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: ABSTRACT
THE AUSTENITE-MARTENSITE PHASE RELATIONSHIPS
IN PRECIPITATION HARDENING STAINLESS STEELS
By
George Krauss, Jr,
Submitted in Partial Fulfillment of the Requirements for the Degree

of Master of Science at the Massachusetts Institute of Technology.
August 25, 1958

The austenite-martensite phase relationships in two precipitation
hardening stainless steels were investigated after several heat treatments.
The volume percentage of delta ferrite was obtained by means of a lineal
analysis of the microstructure, and the contents of retained austenite, v,
and total ferrite, a, which included delta ferrite and martensite, M,
were obtained from integrated intensity measurements of the x-ray dif-
fraction lines, (200) and y(200). Monochromatic chromium Ke radiation
was used, ‘

. On aging a steel containing 17Cr-TNi-1Al (weight percent} between

800° F and 1100° F, an increase in austenite content was observed
even though the hardness increases, and it was concluded that a
precipitation reaction occurs in this steel. A maximum hardness of

Rockwell C 43 was obtained by aging between 900 and 1000° F. On the
~ other hand, it was found that a steel containing 17Cr-4Ni-2.75Mo appears
to rely primarily upon the martensite-to-austenite transformation for its
strength, even after aging.

Thesis Supervisor: B. L. Averbach
" Associate Professor of
Metallurgy '
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- I. INTRODUCTION

A. History and Theory of Precipitation Hardening Stainless Steels

The first precipitation hardening stainless steel, Stainless W, the
composition of which is given in Table I, was developed during the latter
part of World War I as a result of a systemmatic study by Smith, Wyche,

(1)

and Gore of the effect of additions of titanium and aluminum to stan-
dard austenitic steels of the 18 percent chromium - 8 percent nickel
variety, The additions of titanium and aluminum raised the MS or
decreased the sl’ability of the austenite by removing carbon and nitrogen
from seoiid salution in the austenite during annealing. This produced,at,
room temperature a structure which contained a high percentage of
marte.n,site . The titanium and aluminum also contributed to a precipi-
tation reaction during a subsequent aging treatment at around 900° F.
The preéen.ce of high percentages of martensite produced from the
- decomposition of austenite is a necessary condition for effective precipi-
tation hardening in these stainless steels. Smith et al avttributed this
to fhe relative solubilities of the precipitate forming elements in ferrite
and austenite, The solubility is quite high in austenite but low in ferrite.
Therefore, the martensite formed from the decomposition of austenite
will be supersaturated with respect to these elements and precipitation
will océur during the low temperature aging treatment.
Several other types of precipitation hardening stainless steels have

been developed since the appearance of Stainless W. The Armco Steel
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Corporation has developed a 17 percent chromium - 4 percent nickel -
4 percent copper type, 17-4PH, and a 17 percent chromium - 7 percent

nickel - 1 percent aluminum type, 17-7PH, and The Allegheny Ludlum

Steel Corporation has produced two stainless steels of the 17 percent

chromium - 4 percent nickel - 2.75 percent molybdenum type, AM 350
and AM 355. The compositions of these steels are given in Table I.
17-4PH is completely martensitic at room temperature and appears to
depend upon the addition of approximately 4 percent co‘ppler for its
precipitation reaction while 17-7PH, containing about 1 percent aluminum,,
has an Ms below room temperature, and must be transformed by special
heat treatments to be described in the next section. The precipitate is
pos:tulatecf( 3) td be nickel-aluminum in the 17Cr-7TNi-1Al alloy, but has

not yet been positively identified in either this steel or the 17Cr -4Ni-4Cu
alloy. The stainless steels containing nominally 2.75 percent molybdeaum
are also austenitic at room temperature and therefore also require spe cial

(2)

treatments. The producers of these latter stainless steels do not
believe that a precipitation reaction occurs during the aging treatment.
Any increase in hardness during such a treatment is thought to be a

result of a tempering reaction occurring in the martensite.

B. Heat Treatments of Precipitation H_arde_ning_Stainle 58 Steels

1. Solution Treatment

The M_ temperatures of both the 17Cr-7Ni-1Al and 17Cr-4Ni-

2. 75Mo steels, those precipitation hardening stainless steels which may



be austenitic at room temperature, are quite sensitive to annealing or
solution fempera_.ture. Figufe 2 shows the variation of M‘S with solution
temperature. At the high solution temperatures the austenite ~stabilizing
elements are in solution and the Ms is quite low. In this condition the
austenite is very stable at room tempéra’tur_e and the Aalloy may be -
worked without difficulty. However, at low annealing temperatures,
carbides precipitate, remove the stabilizing elements from solution, ,
and raise the Ms'

2. Transformation

In order to produce the martensitic matrix which is necessary
for the precipitation reaction, two alternative treatments are a&ailableu
The alloys may be given an intermediate aging treatment between
1350° F and 1400° F or they may be refrigerated at -100° F, In the
first case, the Ms has been raised because of the removal of carbon
from solution in the austenite by the precipitation of carbides and as a
result the austenite transforms to martensite during cooling to room
temperature. The AMS of the stainless steels, if properly solution
treated (around 1750° F') is just below room temperature and sb by
refrigerating at -100° le"j the austenite -to-martensite traﬁsformation

occurs readily.

3. Aging Treatment
Following transformation the alloys may be aged in the tempera-

ture range from 750° F to 1050° F for 1 - 2 hours. The aging treatment




produces a definite increase in hardness, teusile strength .a.ﬁd‘yield
strength. Yield strengths in excess of 150, 000 psi may be obtained.

(2, 4-9)

Excellent summaries of the mechanical properties resulting from

the various treatments of precipitation hardening stainless steels have

been prepared.

C. Pur*pose of this Inve sAt‘igati.;mi

The previous discussions show that two strengthening reactions,
the austenite -to-martensite transformation and a low temperature aging
or tempering reaction, are sul;er‘impos.ed'to produce tile very desirable
strength pro;perti;e-s' in precipitation hardening stainless steelé. It is
the purpose of this investigation to study some aspects of the austenite -
to-martensite trahsfo-rma.tion by establishing a technique for the deter-
mination of retaineda;ustenite in stainless steels, The aspects to be
investigate d are the extent of the austenite-to-martensite transformation‘
after éa.ch of the standard treatments of the 17Cr-7Ni-1Al and 17Cr -4Ni-
2. 75Mo a]loys’ é.nd the variation in austenite content during aging.

Some thought has already been given to this latter aspe ct. Smith
Wyche, and Gore(l) report that there is no change in the amount of
austenite in the 17C'r~-7Ni-1A1-1Ti alloy during aging while Armco(‘l‘).
states that there is a slight reversion of mrtensite.-to—aus;cenite during
aging of the 17Cr-7Ni-1Al steel at 950° F. This is substantiated by a

slight contraction of the steel following the aging treatment indicating



that some closely packed face centered cubic austenite is formed along
10

with the precipitation reaction. Morely’( ) investigating an alloy of

the 17Cr-7Ni-141 type reports that the reversion of martensite-to-

(7)

austenite begins at 1076° F. Another possibility’ ’ is that some retained
'a'.uste‘nite transforms to martensite during aging and thereby adds to the
hardness produced during aging. In order to evaluate these statements
this i‘nve‘é.tigation\ will attempt to disclose more accurately thg austenite -

martensite phase relations during aging.

D. Previous X-ray Investigations of Retained Austenite in Steel

Averbach and Cohen(1 2 determined the amount of austenite present
in tool steel by comparing the integrated intenSitie s of austenite and
martensite obtained ‘fr'om film ex’posed to monochrofn,a.tic cobalt radiation
in a Debye camera. The x-ra&r values of retained austenite were in very
good agreement with the results of lineal analysis on the same specimens,
and the error in the determination was estimated to be + 5 percent of |
the amount of retained a’ustenit.e or ¥+ 0.3 percent _axist'en:ite; whichever
is greater.
Liﬂma.nn(.lz) measured the line energies in 52100 and 1045 si? eels
by using a Geiger counter spectrometer and Vanadium-filtéred
chromium radiation. The chromium radiation was necessary to rédu‘_ce
the high background resulting from iron fluorescence when cobalt and

iron radiation were used. The values of retained austenite obtained

‘Weré estimated to be within 0.5 - 2 percent of the true value.



The above ‘techniques used for carbon and low-alloy steels are
applicable to stainless steels, but difficulty is encountered in the
determination of retained austenite in the latter due to the high back-
ground produced by chromium K e fluorescence when diffraction is
‘attempted with almost all of the commonly used radiations. There
are two approaches. to the problem of increasing the peak-to-background
ratio. One method is to use a diffracted beam mono.-chroi:né.tor set to
reflect only the characteristic radiation diffracted from the sample.
Such a technique was used by éome rford(13) when confronted with
high background radiation in an investigation on a high strength titanium
alloy. The other alternative is to use chromium radiation, the only
commonly used radiation with a wave length greater than that of the
absorption edge of chromium. This latter approach was taken by
Littman(lz) and Erbin, Marshall, and Backofen(14’) recently used this
method to follow’the martensitic transformation during the machining
of austenitic stainless steel. In the Stainless W investigation.(l),.
quantitative x-ray diffraction wé.s performed using standards containing
known amounts. of austenite and ferrite. The accuracy here was given

as * 5 percent austenite.



II. EXPERIMENTAL PROCEDURE

A. Material Description

Two 'precipita:tilon_‘hardening stainless steels, a 17Cr-TNi-1Al type
“an‘d.a 17Cr-4Ni-2. 75Mo type, were investigated. The former was
received as. 3/4-inch diameter rod and the latter as 5/8-inch dia,meter
rod and 1/16-inch diameter wire. The composition of the heats
re.ceived'a;re given in Table I.

1. Segregation in 17-4 Mo

During the course of carrying out the standard heat treatments.
for the 17Cr-4Ni-2. 7T5Mo stainless steel, a very large variation in
hardness over the cross-section of the rod was observed after trans-
formation. Hardness readings vafied from Rockwell C 20 to Rockwell C
36. Microscopic investigation showed that a structure in which somét
areas ﬁer-e corhple:tely untransformed austenite existed. This banded
structure is probably the result of segregation of the austenite
stabiliz.iﬁg elements during solidification and the subsequent elongation

of the segregated areas during breakdown and rolling operations.

B, Specimen Preparation

1. Resistance Samples

The 17Cr-4Ni-2.75Mo wire was centerless ground from .0625
inch diameter to . 050 inch diameter to remove an undesirable case that

had formed during processing. The wire was cut into 3.5 inch lengths



TABLE I

Compositions of Heats Used in this Investigation

Element

Carbon

Manganese

Phosphorus

Sulfur

Silicon

Chromium

Nickel

Aluminum

Molybdenum

Composition, percent

17Cr-7Ni-141 *

0,068
0.60
0.021
0.014
0.45

17.08
7.43

1.16

* Armco 17-7PH Heat No., 46878

17Cr -4Ni-2, 75Mo**

0.083

0.66

**% Universal-Cyclops 17-4MO Heat No. C-9625
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and four pure nickel lead wires, two current leads (one on either end
of the specimen) and two voltage leads, were then spot welded to each
sample. The distance between the voltage leads (the two inner wires)
was 2. 75 inches.

2. X-ray and Hardness Samples

The bar stock was cut into cylindrical discs and these discs

were cut in half along a diameter. The longitudinal face was used for

x-ray analysis and one of the transverse faces was used for the hardness

readings. This shape n:xa;de it possible to perform many treatments and
hardness tests on the same sample without disturbing the area used
for x-ray examination. All samples prior to solution treatment were
sealed in evacuated vycor.

3. Electropolishing and Electroetching

All e"leC'troéolis.hing and eiec.troetch_ing was performed in an
eleétrolyteuﬁ) contai‘niﬁg 25 grams of chromium oxide, 133 milliliters
of glacial acetic acid, and 7 milliliters of wé.ter. The' cﬁrrent density
used for polishing was .betwéen 4-5 amperes per square inch and that
used for etching was between 0.3 and 0 4 amperes per square inch.
All samples were electropolished between 20 and 30 minutes prior to

x-ray examination. A layer of metal approximately 0.005 inch thick

was removed after polishing for this length of time.
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C. Lineal Analysis

Quantitative metallographic analysis employing the Hurlbut electric
semiautomatic counter technique described by Howard and Cohen'('l 6)
was used to determine the volume percent ferrite in the 17Cr-7TNi-1Al
and 17Cr-4Ni-2.75Mo samples. Four 5000 count traverses were made
at 500X for each sample. The estimated error is +1 percent deita

ferrite.

D. Resistance Measurements for Ms Determinations

A Kelvin double bridge was used to measure the resistance of the

samples described in Section II-B. The pro-ceduré followed during a.

‘run to determine the MsAcorre.sponding to a given solution temperature

is ‘as follows:
1. Solution treatment for 1 hour
2. ’Quen:ch into boiling water bath
3. Attach leads to bridge leads with brass connectors taking care
to keep samples immersed in bath
4, Measure resistance as sample and wﬁter cool;'use ice to cool
5. Transfer sample to acetone and d;-y ice bath if Ms is not reached
at 32° F
The resistance dropped linearly with temperature until the Ms_ point
was reached. At this temperature a sharp increase in r_esista:nce‘ was

observed. A copper-constantanthermocouple was used to measure
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temperature during these low temperature resistance runs.

E. X-ray Measurements

The output of a ch_romiu:;'n line focus x-ray tube operated at 40
kilovolts a.nd. 10 milliamperes was diffracted from the (200) pla.ni—;-s
of a bent and ground lithium ﬂupridé focusing crystal to produce mono-
chromatic chromium Ke radiation. The x-rays diffracted from the
sample were received by a Geigef—Mueller counter whose pulses were
received and recorded by a scaler with a résolving time of only 0.8

microseconds., The use of this radiation produced a low background

and eliminated chromium fluorescence.-

‘The long wave length of the chromium Ke x-rays, however, caused

a large loss of intensity due to air absorption. Calculations show that

a chromium x-ray beam is halved after travelling 8 inches in air and

is reduced 75 perceﬁt after travelling 16 incheslthr‘pu‘gh. air. For

this reason, the focusing geometry and spectrometer arrangement

were selected to minimize the air path through which the x-ray beam
would .ha;ve to travel. The spectrometer geometry is shown in Figure 1.

The total air path from tube to counter is 10.2 inches, and the resulting

decrease in intensity was not prohibitive to accurate measurement of

peak intensities. In fact, a sheet of aluminum foil 0.002 inch thick
had to be inserted just in front of the receiver slit to avoid counting

rates that would ﬂ.obd the counter,



- 13 -

X-Ray
Source
T y, . P
Focusing Condition I
TA = AS = 2.8"
S Sample
./ — | |
( D
— N\
Monochromator
Focusing Condition II
§/B=BS,= 2.3
—JL s,
Ge]genf§

Counter

FIGURE |- SCHEMATIC DIAGRAM OF SPECTROMETER
ARRANGEMENT -



-14 -

2o Method of Obtaining Peak Intensities

The 20 positions of the austenite and martensite peaks were
calculated using the unit cell dimensions of these phases in 'stainless.
steel of the 18 A‘fpercent. chromium - 8 percent nickel type determined
by Fiedler, Averbach and?Cfohen(]'?). The peak profiles were then
determin.ed to check the position and the breadth of the lines. The"
(200) martensite and the (200) austenite peaks were found to by
symmetrical and free from interference from other lines and it is
the se peaks which were used for the determination of the volume-
percentages of martensite and austenite.

The peak intensities were obtained by opening the Ge'iger counter
receiver slit wide enodgh to‘ta,ke in all the‘ diffracted intensity from
a peak when the counter was set at the peak center. A slit operiing
of 0,30 inch corresponding to a 29 value of approximately 7.5 degrees
was found to be Wide- ev'fnpugh to take in the martensite (200) peak,
the broé.de st peak. The background level of ra;,diétion. was subtracted
bfr‘o-m the peak intensities and was obtained by counting the same 20
increment at a position between the austenite (200) and martensite
(200) peaks. Each"peak.an.d the.background.wa.s counted for five

minutes.
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III. RESULTS AND DISCUSSION

A. Ms Determination

The change in AMS with solution temperature as determined by
re sistance measurements on thé 17Cr-4Ni-2.75Mo precipitation hardening
stainless steel is shown in Figure 2. The results of this investigation
are compare‘d with those of dilatometric determinations of Ms for the
17Cr-7Ni-1Al and for the 17Cr-4Ni-2.75Mo types of stainless steels.
The very sharp decrease in Ms resulting from solution tre;a.ting above
1800° F is noticeable in all the steels, and good agreement between the
17Cr-4Ni-2. 75Mo and 17Cr-7Ni-1Al curve exists. Up to solution tem-
peratures of 1800° F, however, the MS temperatures for 17Cr-4Ni-2.75Mo
stainless determined by dilatometric measurements are consistently
higher than those for the same type of steel determined by resistance
measuremeﬁts. This discrepancy might be explained by siight variations
of chemical composition in different heats.

B. Microstructure

After solution treatment fhe microstructure of the precipitation
hardening steels contained 10 - 20 percent delta ferrite ‘in a matrix of
austenite., Some martensite was present if the ‘Ms was close to room
temperature or if the surf.ace of the steel had been deformed or worked.
Figure 3 shows the structure of a 17Cr-4Ni-2. 75Mo sample solution

treated for one hour at 1800° F. Equiaxed austenite with annealing
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twins, stringers of delta ferrite, and dark needles of martensite are
present. Lineal analysis established the volume percent delta ferrite

at 13.7 percent and x-ray analysis showed the volume percent of marten-
site to be 4.5 percent.

" The nature of the martensitic transformation in 17Cr-7Ni-14Al
stainless steel is shown in Figure 4. The sample was electrolytically
polished prior to transformation at -100° F and then photographed at
500X under oblique lighting without polishing or etc.:hin,'g_a.fte-r transfor -

_ rﬁati-on. The resulting photomicrograph shows the surface ;phea'v%is
produced as the martensite platelets form from the austenite. In some
areas the inert delta.‘f,errite has been deformed due to the formation of
martensite plates beneath and around the ferrite islands.

No ‘preci‘p.ifva»te has as yet been identified or observed metallographi-
cally. Figures 5 and 6, taken at 1000X and 2000X ‘lre spectively, show
the'microstructure of a 17Cr-TNi-1Al sample that has been solution
treated at 1750° F for one hour, transformed at -100° F for one hour,
and .é.ged at 900° F for 5 3/4 hours., The rather heavy grain bounda'ry
attaék at the interface between .tI;Le delta ferrite and the matrix is in
part due to the depletion of chromium by carbide precipitation in these
areas. This grain boundary é,ttack by the etchant was much more severe
in the samples transformed by annealing at 1350° F, and in these samples
extended to the pri'Ofrba.ustenite grain boundaries. In Figure 6, ,vau‘s‘tenitic

* areas can be seen, but no distinction between untransformed austenite



FIGURE 3. 17C-4Ni-2.75Mo sample solution treated at 1800° F. Note
stringers of delta ferrite, equiaxed grains of austenite
containing annealing twins, and dark needles of martensite,
100X,  Electropolished and electroetched in chrome-acetic
‘electrolyte.

FIGURE 4. 17Cr-7Ni-1Al alloy transformed at -100° F. Sufface was
electropolished prior to but not after transformation. The
surface upheaval due to the formation of the martensite
plates is apparent. 500X, Oblique lighting.
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FIGURE 5. 17Cr-7Ni-1Al alloy aged for 5 3/4 hours at 900° F after
transformation at -100° F. Note heavy attack at interface
between ferrite and matrix. 1000X, Electropolished and
electroetched in chrome-acetic electrolyte.

FIGURE 6., Same structure as in Figure 5 but now shown at 2000X. No
' ~ precipitate can be distinguished even at this magnification.
Note that surface upheavals make angles of 60 degrees with

one another. 2000X by oil immersion.
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and austenite formed during aging can be made. It is also interesting
to note that the surface contours and lines indicating the presence of
rnarfens:ite make angles of 60 degrees with one another, the angle
between (110) planes in a cubic crystal, and in some cases almost form

complete equilateral triangles.

C. Determination of Volume Percent Austenite by X-ray Analysis

The total energy, diffracted from a given set of planes,

P )
(hkl), of a phase yina polycfystalline specimen with randomly oriented

grains is given by:

1 2 -2M
P(hkl) =K 7 ™ i) (L.P.) F(h.kl) e VyA (1)
Y VY Y Y

where: K = a constant independent of type of quantity of diffracting
material.

VY = volume of unit cell of phase

m, ... = multiplicit
(hkl) prerty
Y
L.P. = Lorentz-polarization factor

= Structure factor per unit cell

F
hkl
( )'Y
V = Volume of diffracting phase

e M- Debye temperature factor

A = Absorption factor; it is assumed to be constant in this
" investigation.
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Let:

_ 1 ‘ -2M
R(hkl) ' - 2 m(hkl) (L. Pu ) F(}]k]_) 1] (2)
Y v Y Y :

v

All of the quantities in the right-hand side of the above equation are
either tabulated or may be 'caiculatedi. Appendix I describes in detail
the calculation of the R factors and a list of R va'Iuesv for this investi-
gation is given in Téble A-I.

With the aid of equation (2), equation (1) may now be rewritten as:

P.... =KR VvV (3)
(hkl),{ (bkl)Y Y .

¥ this relationship is determined for another reflection in another
phase, the ratio of the volume percentages of the two phases present
can be determined as shown below in equation (4).

\'Z

2 = ?(hkl)i R(hkl)"’ (4)
v Fmay, fea, |

v, and Vyfare the only unknowns since the R values é,re' known and
the P values are determined experimentally by x-ray diffraction. H a
is the ferrlte and y is the austemte in the stamless steel, and if no other
diffracting phases are present, V and VY may be calculated from the add1t1ona1
relationship:

Vv +V =100 | | B (5)
a Y , o
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D. Determination of Volume Percent Martensite

In the precipitation hardening stainless steels studied, both the delta
ferrite and nlal;tensite resulting from the decomposition of austenite
contributed to the a(200) reflection used to obtain integrated intensities
for the ferrite phase, and it is the summation of these two phases that
the Va of equation (5) yields. Therefore, a more .accufate relationship
between the phases in precipitation hardening stainless steels may be
written as:

| + =100 '
1‘rdelta. ferrite Vmartens.ite + Va.ustenite (6)

This relationship assumes that the volume percent of carbides, and
other precipitates, if present, is negligible.

Once V . has been determined with aid of equations (4) and
: austenite :

(5), and Vdelta. ferrite

has been independently obtained by lineal analysis,
the volume percent martensite may be déterr_n'med by difference from

equation (6).

E. Comparison of X-ray Results with Lineal Analysis

In or’der-to check the accuracy of the x—rgy determinations of
austenite in stainless sfeel, five samples of l?C'r—4Ni-3. 75Mo steel
were solution treafed.at 1890° F for one hour and éuemched to produce.
a micir.ostructul'-e at ‘roorﬁ tempe ré.ture which would consist entirely of
austenite and delta ferrite. Table III compares the volume percgntage’s

of austenite obtained by the x-ray method and by lineal analysis. It
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can be seen that there is very good agreement between these independent
tests and on the basis of this experiment the error in x-ray determination
is estimated to be + lpercent austenite.

F. Standard Treatments and Retained Austenite

Tables IV and V show the phase relationships in the 17Cr-7Ni-1Al
and 1 7Cr-41"*Ii-2.. 75Mo stainless steels re spectively, after the staﬁdar“d
heat treatments described in Section }-B. The 30.7 percent martensite
. in the 17Cr-7Ni-1Al affirms that the _MS after solution treating at 1750° F
.must have been close to room temperature as shown in F"igure 2.

The hardness of the 17Cr-4Ni-2, 75Mo samples was consistently
higher than the hardness of the 17Cr-TNi-1A1 after all treatments but
the final .law-ter;ipe rature aging. This is true even though the 17Cr-7Ni-

1Al samples cvonta'ined equal (as after the subzero cooling tre.atment) or
greater ‘('a.s- after the intermediate aging treatment) percentages of
martensite. It appears, therefore, that the martensite of the stainless
with the moly'b'd'.'e»num addition is 'ha‘rdé’r than that of the stainless vrviyth
the aluminum addition, and that because of this already high levél of
"hardness afte: trans.f.ormation, the hardness inc;‘ea;.se after aging is
less for the 17Cr-4Ni-2.75Mo than for the 17Cr-7Ni-1Al stainless.
~ The austenite content of both the 17Cr —4Ni-2.‘75M;0 and .17Cr-7Ni-1A1
specimens which had been transformed by subzero cooling increased after

aging, but the change in both the hardness and austenite content
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"TABLE III

Comparison of X-ray Results with Lineal Analysis

‘ * Volume Perf:ent Volume ]?‘ercent.
i Sample Nu.mb_er’ X-:ray Ferrite Metallographic Ferrite
| 13 | 16.5 18441
14 18.5 19.1 +1
15 | 17.3 18.5 +1
16 | 1005 18.2 + 1
17 “ o 21.0 18.9 +1

(*) All samples are solution treated at 1890° F for 1 hour. The samples

are 17Cr-4Ni-2. 75Mo.




- 25 -

0°81
1e ~a 6°71
35 0°L
67 a0 9°9
18 Ty L°8S
SSOUPIBH JUSIIOg SUMIOA

voIL

§°9.L

9°18

0°¢8

L*0g

9°01

- 9°01

AN

AN}

9°'01

2}18UDII BN
JUSDIOg SWINTOA

SJUSUIIBDL T, PIBPUEIS 191 [V L- L1 ul sdiysuoljeray 9seqd

eixied ®I[ed
jusdasd 0§HQ>

*IMOY duo oxk ainjesaduus) je s9Wl) [TV

By b

By fy

Y

o
o

O

2006
00T~
o049L1

2 00T~
o0GL1

oomo
0S¥ 1
o0GLT

09T 1
00GL1

20GLT

x@Injeradure J,

Al TTEVL

~

SuiSy snid
UOT}BULIOJSURI J,
8uijoon oxszqng

UO1}BULIOJSURI T,

Buifoon oxezqng

Suidy snyd
UOT}EULIOJSURL T,
2)RIpOWLIdIUY

UOoT}eULIOIsEed J,

2jeIpemLIalul

uonyoy

JusuUI}BDI T,



anoy [ ainjexsadurag 1e s8Wl] TV x

]
Ne)
N U X
! AR G°01 ¥yl 1°G1 g .062
g 001~
I 0081
o o ° L) e
v A L°s Z2°9L 1°91 d ,001-
, g .0081
D . . L
kA | 1°11 8 °¥L 1°%1 I .0G8
I .06¢1
g ,0081
D, . . .
Le Ty 9°81 €°L9 1°%1 I .06€T
I .0081
. m . e .
L6 ¥ 8°18 6°¢c €'F1 d ,0081
.mm@ﬂﬁhﬂm @ﬁﬂ@vmd.ﬁ« Oﬁmﬂvuh\muz Ou._H.Hw.M ..mu._UOAH nnmhﬂud.ﬂw@go.ﬁ

JUDDIDF SWINTOA

juedIag SWINTOA

JU22I9g SUWINTOA

A TTIVL

sjusUI}eaI T, piepuelg Ioije ON -, T ul sdiysuonie[sy oSEYg

fu1dvy snid
UO1}EUWLIOFSURT T,
3uitoon oxazqng

UO1}eWLIOJSUBI J,
Su1iroon oaxazqng

Su1dvy snid
U011 BEWLIOJSURI T,
9}BIp sWI9l U]

UQ1}BWLIOISURI T,
9jBIpeWLIA} U]

uolniog

S jusmIleedl ],




-27 -

of the 17Cr-7TNi-1Al alloy was much more significant. Aging the
17Cr-4Ni-2.75Mo sample transformed by heating at 1350° F, however,
results in.a definite decrease in austenite. This fact, together with the
small hardness increment, adds weight to the argument that no precipi-
tation occurs in this steel and that an increase in martensite might
cause the additional hardening after aging.

G. Aging Series

Samples of 17Cr-7TNi-1Al which had been solution treated at 1750° F
‘and transformed at —.100‘° F were aged at 700° F, 800° ¥, 900° F, 1006° F,
and 1100° F. The volume percent austenite and hardness were obtained
from each sample after 15 minutes, 1 hour, 2 hours, and 4 hours, at
the aging temperature. The rgsults of these determinations are
presented in Figures 7 through 11,

The volume percent austenite was found to increase from the as-
traﬁ.sformed value at all aging temperatures but 700° F. This evidence
of the’increa.se in austenite .t'iuring aging supports the 'hyp'othe.svis’.used.
to explain the contraction of 0,0003 inch per inch observed during
dilatometric tests in 17Cr~-7Ni-1Al éf’cer aging at 950° F(4),

At 700° F the austenite decreased to a minimum of 13.5 percent
after one hour and then slowly increased toward the initial amount as
aging time increased. Hardness increased very little after four hours
at this temperature, ana even after the shorter aging times at which an

increase in martensite was observed, no significant hardness change
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was ﬁoted. This observation strengthens the statement made in the
previous section concerning the relative insensitivity of 17Cr-~7Ni-1Al
guantity of

hardness to changes in/martensite when compared to the 17Cr-4Ni-2, 75Mo
alloy.

Hardness increased signiﬁcantly; at all other aging temperatures,
with the optimum aging tempe i'ature being bounded by 900° F and
1000° F'. Because of the very definite increase in austenite content
observed in the samples dﬁring aging, the increase in hardaness cannot
be attributed to additional martensitic transformation, and so a precipi-
tation reaction musf account for the diffference,

Overaging is first observed at 1100° F when the hardness drops

after aging for times greater than 15 minutes. At this temperature

the austenite increases by almost 20 percent.
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IV. CONCLUSIONS

A precipitation reaction occurs in stainless steels containing 1
percent é;luminum when aged between 800° F and 1100° F. Accom?any-
i1;1g the increase in hardness resulting from this reaction, there is a
significant increase in austenite content,

The M temperature of the precipitation hardening stainless
steels investigated is strongly depe’ndent upon solution temperature.

The martensitic transformation appears to be tﬁe primary source
-of strength in the stainless steel containing molybdel:lum. The slight
increase in hardness following aging could in one caéé be attributed to
an increase in martensite during aging.

An x-ray diffraction method using chromium bra.dia,tion mono-
chromated by a bent and ground lithium fluoride crystal pr:o%rides
sufficient intensity and low enough background to make possible deter-

mination of austenite in stainless steels to an accuracy estimated to

be +1 volume percent austenite.
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V. SUGGESTIONS FOR FUTURE WORK

Many aspects of the physical metallurgy of precipitation harden-

ing stainless steels remain to be investigated and clarified. These

aspects resolve themselves into two groups: those associated with

the austenite-to-martensite transformation, and those connected with

the precipitation reaction. The formation of isothermal martensite

and investigation of the tempering reactions in these stainless steels
are two of the aspects of the austenite-to-martensite transformation

“which would deserve study, while identification of the precipitates and

mechanism of precipitation would be some aspects of the aging reaction

worthy of investigation,
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APPENDIX I

Calculation of R Factors

A. Atomic Scattering Factor

The expression for the scattering factor, f, is given by
f=f +Af' +iafn | (E-1)
where Af' and Af** are the real and imaginary parts of the correction
applied to the scattering factor necessary ;to account for dispersion by
‘the K, L, and M electrons.
Rewriting (E-1) as
f=(f + Af') +iaft (E-2)
and multiplying this expression by its complex conjugate, we obtain
2= 6+ ar)? 4 (ar? | (I-3)
or |
=16 + A%+ (ar?] 1/2 (-4)
The above equation was used to obtain the scatte-ring factor for each
elyementv in the stainless sté.el for the ;‘stngular i)os.iti-on of the Bragg
reflection being considered., The valués. of Af! 1and' Af" ‘were those
determined by Dauben and T'empleton(IS). |
To determine an average scattering factor for the staip.le ss steel,

the following procedure was used:



- 40 -

1. The scattering factor for each element was divided by its atomic
f'1

Z,

i

2. The average of the summation of the above expressions for all

number. In symbolic form, was obtained.
the elements in the alloy was calculated. This gave an average
scattering factor, <f >, of the form

f f : f

— 1 2 n »

<£> =_ — ...l_—— - '-

-tz ¢ = /n (1-5)
1 2 n

3, This average structure factor was then multiplied by
(XIZ1 + XZZZ + .. .ann), a new effective atomic number for
the alloy which balances the composite atomic number in (I-5).
Several assumptions had to be made in order to make the calculation
of a scattering factor possible. It was assumed that the compositions
of the austenite and ferr-ite are identical, and that the eléments are
ranciomly distributed in each according to their weight fraction in the
allo?. The assumption introduces some error into the calculation since
the compositions of the de]!a férrite and austenite would be expected to
vary, the ferrite formers and austenite forme;-é tending to concentrate
in their respective phases during solution treatment. However, the
assumption ié good when the martensite formed from the decomposition

of austenite is condidered.

B. Structure Factor

For the FCC austenite cell,
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F=4x.Z +x_ Z_+....x Z ) <f> if hkl are unmixed
11 2 2 n n
F=0 : if hkl are mixed
For the BCC ferrite shell,
F=2 x,Z, + X2, % .. .xnzn) <f> if (h 4k +1)is even
F=0 . if (h4+k+1)is odd

C. Lorentz Polarization Factor

The Lorentz Polarization factor is given by the expression

1+ cos2 26 cds2 29m
sin® sin 26

L.P. = (1-6)

when an unpolarized beam is first diffracted from a monochromating
crystal set at an aﬁgle ‘em‘ and then reflected from the sample a..t‘an
angle 0, Om was 34,8° for chromium Ka diffracted from the {200}
planes of the lithium fluoride crystal monochromator used in this

investigation,

D, Temperature Factor

The term M of the Debye temperature factor e-ZM is given by

James'(lg")v as
2. - ' 2
O S N 1)
mk @ j X
m

Where: h = Planck's constant

T = Temperature °K



Si.n..Z. 5]

- 42 -
m = Average atomic mass (g/atom)
k = Boltzman's constant
® = Debye characteristic temperature as applied to the

temperature factor

& = wave length of incident radiation

"
n

% ; the function S(_ﬂ; (x) + %} is tabulated for values
(19)

of x in James

@ = Bragg angle of reflection

let 2 v
B- B T Eg{(x)-[-ii} . (1-8)
mk®@e '
m
then ,
i 6
M= Slzn (1-9)

where B is a constant for a given material and a given temperature, and

2

depends upon the angular position of the line investigated.
R .

In order to use this expression to obtain the temperature factor for

stainless steel, an average characteristic temperature was calculated

.a.s.sumirig that the Debye temperatures of the alloying elements con-

tributed to the Debye temperature of the alloy in proportion to their
atomic percentages. This average characteristic temperature for the

17Cr-4Ni-2. 75Mo steel was 437.5° K.
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Tabulation of R Factors for Chromium KxRadiation

Material

17Cr-4Ni-2. 75Mo
17Cr-4Ni-2. 75Mo
17Cr -4Ni-2. 75Mo
17Cr -4:Ni.-2. ‘7 5Mo
17Cr-7TNi-1Al

17Cr-TNi-1Al

Line Phase e
(111) Austenite 33.6>
(110) Ferrite 34.3
(200) Austenite 39.6
(200) Ferrite 53,0
(200) Austenite 39. 6
(200) Ferrite 53.0

R Factor

32,2

40.8
16. 25
9,59

15.0
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APPENDIX I

Preparation of Lithium Fluoride Monochromating

_Crystal

- The lithium fluoride crystal used as a monochromator was prepared
by plastically bending the crystal by heating under pressure in a matching
set of steel dies machined to a 5-inch radius. The temperature was main-

tained at 850° F for 1 '1/2. hours and weights up to a total of 9 pounds were

added in 4 increments during this period..' After the last weight was added,

the temperature was lowered to 750° F and the crystal kept at this tem-

perature for two hours.

This treatment was based upon other efforts to bend lithium fluoride
crystals., At higher temperatures excessive polygonization resulted,
while at lowe,r temperatures the crystals didn't bend or broke whe'ﬁ the
load was applied.

After bending, the crystal was ground to a 2 I»/Z inch radius. Com-
parison of exposures of. the beam diffracted from the crystal when etched

ina 1:1.6:1 HF: HNO.: acetic acid bath for 16 hours and from the same

3
crystal with an as-ground surface, showed that a more uniform diffracted

beam resulted from the ground surface. Striations in the beam are

visible and are due to the polygonization or formation of low angle grain

' boundaries that could not be avoided during the bending of the crysi:al.
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For the etched crystal, these striations were more intense, but the
inte‘nsity between them dropped considerably, therefore producing a
diffracted beam with large variations in intensity.

The diffracted beam came to a focus 2.85 inches from the crystal.,



