Cencerning the effeet of cold work on aging at 490°¢c (Fig. 14)
it is clear that cold work markedly affects the rate of reaction, bﬁt
does not influence the shape of the aging curves, that is, cold work
does not alter the basic aging process but does affect the rate of
aging. It is also apparent that little or no recovery of'electriqal
resistance due to cold working ocecurs with 490°% aging,: This iesult;
is consistent with results described in Section IV. The effect bf cold

~ work on aging rates at 490°C is summarized below.



Time tc Reach Time to Reach
Maximum Resistance Half Resistance Change
- Per cent Measured at . Measured at
Elongation 311.59K T7.4°K

0 150 hours 55 hours
0.7 - Y 60 , 55
2 85 YA
10 25 ' 17

The time to reach one-half the total resistance change measured a£
77.4°K is plotted against per cent elongation in Fig. 17. |
Electrical resistance vs. log time is plotted for a specimen

elongatéd'B;B per cent and aged at 475° in Fig. 12. An anomélous
;ncreaSe in resistance in the first hour indicates an inﬁerstitial
precipitate.‘ This anomalous increase is not present in the énnealed
speciﬁen aged at 475°C, Fig. 11. The effact of eold work on the time
‘to reach one-half the total resistance change in speciméns aged at
- 415% is plottéd in Fig. 17. Cold work seems to have been ﬁore
effective in accelerating aging at 475°C than atv490°C as indicated
by the steeper slope of the 475°C line in Fig. 17.

| An attempt to explain the behavior deseribed abbve will be
highly qualitative, since no quantitative theory existéjrelating

electrical resistance to microstructure in a two phase ége hardenable
“‘ alloy system. Further, Mattheissen's rule applies to dilute solid

| solutions, whereas the 25 per cent chromium-iron allqj is a concentrated

'solid solution,
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| As discussed above, the behavior of electrical resistance
measured at 311.5°K can be explained separately on the basis of solid
| soiﬁtion depletion and the formation of a coherént precipitaterﬂith
little lattice disregistry. Similarly, the behavier of electrical |
resistance measured at 77.4°K can be explained separately on tﬁe

same ﬁasis, with #n iniiial decrease due to solid solution depletion
and iocal nucleation folloﬁed by a steady increase due to.lattice
~strain caused by a coherent precipitate formation and growth. ‘waever,l
solid solution depletion effects are never observed to ddminaté lattice
‘strain effects when resistance measurements are made at 77.4°K. Even
in the 525°C aging curves, Fig. 15, maximum resistance is méin@ained
over a large part of the aging period without an ultimate decrease

" in resistance. Referring again to Fig. 16, it is apparent that the
;‘agipg‘curves obtained by measuring electrical resistance'at 77.4,°%
reéemble that portion of the theoretical aging curve due tolcoherent
precibitate sﬁrain, rather than that portion due to solid solution
~depletion. |

One ﬁay hypothesize that lattice strain and coherent pre-

cipitate with the magnitude and distribution 0ccﬁrring ip this alloy
”and.with these aging conditions provide more electron scattering at
77.4°K than impurity atoms in the matrix lattice provide, particularly
8ince the matrix lattice is not a dilute solid solutién of chromium

in iron. OConversely, electron scattering at 311.5°kaith a much
shorter electron mean free path may be more sensitive to solid solution
depletion than to coherent precipitate scattering, thﬁsi311.5°K

aging curves reach a resistance peak and decrease long before 77.4°K
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aging curves reach a resistance peak. This idea may be developed
further with regard to the effect of cold work on 311.5°K resistance
and 77.4°K resistance.

Cold working presumably strains the lattice uniformly,
thus producing a strain.on a sub-micro scale of smaller ar&er ihan
nuclei spacing, i.e; dislocation density is high compared to nuclei
density. This would predict a larger electrical resistanée»effgct
due to cold working on resistance measured at 311.5°K, thanvon B
resistance measured at 77.4°K, and this 1s indeed observed tb be. the case.

The resistance behavior at 77.4°K as related to resistance
behavior at 311.5°% can then be explained on the basis that electron
scattering at 77.4°K is more effective from scattering centers with
much larger spacing than the scattering centers responsible‘f§r
resistance effects at 311.5%K.

This observed liquid nitrogen temperature behavioftis a
strong argument for the existence of a coherent'precipitéte with
little lattice disregisiry, since electrical resistance measured at
77.4°Kk continués to increase even after solid solution depletion
effects are apparent in electrical resistance measured at 311.5%.
Thué, the coherent precipitate will continue to grow while maintaining
lattice coherency during advanced portions of the aging éycle.

When studying temperature dependent kinetic processes, it
is interesting to plot log 7 vs. 1/T, where 7” is a chéracteristic
time for the reaction at temperature TOK. "If the prgcess reaction
rate is proportionalvto éQ/RT, a straight line can be drawn-throﬁgh

the points of a log 7" vs. 1/T plot, and the slope of the line is Q/R,
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thus determining Q, an activation emergy for the process. The time

t0 reach maximum electrical resistance measured at 311.5°K, and the

timé to reach one~half the total change in eleetrical resistance
measured at 77.4°K were chosen as characterisiic times for themreacﬁion¢
In thg case of cold worked specimens, activation energy was obiained
for specimens elongated 3.3 per cent and then aged at 475°C'and 490°%¢.
The data for 3.3 per cent elongation and 490°C aging was ﬁakeh from

Fig. 17 where the effect of cold work on aging kinetics is élotted
against per cent elongation.

Activation energy data is plotted in Fig. 18. Eleetrical
resistance data measured at 311,5%K givesan activation energy of
58,000 cal/mol, while electrical resistance data measured at 77.4°K
givesaﬁ activation energy of 68,000 cal/mol. Both sets df data
represent the.same aging process, although they may repréSent two
different phases of this process. Furthermore, errors in acfivation
energy data taken in such a limited temperature rangs apé large, and
choosing appropriate times for equivalent stages in the process is
difficult. Esiimated errors are indicated in Fig. 18. The data is
best interpreted as indicating an activation energy of 63,00071 10,000
cal/mol for the precipitation embrittlement process in annealed 25
per cent chromium-~iron specimens.

The activation energy determined for the cold'worked specimens
is 58,000 cal/mol (Fig. 18), indicating 3.3 per cent elongation does
not change the activation energ& for precipitation embrittlement within

the experimental error.



Results, 550°C to 600°C.

Resistance aging curves for aging temperatures of 550°C,
575°C, and 600°C are shown in Figs. 19, 20, and 21, respectively.
Electrical resistance measured at 311.5% has a very rapid decrease of
27 pohms in less than 0.2 hour at 55000, remains practically constant
,(slighﬁ increase) fof SD:hours aging, then decreases 20 pohms in
2000 hours. FElectrical resistance measured at 77.4°K incréases 25)uohms

| in 2 hours, decreases slightly at 25 hours, increases BOJpohms véry
rapidly at 50 hours, then may decrease slightly with furﬁher aging
at 55000, with very scattered data occurring after 50 hours aging.v

Aging énnealed 25 per cent chromium-iron specimensvat 575°C
produces a steady decrease of 55 rchms in electrical resistance
measured at 311.5°K after 2000 hours. Electrical resistance méasured
| at 77.4°K increases slightly with a peak at 0.2 hour, theﬁ’decreases
steadily 22 pohms at 25 hours aging, a sharp 12 Pohms increaée occurs
at 25 hcurs followed by a general decrease in resistance,'

Aging at 600°C shows a 50 pohm decrease in resistance
measured at 311.5%K in 1 hour, followed by small fluctuations about
a constant value., Electrical resistance measurad‘at 77.A°K shows
a Eblpohm decrease in 0,2 hour followed by fluctuations about an

esgentially constant value.

Interpretation of Results, 550°C to 600°C.

There is no consistent electrical resistance effect at aging
temperatures of 550 to 600°C in 25 per cent chromium=-iron which can be

related to precipitation embrittlement. Most observed éffécts can be
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explained as relief of residual strains due to guenching, and interstitial
impurity effects, and these changes are generally small with respect
%o éhanges observed by aging specimens at temperatures of 460°G to v
525°C. One effect which is consistent 1s the fapid change-in e;ectrical
resistance measured at 77.4°K afte? 25 hours aging at 550°C, 575°C,
and 600°C. This effect is strongest in the case of SSOOC.aging
and decreases.with higher aging temperature. The effect may 5e,due to
impﬁrity reactions or to gross sigma formation. Gross sigma phaSe
formation has been confirmed in 25 per cent chromium—-iron in this
investigation, as shown in Seetion VI, This small amount of sigma
phase is formed incoherent with the alpha iron matrix so that little
or no lattice strain effect is obsarved, and is of such small amount
that littlé solid solution depletion occurs.

Any electrical resistance effects recognizable ﬁs preCipitation
embrittlement disappear between 525° and 550°C, This is»coﬂsistent

with data obtained from experiments described in Section V.
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V. THE EFFECT OF AGING ON HARDNESS,

Method and Frocedure.

To facilitate obtaining kinetic aging information ovef a
wide range of temperature and chromium composition the followiné
technique was used. vSpeéimens of nominal compositions 19 per cent,
‘25 per cent, 34 per cent, 42 per cent, and 49 per cent chromium (see
Table 1 for exact composition) were rolled into 0.040 in. square wire.
These wires were rolled from 0.5 in. diameter bar stock without inter=
mediate anneéling for all chromium compositions, fesulting ih 99.2 per
cent reduction of aresa. The wire specimens were sealed in vacuum in
Vycor, and heat treated from the cold worked condition, except for‘bne
specimen which was annealed at 1000°C for 1 hour and water quenched.

Specimens were then aged in a 32 in. long gradient furnace
which was wound differentially on a 0,5 in. diameter tube;to-préduce
a nearly linear thermal gradient from one end of the fUrhacelio tﬁe
other, Temperature profiles for gradient furnaces 1 and:2 are plotted
in Fig. 22 and 23 respectively. Specimens of each alloy were aged
for approximately 1 hour, 10 hours, 100 hours, and 1000 hours from
450°C to 650%C in these furnaces. After hegt treatment the épecimens
were marked at approximately 20°C intervals along the_Squarerﬁire.
Three or more microhérdness measurements were made over a oné~quarter
inch section at each interval using a Tukon Model iR Mierchardness
tester, and the results were averaged to giva a hardness nqmber'for‘
each section and for the corresponding furnace temperature at that

section. Hardness measurements were made with a Vickers diamond
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pyremid indenter and a ten kilogram load except for very brittle
sections (greater than 700 VHN) where a one kilogram load was necessary
in some cases. The hardness results wvere consistent Yo £ 5 VHN for
hardness up to 400 VHN, t 20 VHN for hardness between 400 and 600 VHN,

and + 50 VHN for hardness above 600 VHN,

Results.
| Results of these tests are plotted in Figs. 24 to 28 for
19 per cent chromium-iron, Fig., 29 to 34 for 25 per cent chromium~iron,
Figs. 35 to 39 for 34 per cent chromium-iron, Figs. 40 to 44 for 42
per cent chromjum~iron, and Figs. 45 to 49 for 49 per cent chromium=
iron.

No increase in hardness was observed in 19 per cent chromium=
ironfwith 1 hour or 10 hours of aging. Recovery from wbrk hardéning
occurs above 500°C aging temperature. Hardening effects are observable
in the 450°C to 525°C temperature range with maximum effect near
500°C with 100 hours aging. The hardness increase is small but definite
(10 YHN) at 100 hours and more proncunced (30 VHN) at 900 hours aging.
Becdvery effects are dominant above 525°C.

| Hardness increase in 25 per cent chromium-iron is observable
after 10 hours aging in the 450% to 525°C range. Thevmaximum.effeet
occurs near 500°C, and recovery effects are strong abové‘525oc.v Maximum
hardness increase progresses from 20 VHN at 13.2 aging hours to 35 VHN
 at 100 hours aging to 55 VHN at 910.5 hours. An examinatioﬁvof the .
540°C aging curve on the plot of VHN vs. log time, Fig. 33,:éhdws_an‘ 

anomaly in the usual recovery behavior at 100 hours aging‘time;v
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This anomaly suggests a hardening effect superimposed on the recoveﬁy
process. The results of a 100 hour aging test on a 25 per cent chromium—
iron sample annealed 1 hour at 1000°C before aging are plotted in
Fig. 34+ This curve is generally similar to that of the cold worked
(99 per cent reduction of area) 25 per cent chromium-iron specimen
aged 100 hours, Fig. 32, except for a lérger maximum hardness increase
of 105 VHN at 525°C. The maximum hardening effect appears at a higher
temperature in the annealed specimen due to the absence of a recovery
effect, There is a definite hardness increase at 540°C confirming
the suggested reason for the anomalous effect at 540°C in the cold
worked speeimen,

Ho hardening occurs in 1 hour of aging of a cold worked
34 per cent chfomiumriron specimen. After 12.3 hours aging a 30 VHN
increase occurs in the 46000 to 525°C region, maximizing at about
500°C. After 97.6 hours aging a 100 VHN increase occurs with the
maximum increase near 500°C., Aging 900 hours gives a 115 VHN ﬁaximum
increase. As in the 25 per cent chromium-iron alloy, the plot of
hardness vs. log time for 34 per cent chromium~iron Fig. 39 shows
a definite hardening effect superimposed on the recovery effect at
540%C.

Hardness increases 50 VHN in the first hour of aging with
42 per cent chromium iron at 450 to 545°C. Recovery occurs from 545°C
to 610°C. Hardness rises very sharply about 85 VHN from 610°C to
640°C.
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After 10 hours aging a 60 VHN increase occurs in the 450°C
to 54000 range. A very rapid increase occurs above 60000, raising
the hardness 600 VHN to 950 VHN.

Aging 98.8 hours increases hardness at all temperatures
(450-640°C) 1in 40 per cent chromium~iron with the minimum increase
oceurring at 54000. An increase of 120 VHN occurs in the 45000-52500
region, and a rapid increase to 900 VHN occurs at temperatures-above
550°C.

After 1107 hours a hardness increase of 150 VHN occurs from
45000 to 5AO°C, and & very rapid increase to 1025 VHN results above
540°C. |

Referring to the plot of hardness vs. log time for 42 per
cent chromium~iron (Fig. 44), it becomes obvious that a very large
hardness increase occurs at temperatures above 54000 which did not oceur
in the lower chromium content alloys. The hardening effect in the
450 to 540°C range continues to oceur as it did in the lower chromium
content alloys excert for a slightly larger hardness increase.

A hardness increase of 115 VHN is observed in 49 per cent
chromium=iron after 205 hours of aging in the 450 to 525°¢C range
with the maximum effect near 500°C. After 15.1 hours the maximum
hardening effect is 110 VHN at 510°C. After 120.5 hours at temperatﬁre
there is a 120 VHN increase in the 450-54000 range maximizing neaf
‘ 500°C, and a very rapid increase to 765 VEN (420 VHN rise) from 560
to 640%C. After aging 49 per cent chromium-iron for 900 hours (Fig. 48)
a uniform 150 VHN increase from 450°C to 520°C is followed by a very

steep increase to 1100 VHN from 530° to 640°C. Referring to the
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hardness vs. log time plot for 49 per cent chromium~iron (Fig. 49),

the moderate hardness increase is again observed in the 450 to 540°C
range, with hardness increase to the 1000 VHN level occurring at

540°C and higher temperatures. The 540°C curve is particularly/intefest—
ing in that it shows a 75 VHN increase in 2.5 hours which décreaées

in 120.5 hours, then rapidly rises to 950 VHN (600 VHN increase) at

900 hours.

Interpretation of Results.

The results may be summarized as follows: increasing chromium
content from 19 per cent to 49 per cent decreases the time for hardening
effects to appear in the 450°C to 54000 range from 30 hours to less
than 1 hbur, and increases the maxiﬁum hardness change from 28>VHN
to 150 VHN. The hardening effect is generally most prominent near
500°C. Correlation with other experiments shows that the hardeningv
effect in the 450°C to 54000 range is the precipitation'embrittlement
effect, while the very marked increase in hardness at higﬁer‘temperatures
in 42 per cent énd 49 per cent chromium-iron alloys is clearlyvsigma
phase formation. Observation of the hardness vs. temperature curves
for 42 per cent and 49 per cent chromium-iron alloys, Fig. 40 to 43
and 45 to 4&,indicate two different hardening processes above and
below SAOOC. Sigma phase formation is firét observed after one hour

aging in the 42 per cent chromium;iron alloy and after 20 hours aging
| in the 49 per cent chromium-iron alloy indicating more}rapid formation
in the 42 per cent chromium-iron alley (see Figs. 44 andf49). The

49 per cent chromium-iron alloy reaches 1100 VHN in 900 hours
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compared to 1050 VHN for the 42 per cent chromium-iron alloy. The
54000 curve in the plot of hardness vs. log time for each alloy (Figs.
28y 34y 39, 44y and 49), is quite interesting. Even in the 19 per cent
chromium-iron alloy, an anomalous effect in the normal recovery proceés
is indicated at 100 hours at 540°C. This effect becomes moré prﬁnounced
in the 25 per cent chromium-iron alloy, and still more pronocunced
in the 34 per cent chromium-iron alloy for 54000 aging. VAS diécussed
above, this effect is assoeciated with preeipitation embrittleﬁent in
the 17, 25, and 34 per cent chromium—~iron alloys. However, in the ’
42 and 49 per cent chromium-iron alloys, no recovery occurs at SAOOC,
and some precipitation embrittlement is indicated at short aging times,
but a rapid increase in hardness identified with sigma formation
occurs after 1000 hours aging. The temperature measurement is within
i,SOC for all specimens, and the effect is consistent withvrespect to
inecreasing chromium content. Thus, there is evidence that précipitation
embrittlement and sigma phase formation overlap within a yéry limited
temperature and composition range. Finally it is interesting to note
the suggestion 6f sigma phase formation at high temperatures in the
lower chromium content alloys. Fig. 28 indicates a slight hardness
increase after 900 hours at 641°C in 19 rer cent chromium-iron. No
such effect is observed in 25 per cent chromjum-iron, Fig. 3. A
definite hardening effect is observed in 34 per cent chromium-iron
after 900 hours at 600°C and at 641°C, Fig. 39. These results will be

considered further in Section VI.
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VI. METALIOGRAFHIC AND X~RAY ANALYSIS.

Metallograrhic Procedure.

Metallographic sections were prepared from annealed 19, 25
34y 42, und 49 per cent chromjum-iron; from annealed and embrittled
25 per cent chromium-iron microtension specimens, and from 19,25,
34y 42, and 49 per cent chromium~iron gradient furnace Specimeﬁs aged
900 hours at 456, 540, and 641°C and 100 hours at 540°C._ Thé annealed
specimens were mechanically ground on wet alundum paper (180 to 400 grit)
and electropolished using an electrolyte (22) composed of 2 parts
perchloric acid, 7 parts ethyl alcohol, and 1 part butyl cellosolve
(2-butoxyethanol). All specimens were etched in glyceregia (23)
composed of'3 parts glycerine, 2 parts hydrochloric acid, and 1 part
nitric écid.

Mechancial polishing of the specimens used in this study is
very diffiéult, since there are many small hard inclusioné, principally
chromium carbides, in a ferritic matrix. The ferritic matrix itself
is difficult tokpoliSh since it work hardemseasily, and -shows scratches
even from 1 micron Diamet polishing compound. If any of the inclusions
are pulled out of the matrix during final stages of polishing, deep
scratches result. Therefore, it is desirable to electrolytically
polish these spgcimens whenever possible. Unfortunately; all gradient
furnace and microtension specimens were toosmall in size and unsuitable

in shape to electropolish.
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The following techniques have been found most suitable for

mechanical pelishing of these specimens:

(1) Mechanical wet grinding through 400 grit alundum paper.

(2) 500 grit alundum in soap solution on wax wheel.

(3) 6 micron Diamet on Metcloth.

(4) 1 micron Diamet on Microcloth.

(5) Etch and examine specimen.,

(6) 0.1 micron Gamma Polishing Alumina on Microcloth.

(7) Etch.
The use of relatively high pressure on the specimens for short time

on each polishing wheel was found desirable.

Metallographic Results.
Photomicrographs of annealed (0.5 hours at 100000),19, 25,

34y 42y and 49 per cent chromium-iron structures are shown at a
magnification of 100 diameters in Figs. 50, 51, 52, 53, and 5,
respectively. These structures are typical coarse grained ferritic
stainless steel étructures with numerous inclusions. The nature of
these inclusions will become apparent in subsequent structures. Grain
sizes for the annsaled structures are ASTMgraln size 1 for 19 per cent
chromium-iron, 1 for 25 per cent chromium-iron, 1-2 for 34 per cent
chromium=iron, 2 for 42 per cent chromium-iron, and 3-4 for 49 per
cent chromjum~iron.

| Photomicrograrhs of the gradient furnace specimens are shown
at a magnification of 500 diameters in Figs. 55 to 72. Fig. 55 shows

a 19 per cent chromium-iron specimen, cold rolled to 99 per cent
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reduction of area, and aged 908 hours at 456°C. The structure is

cold rolled ferrite with several inclusions. Fig. 56 shows that the

same material aged 908 hours at 641°C has recrystallized. Several
inclusions are present and there is some suggestion of small crystallites
of a second phase in the structure. | 7

A 25 per cent chromium~iron structure cold rolled to 99 per
cent reduction of area aged 911 hours at 456°C 1s shown in fig.‘57.
The structure is cold rolled ferrite with a few inclusions. After 100
hours at 54000, Fig. 58, several small areas of a dark etching éon-
stituent appear in the structure. This constituent has been identified
as sigma phase by Link and Marshall (6) and others (24), (25).

After 911 hours at 540°C, Fig. 59, the sigma phase structure develops
further and partial recrystallization of the ferrite has occurred.
After 911 hours at 641°C, Fig. 60, complete recrystallization of ‘the
ferrite has occurred with grains elongated in the same directiﬁn as
the 1n1tia1‘cold rolling. Small amounts of sigma phase appéar in the
structure.

In the case of 34 per cent chromium-iron;alloys, several
inclusions are present in the cold rolled ferrite structure after
aging 900 hours at 456°C, Fig. 61, and 97.6 hours at 540°C, Fig. 62,
while small amounts of sigma phase appear in the cold rolied ferrite
structure after aging 900 hours at 54,0°C, Fig. 63. After 900 hours
at 641 OC, Fig. 64, ferrite recrystallization has occurred and sub=
stantial amounts of sigma phase appear in the structure outlining

ferrite grains,
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Aging 42 per cent chromium—iron 1107 hours at 456°C produces
the cold rolled ferritic structure with inclusions shown in Fig. 65.
Afterkaging 98.8 hours at 540°C, Pig. 66, sigma phase appears in the
structure and some refinement of the cold rolled ferritic matrix has
taken place. The structure resulting from aging 1107 hours at SAOOC is
shown in Fig. 67. This structure 1o§ks like partially recrystallized
ferrite with many inclusions; however, the partial iron-chrémium phase
diagram,kFig. 3, shows the equilibrium structure of a 42 per cent -
chromium=iron alloy at 540°C is sigma phase and the 923 VHN hardness
of this structure indicates sigma phase rather than ferrite. The
structure will be assumed to be sigma phase, and will be discussgd_
further in interpretation of these results. After aging 1107 hours
at 64100; Fig; 68, a single phase structure with inclusions is obtained.

| Fig. 69 shows the cold rolled ferritic structure'of 49 per

cent chromium-iron aged 900 hours at 456°C. After 120.5 hours at
540°C, Fig. 70, some sigma phase appears, and matrix refinement has
started. After 900 hours aging at 540°C, Fig. 71, & structure of
approximately 56 per cent sigma phase and 50 per cent partially
recfystallized ferrite appears. After 900 hours aging at»64190, Fig. 72,
a 90 ber cent sigma phase structure has formed.

The microstructures of several straln aged specimens are
shown in Figs. 73 to 79. Figs. 73 and 74 show the struéture obtained

by straining a specimen to 2.8 per cent elongation, aging 168 hours at

490°C and retesting to failure, Fig. 5. Neumann bands are clearly visible

in the structure, while no gross preciritate is visible,f Fracture

is clearly transcrystalline and follows a definite fracture plane.
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Fige. 54« 49 per cent chromium-iron annealed 0.5 hours at 1000°C.
234 VHN., ASTM grain size 3-4. Electrolytic polish.
Glyceregia etch. 100X,
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Fige. 55. 19 per cent chromium-iron, cold rolled 99 per cent, aged
907.9 hours at 456°C. 288 VHN., Mechaniecal polish.
Glyceregia eteh. 500X,

Fig. 56. 19 per cent chromium=-iron, cold rolled 99 per cent, aged
907.9 hours at 641°C. 110 VHN. Mechanical polish.
Glyceregia etch. 500X,
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Fige. 57+ 25 per cent chromium-iron, cold rolled 99 per cent, aged
910.5 hours at 456°C. 352 VHN, Mechanical polish.
Glyceregia etech. 500X,

Fig. 58. 25 per cent chromium=iron, cold rolled 99 per cent, aged
100 hours at 5400C, 272 VHN. Mechanical polish.
Glyceregia eteh. 500X,



Fig. 60.
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25 per cent chromium-iron, cold rolled 99 per cent, aged
910.5 hours at 540°C. 195 VHN. Mechanical polish.
Glyceregia etch. 500X.

25 per cent chromium-iron, cold rolled 99 per cent, aged
910.5 hours at 641°C. 137 VHN, Mechanical polish.
Glyceregla eteh. 500X.
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Fig. 61. 34 per cent chromium-iron, cold rolled 99 per cent, aged
900 hours at 456°C. 438 VHN. Mechanical polish.

Glyceregla eteh. 500X,

Fig. 62. 34 per cent chromium-iron, cold rolled 99 per cent, aged
97.6 hours at 540°C. 366 VAN, Mechanical polish,

Glyceregia etech. 500X,
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Fig. 63. 34 per cent chromium=iron, cold rolled 99 per cent, aged
900 hours at 540°C. 240 VHN. Mechanical polish.
Glyceregia etch. 500X,

Fig. 64. 34 per cent chromium-iron, cold rolled 99 per cent, aged
900 hours at 641°C. 202 VHN. Mechanical polish,
Glyceregia eteh. 500X,
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Fige. 65. 42 per cent chromium=-iron, cold rolled 99 per cent, aged
1107 hours at 456°C. 482 VHN. Mechanical polish.
Glyceregia etch. 500X,

Fig. 66. 42 per cent chromium-iron, cold rolled 99 per cent, aged
98.8 hours at 5400C, 373 VHN., Mechanieal polish.
Glyceregia etch. 500X,
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Fig. 67. 42 per cent chromium-iron, cold rolled 99 per cent, aged
1107 hours at 5409C. 923 VHN. Mechanical polish.
Glyceregia etch. 500X,

Fig. 68. 42 per cent chromium~iron, cold rolled 99 per cent, aged
1107 hours at 641°C. 1008 VHN., Mechanical polish,
Glyceregia etech. 500X,
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Fig. 69. 49 per cent chromium=iron, cold rolled 99 per cent, aged
900 hours at 456°C. 502 VHN, Mechanical polish.
Glyceregia etch. 500X,

Fig. 70. 49 per cent chromium-iron, cold rolled 99 per cent, aged
120.5 hours at 540°C., 387 VHN, Mechanical polish.
Glyceregia etch. 500X,



Fig. 71« 49 per cent chromium, cold rolled 99 per cent, aged
900 hours at 540°C. 952 VHN. Mechanical polish.
Glyeceregia eteh., 500X.

Fig. 72+ 49 per cent chromium-iron, cold rolled 99 per cent, aged
900 hours at 641°C, 1116 VHN. Mechanical polish.
Glyceregia eteh. 500X,
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Brittle fracture is shown in a photomicrograph, Fig. 75,
of a broken 25 per cent chromium=-iron microtension specimen which
was annealed and then aged 534.3 hours at 490°C. A higher magnification
of this structure, Fig. 76, shows grain boundary precipitate and the
nitride needles observed by lena (10). A 25 per cent chromium~iron micro-
tension specimen strainedvto 3.86 per cent elongation and then aged»418.2
nours at 490°C has the structures shown in Figs. 77 to 79. Angular
tfanscrystalline fracture, carbide inclusions, Neumann bands, grain

boundary widening, and nitride precipitation are observed.

Interpretation of Metallographic Results.
The small angular inclusion particles which are found to

some extent in all‘the structures shown above, e.g. Figs. 51, 72, aﬁd
77,are-no§ greatly affected by heat treatment. The general appear-
ance and behavior of these inclusions identify them as chromium ' |
carbides; seé (1) and (25). These carbides may provide initial lattice
strain which affects the rate of sigma phase formation and aging
kinetics in these aliqys, and carbon in solid solution may be
responsible for the yield polnt effectsﬁobserved in the strain aging
experimenﬁs, Section I1l. Nitride precipitation was also observed
in a few strain aging specimens, and is assumed to be responsible for
anomalous electrical resistance effects observed in Section iV.

Sigma phase precipitate is observed after 100 hours aging
at 54000, with a greater amount formed in 910.5 hours aging at SLOOC,
while a very small amount of sigma phase appears after 910.5‘hours

aging at 641°¢, Figs. 58 to 60. Thus, sigma phase is observed at a
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_higher temperature than reported‘by Cook and Jones (3) fbr‘éS per cent
chromfum-iron. Sigma phase appears after 900 hours aging at 540°C and
641°C in 34 per cent chromiumriron, after 100 hours aging at 540°C in
42 per cent chromium-iron, and after 100 hours at 540°C in 49 per cent
chromium-iron, No sigma pha?e was observed in any specimens agéd L
st 456°C. -

As expected from equilibrium diagram considerations,\sigﬁa
ﬁhase formation at 54000 is accelerated by increasing chromium cdntent
from 25 to 49 per cent. Sigma phase formation is correlated with the
large hardness increases at aging temperatures of 54000 and above which
were described in Section V. The structures obtained from 456°C aging,
and from strain aging 25 per cent chromium-iron at 49000 show no
indications of gréss sigma phase formation or other precipitation except
for inte;stitial impurities,

Fracture is transcrystalline and angular. Zappfe (26) ﬁas
shown fracture occurs on (100) planes in embrittled 25 per cenﬁ chromiun-
iron, and the 90° angles between fracture planes in Fig. 77 is con=-
sistent with this h&pothesis.

Neumann bands are narrow twinned regions commonly found in
structureé deformed by impact or low temperature strain (27). The
existence of such twinned regions indicates impediment of normal slip
processes due to a high rate of deformation, low temperature of
deformation, or structure changes which impede slip. In thié study
Neuﬁann bands are observed only after deformation of embrittled'material
and may be considered as additional evidence of a precipitation

hardening reaction where normal slip processes are restrained due to



25 per cent chromium=iron, 2
168 hours at 490°C (Fig. 5).
gia etch. 50X,

Fige 74e 25 per cent chromium~iron, 2.8 per cent elongation,
168 hours at 490°C (Fig. 5). Mechanical polish.
Glyceregia etch. 500X,
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« 77. 25 per cent chromium-iron, 3.86 per cent elongation,
41862 hours at 490°C. Mechanical polish. Glyceregia etch.
500¥. ;

Fig. 78+ 25 per cent chromium-iron, 3.86 per cent elongation,

418.2 hours at 490°C, Mechanical polish. Glyceregia etch.
500%.
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Fig. 79. 25 per cent chromium-iron, 3.86 per cent elongation,
418.2 hours at 490°C. Mechanical polish. Glyceregia etch.
500X,



lattice strain and other precipitation effects. Newell (7) reported
Neumann bands in Type 446 stainless steel (27 per cent chromium) after
13,000 hours aging at 475°C. Newell suggests the Neumann bands were
formed directly by lattice strain caused by'pfecipitation.. |
In summary s m%tallographic results show that gross sigma
phase formation in 25 to 49 per cent chromium~iron alloys occurs at
temperatures of 540°C to 641°C. Mo gross precipitate was‘obsérved at
49000 or 45608, although Neumann bands and fracturé pattgrné observed
after aging show severe embrittlement has occurred without a micro—

scopically visible precipitate.

L-Ray Procedure.

A specimen of the 25 per cent chromium-iron alloy wﬁs cold
drawn to C.020 in. wire which was then strain annealed’(Z_per cent
elongation, one-half to 24 hours at 1000°C) repeatedly untii-several
large grains 0.040 in. to 0,125 in. long were grown in‘the wire. This
specimen was mounted in a single crystal universal goniometer and
oriented by thé Greninger back reflection Iaue technique (28), (29).
Laue transmission exposures were then made using tungsten white
radiation with the incident beam parallel to the (100) or (111)
axis of the crystal being studied. Transmission Laue photgraphs were
taken of the annealed specimen and after aging the spécimen 10, 100,
and 1000 hours at 490°C. Typleal exposures are shown in Figs, 80 to
82. No precipitation hardening effects of the type first reported by
Guinier (30) and Preston (31) which cause asterism in Laue transmission
photographs, were observed. Results from this part of the investigation

are completely negative.
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Powder Studies.

Powder samples were prepared by filing 25 and 49 per cent

chroﬁium—iron alloys and sieving the powder through 200 mesh screen.
The powder was then sealed in a quartz capillary tube and annealed |
atA1OOQ°C for 10 minutes. The 25 per cent chromium-iron powder>specimen
- was aged in its sealed capillary tube for 0.2 hours, 0.6 hours and
progressively ﬁp to 446 hours at‘490°c. Debye=Sherrer powﬁer pictures
were made during each interrupted step of the aging with a Nérelco
11 cm camera and Cobalt K radiation. No‘change was observed in relative
linebintensity, line width, or lattice parametef (2.8737 £ 0.0005 h9)
of the 25 per cent chromium—iron material, nor did any new lines appear
during this aging process.

| Aging 49 per cent chromium iron powder at 490°C produced
no chaﬁge in line intensity or line width, but apparently;changéd the

lattice parameter as followss

annealed a = 2.8767 + 0.0005 2
aged 13 hours 490°C a = 2.,8754 + 0,0005 2
aged 100 hours 490°C a = 2.8758 + 0,0005 A

aged 1000 hours 490°C a = 2.8780 + 0,0005 %.

Iattice parameters were determined by plotting a wvs. c052 g for
each film and extrapolating linearly to 0032 e =0,

After aging 49 per cent chromium~-iron at 600°C no change
in line intensity, line width, or lattice parameter weré observed up
to 1000 hours aging. However, several extra lines were present after

13 hours aging at 600°C. The spacing and intensity of these lines did
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not change during aging. The spacings are:

intensity d, 2
W 1.810

W 1.664

\§ | 24465

W 2.645

These spacings cannot be fitted to published values for sigma phase (32),

and have not yet been otherwise identified,

Acid Extraction Technigues.

Several 25 per cent chromium-iron specimens were cold
worked (SS per cent reduction of area) and aged 500 hoursvat‘490°C,
then dissolved by two different acid extraction techniques'in_an
attempt to obtain an identifiable second phese. The first exiraction
techni@ue has proven useful in/extracting sigma phase frém;knowﬁ sigma
structures and consists of partially dissolving the specimen in a
boiling 5 per cent HF, 65 per cent HNO3 solution, then &issolving the
remainder in a boiling solution of 10 per cent HCl, 30 per cént
(Cu 012 * KC1 - 2H20). This technique requires a reflux condenser
apparatus to maintain constant acid concentration.f The residue was
then washed, dried, and analyzed by X-Ray diffraction and chemical
analysis. No sigma phase or residue other than 25 per cent chromium-
iron matrix has been obtained from embrittled 25 per cent chromium=~

iron by this process. This technique has successfully ektracted-sigma
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phase'from higher chromium alloys aged at 600 to 850°C where sigma
is known to form (15).

The second acid extraction technique was first reported by
Fisher, Dullis, and Carroll (11), and consists of dissolving the
embrittled specimen in a solution composed of hydrochloric aeid and
pieric acid in aleohol, or Vilella's etch. This process progreSSes
satisfactorily at room temperature and requires no special apﬁaratus.
The residue was washed, dried, and analyzed by X-Ray diffracfion and
chemical analysis., In this investigation two extracts were obtained.
The first was’mechénically removed from the specimen after some residue
had accumulated on the surface, and was found to have the same lattice
paraneter and chromjium composition as the initial matrix. The second
residue waé obtained after the srecimen was completely dissolved. This
residué was determined to have a body centered cubie struéture with
lattice parameter a = 2,8794 + 0.0005 g and with a chemical composition
of approximately 75 per cent chromium-iron. The X-Ray powder péttern
of this residue had lines broad enough to indicate very small powder
partieles (< 100 X) or other line broadening effects, such as the
existence of two BCC lattices with nearly the same lattice parameter (33).
The chemical analysis was semi-quantitative spectroscopic and indicated
a 3 to 1 chromium to iron ratio. These results are consistént with
those of Fisher, Dullis and Carroll, op. cit.; who found 78 to 82 per
cent chromium~iron extracts with a body centered cubic structure with
lattice parameter, a, equal to 2.878 K in 27 per cent_chromium steels

aged 5000 to 30,000 hours at 475°C.
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As discussed in Section IV, the type of aging curves obtained
in this investigation suggest the formation of a coherent precipitate
with little lattice disregistry. The results indicaﬁed above suggest

this coherent precipitate may be a high chromium ferrite with a,lattice
constant approximately Q.2 per cent larger than that of the-25 éer

. cent chromium—iron ﬁatrix. The exlstence of such a precipitate could
account for the negative results obtained in X-Ray powder étudies.

The scattering factors for iron and chromjum are nearly equal and their
erystal structures are identical, thus it is diffiecult to deteet phase
changes in iron-chromium solid solutions not involving mass formation
of a new phase, such as sigma phase, with a different ecrystal structure.
Long range order could not be detected in iron-chromium solid solutions
by ordihary X—Ray diffraction techniques.

On the other hand, it is not immediately obvious why severe
lattice strain effects indicated by electrical resistance aging effects
and hardnéss aging effects, are not apparent in the transﬁission'laue
studies or even in the powder studies. It might be reasonable to assume
that a coherenf platelet of a chromium~rich ferrite forming.in an
iron-rich ferrite would not give Guinier type asterism in a Laue
traﬁsmission photograph due to the similarity in lattice structure and
in the iron and chromium scattering factors. However, strains causing
lattice distortion should produce some observable effect in X-Ray
analysis. In 49 per cent chromium-iron powder aged at 49000, the
lattice parameter change which was observed may be due‘to lattice strain.

The hardness data described in Seection IV shows a stronger aging effeéct



- 114 -

at 49600 in the 49 per cent chromium-iron alloy than in the 25 per
cent chromium—iron alloye. This greater change of hardness in the-

49 ﬁer cent chromium=-iron alloy is consistent with the fact that an
increase in lattice parameter was observed in the 49 per cent chromium-

iron alloy but not in the 25 per cent chromium-iron alloy.
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VII. SUMMARY AND CONCLUSIONS

Precipitation embrittlement occurs at temperatures of less
than ASOOC to about SAOOC with the rate of embrittlement increasing
with increasing temperature. The maximum embrittlement effect oécurs
nearer 500°C than 475°C. Embrittlement effects begin after 0.5 hour
éging and may, in general, continue after 2000 hours aging of the
alloys used in this study. An activation energy of approximately
60,000 cal/mol was established for the precipitation embrittlement
process in 25 per cent chromium=-iron.

The rate and magnitude of precipitation embrittlement is
inereased with increasing chromium content from 19 to 49 per cent
chromiume Precipitation embrittlement is sensitive to strain and
plastic deformation, and the rate of embrittlement increases with
increasing strain or plastic deformation applied prior to aging.

The results of this study support the hypotheses of Heger
(8); Fisher, Dullis, and Carroll (11); and Lena and Hawkeé (10), that
precipitation embrittlement 1s due to the formation of a metastable
coherent precipitate which eventually leads to the formaﬁion of sigma
phase. Further, this Study establishes that aging phenomena are
encountered in precipitation embrittlement which are analogous to
precipitation hardening in alloys such as aluminum—gopper, and that
aging characteristics are exhibited which indicate embrittlement is
“due to formation of a coherent precipitate with little lattice
disregistry. Such extensive aging studies have not been previously

reported.
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This study also supports the hypothesis that the coherent
precipitate is a chromium rich body centered cubic ferrite. However,
the iattica parameter of this precipitate was‘found to be slightly larger
than the iron rich matrix in the present study, while Fisher, Dullis,
and Carroll found a chromium rich ferrite with slightly smaller lattice
-parameter than the ifon rich matrix. The Fisher, Dullis, and CarrOll
result was based on the measurement of one strong forward fefléction
line in a Debye-Scherrer powder photograph, whereas the rgsulf reported
here included several forward and back reflection lines and nay be more
accurate.

Fxperimental results of this study establish that the‘cohérent
precipitate leads to formation of sigma phase, and this transition
may be oBservéd'in reasonable aging times in a limited temperature
and chrémium compogition range.

Precipitation embrittlement is not independent of sigma»
phase formation, since the coherent precipitate which causés embrittle~
ment is a transition step in sigma phase formation below‘5AO°C. Thus 5
precipitation eﬁbfittlement occurs more rapldly and with greéter effect
in élloys which have a greater tendeney to form sigma phase..

It has not been established in this study that external strain
is necessary to induce precipitation embrittlement in vacuﬁm melted
iron-chromium alloys, although external strain does markedly affect
the rate of precipitation embrittlement. However, thesé alloys were
not sufficiently free of interstitial impurities to elimindte lattice

strain from interstitial precipitates.
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