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ON THE DEFORMATION INDUCED MAR~ENSITE TRANSFORMATION 
IN Fe-Ni AND Fe-Ni-Cr SINGLE CRYSTALS 

Glen A. Stone 

Inorganic Materials Research Division, Lawrence Berkeley Laboratory and 
Department of Materials Science and Engineering, College of Engineering; 

Un~versity of California, Berkeley, California 

ABSTRACT 

The deformation induced martensite transformation has been studied 

on Fe-34.5 w/o Ni and Fe-15 w/o Ni-15 w/o Cr single crystal alloys as 

a function of crystal orientation. Specimens were tested with tensile 

axes of < 123 ) (easy glide) and < 112 ) (duplex slip) and the resulting 

transformation was studied by x-ray and electronmicroscopy techniques. 

A method is presented showing how the specific Kudjumov-Sachs (K-S) 

variants formed can be identified in the crystal. A method to calculate 
I 

the habit plane from a single trace of an electronmicrograph is shown. 

This method requires accurate habit plane data which was obtained by 

the conventional two surface analysis method. 

It was found for Fe-34. 5 w/o Ni alloys crystals oriented for 
~ 

easy glide that a single K-S variant was favored. For duplex slip, two 

symmetrical variants appeared which contained the majority of the 

martensite formed. The martensite produced as a result of plastic 

deformation, formed on a {lll}f plane of zero shear adjacent to the 

~lip plane. The K-S variant formed was always associated with the 

operating slip vector in the austenite. The Fe-15 w/o Ni-15 w/o Cr 

alloy crystals also produced a transformation product of a specific 

K-S variant for easy glide crystals and a symmetrical K-S pair for 

duplex slip crystals. However, for this alloy, the K-S variant was 

always that containing the {lll}f slip plane and< 110 )f slip vector. 
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Hexagonal close packed £ martensite was observed in all Fe-15 w/o 

Ni-15 w/o Cr alloy crystals tested above 242°K. The crystals tested 

at 242°K contained no a.martensite. The£ phase was always associated 

with the active slip systems in the crystals tested. 

. .. 
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I . INTRODUCTION 

The objective of this paper is to study the role of applied stress 

on the martensite transformation of single crystal Fe-Ni and Fe-Ni-Cr 

alloys. Of particular interest.: What is the effect of orientation on 

the transformation process? What variants are favored in the trans-

formation as a function of crystal orientation and how can this 

information aid in forming ideas as to the formation and configuration 

of the martensite embryo? The primary difficulty with the present 

state of knowledge is a lack of real understanding as to the nature of 

the martensite embryo. The results to be presented here have not 

solved the critical problem of martensite embryo, but do offer a fresh 

experimental approach .. t<D the nucleation problem, and hopefully these 

data can be extended to more sophisticated analyses. From a practical 

point.of view, a better understanding of the stress-strain induced 

martensite transformation will lead to better control of metallurgical 

variables during material processing. 

The martensite nucleation problem has been reviewed by Kaufman 

1 2 and Cohen and more recently by Magee. These reviews offer a com-

prehensive statement of thermodynamics and mechanistic parameters 

involved in the martensite nucleation theories and therefore will hot 

be presented in this thesis. The possible embryo configurations which 

have been proposed and discupseq in tp~ liter~t~~ pver th~ y~ars ~re 

reviewed by Russell) A model showing the effect of stress on the 

I 4 
Ms temperature has been developed by Patel and Cohen. This model has 

recently been applied by Goodchild, et a1. 5 to estimate the effect of 

stress on the formation of specific martensite variants in textured 

301 and 305 stainless steel alloys. 
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In this study it is shown that specific variants of both the E 

and a martensite are strongly related to the state of stress in the 

crystal. In particular the distribution of the martensite variants 

present can be correlated to the slip systems operating in the crystal. 

Quantitative volume fraction me~surements, of each variant present, have 

shown that 80% of the martensite present in crystals orientated for 

easy glide occurs on only one variant of the Kudjumov-Sachs {K-S) 

orientation relationship. For duplex slip the majority of martensite 

present is divided among two specific variants of the orientation 

relation. The balance of martensite observed for both single and 

duplex slip specimens is related to adjacent {111} austenite planes 

which have slipped due to accommodation of martensite generated by the 

primary_slip systems. In addition to data related to the main topic 

of this thesis, precision lattice parameter measurements of the yand 

a phases and a discussion of the mechanical properties will be pre

sented for the two alloys studied. 
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II . EXPERIMENTAL PROCEDURES 

A. Material Preparation 

Two single crystal alloys, Fe-34.5% Ni (alloy 1) and Fe-15% 

Ni-15% Cr (alloy 2) were selected for this study~ The crystals are 

32 mm in diameter by 160 mm long, and were grown by Advanced Materials 

Research and Development Laboratory of Pratt and Whitney Aircraft. 6 

Alloy 1 is a ferromagnetic austenite which has a high stacking fault 

energy, and thus tends to form a plate-like b.c.c. Ct martensite. Alloy 

2 is a paramagnetic austenite which has a fairly low stacking fault 

energy (20-30 ergs/cm2 ; estimated from data of Breedis7) which forms 

a .lath type morphology containing hexagonal close packed £ and a 

martensite. Keeping the experimental objectives in mind, the two 

alloys will allow differences in the distribution of the martensite 

variants to be observed. The correlation of these differences to slip 

in the crystals may help to visualize possible dislocation interactions 

which produce the marked difference in martensite morphology of these 

alloys and insight into the nucleation process. 

The crystals were homogenized at 1200°C for 72 hours. Sheets 

2.5 mm thick were cut from the crystals, the face of the sheet being 

the (lll)f (symbols f, b, and h will be used to subscript Miller indices 

for the face center cubic, body center cubic and hexagonal close-packed 

crystal structur~s respectively). The long axis of the.as grown crystal 

is within 5° of the [OOl]f" The sheet is therefore elliptical with 

the major axis 65 mm arid the minor axis 32 mm. All specimens used in 

this study were machined from three adjacent slabs of each alloy. 

The single crystal slabs were cut from the large crystal with a 

Norton abrasive disk no. A90 ROR30. The cutting was performed under,a 
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continuous flow of kerosene at 60'00 RPM. The slabs were slirface 

ground using 0.0002 mm steps in the grinding operation. The final 

specimen configuration is shown in Fig. 1. The tensile specimens were 

electropolished, removing a minimum of 0.25 mm of material from the 

surface. 

The electropolishing solution used for alloy 1 was 87.5g Cro
3 

crystals, 473 ml of acetic acid and 25 ml of distilled water. The 

specimens were polished at 10 volts, maintaining the temperature at 

2.5°C. The rate of material removed was between 0.06 and 0.10 mm/hour, 

producing a mirror finish with a,few scattered pits.· Alloy 2 was 

electropolished with 15% HClo
3

(6o%), 85% acetic acid at 8 volts, 

maintaining a temperature of l5°C. The rate of removal was 0.10 to 

0.15 mm/hour, producing again a uniform mirror finish. Both ?-lloys 

were electropolished using a stainless steel beaker for a cathode and 

the solution was stirred very slowly with·a magnetic stirrer. 

The initial orientation of the crystals for machining and a 

recheck of each tensile specimen before testing was performed using the 

Laue back reflection method. Some splitting of Laue spots was observed· 

for alloy 2, whereas alloy 1 exhibited sharp ·and symmetrical 

reflections. The final orientation of each crystal was measured by 

locating the three {002}f peaks with a Schulz. pole figure goniometer, 

which is mounted on a Norelco diffractometer. All orientation 

measurements are estimated to be accurate to 1 degree. 

B. Lattice Parameter Measurements 

Powders for austenite lattice parameter measurements were made 

by filing with a jewlers file at room temperature (the Md temperature 

for both alloys is below room temperature). The powders were 

•;,.! 
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y 
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capslJ.lated in quartz under vacuum and annealed· for 2 hours at 850°C. 

The powders were mixed with a silicon standard (a0 = 5.43054)
8 

and 

film exposed for both high and low angle lines, using a Guinier

Jagodzinski double cylinder camera? with FeK~ monochromatic radiation . 

Powders for martensite lattice parameters were made by filing at -196°C, 

capsulated and annealed for 4 days at 275°C. Using a silicon standard, 

films were exposed in a 114.8 mm radius Debye-Scherrer camera, using 

FeKa radiation. The 275°C anneal caused the £ -+ y transformations to 

proceed in alloy 2; therefore it was not possible to measure the 

lattice parameters of £ martensite,' which were observed in alloy 2 by 

optical and x-ray experiments. 

Measurements were made from the films by the author and one 

independent observer. The combined data of these measurements were 

10 
treated by Fortran IV computer programs POWCOR and LCLSQ. These 

programs correct the observed data for any film instabilities, and 

linear shifts in measurements based on the silicon standard lines. 

The data is then treated to a least squares regression analysis, 

enumerating the best possible value of a
0 

for each set of input·data. 

The resulting lattice parameter measurements are presented in Table I. 

The accuracy given in Table I is one standard deviation.. Additional 

information on the lattice parameters of Fe-Ni and Fe-Ni-C~ alloys 

maybe found in the literature.11 ,12 

C. Mechanical Property Measurements 

All tensile tests were performed with an Instron Model TT~M 

testing machine. The specimens were gripped, using _block type grips 

with universal action to aid in critical alignment of the system. The 

testing temperature was maintained by liquid baths whenever possible. 
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A nitrogen gas cooled crystat which could be controlled to± l°C in 

the temperature range of 0 to -180°C was used for temperatures where 

a bath was not practical. All temperature measurements were made using 

a copper-constantan ther:l!locouple -with 0°C reference junction. Tempera--

ture measurements are estimated to be accurate to within ± 1 °C. The 

final dimensions of the tensile specimens were measured with an optical 

micrometer, which has a resolution of better than 0.002 mm. However, 

because the corners of the specimens were rounded due to electropolish-

ing the accuracy of the measured cross-sectional area is estimated to 

be 3%. This represents the largest error in the data required for 

stress measurements. All strain measurements were based on crosshead 

velocity. Only plastic strains are reported in this thesis. 

Optical metallography of transformed single crystals wSJ.s per-

formed using a Carl Zeiss Ultraphot Photomicroscope II, employing 

Nemarski interference phase contrast equipment. The Hitachi HU-125 

electron microscope was used for all electron microscopy reported in 

this thesis. 

E. Identification of the Martensite Variants 
of the Orientation Relationship · 

If single crystals of martensite form in a single crystal matrix 

of austenite, the variants of the orientation relation which form can 

be located and identified by using pole figure techniques. A pole 

figure goniometer is mounted on a x-ray diffractometer (see Fig. 2 and 

Ref~ 13 and 14). The angular rotations about axis A and B of the 

goniometer, allow the experimenter to scan the total volume of the 

crystal quickly, looking for the distribution of any pole {hit.£} simply 

'" -· 

: ' 
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by setting the diffractometer angle (axis C) to the appropriate 28 

value, as calculated from Bragg's Law. For this study the distribu-

tions of {002}b and {lOll}h poles were measured. They were selected 

because of their high symmetry and the fact that these poles can be 

scanned without the problem of overlapping reflections. Feka radiation 

was used for these measurements. 

For the two alloys studied, the orientation relationship bet-

ween the y and a phase was found to be the K-S and was confirmed by 

electron diffraction and x-ray diffraction methods. This result has 

. 15-19 
also been obtained for similar alloys studied. ~ Thus close-

packed planes and close-packed directions are parallel (within 1-2 

degrees) for the y and a crystals. ·.Alloy 2 contains e: martensite, . \ 

again existing with close packed y and e: planes and directions parallel. 

Because of crystallographic symmetry of the y-e: interface, specific 

variants on each {111} plane cannot be resolved by x-ray methods. In 

other words, the y-e: interface is also the habit plane for e: martensite. 

Therefore it is not possible to distinguish between the (lll)fl !(OOOl)h; 

[lOl)fll [lOlO)h, [llO)fll [llOO)h, and [Oll)fll [OllO]h, which are 

clearly three different variants, one of which would be favored 

depending on the direction of maximum shear. There is no difficulty in 

showing that for alloy 2, e: ·martensite forms on the {lll}f plane of 

maximum shear, provided plastic deformation has occ~ured in the· 

.austenite. It is also possible to measure the volume fraction of e: 

martensite associated with each of the four {lll}f planes in the 

crystal. The 24 variants of the a martensite in the y martix can all 

be resolved by the x-ray pole figure method. 
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With the experimental parameters defined, it was ·then possible 

I 

to construct idealized pole figures showing the distribution of {002}b 

and- {lOll}h martensite poles in the single crystal a:ustenite matrix. 

With these poles plott~d on a (lll)f sterographic projection, all K-S 

variants can be resolved and the four resolvable y-£ variants can be 

identified. It was assumed that the martensite forms as single 

crystals in the austenite matrix. The resulting idealized distri.butions 

of {002}b poles for the 24 variants of the K-S relationship are plotted 

in Fig. 3 for a ( 111) f orientation. The four orientations of the 

{lOll}h poles are plotted in Fig. 4, again for a (lll)f orientation. 

The identification of the ,symbols and numbers on these figures are 

given in Table II. In order to identify a particular variant, the 

e~perimental observations·are superimposed onto Fig. 3.or 4. The 

correlation between the experimental and calculated data was very 

good and will' be discussed in detail later. 

F. Volume Fraction Measurements of Each K-:.S Variant 

The approximate position of the {002}b and the {lOll}h poles are 

now known from the automatic pole figure scan of the crystal. The 

procedure is to relocate each pole manually to the position of the 

maximum intensity of the peak. The area under the peak was measured 

by counting the number of x-ray ~hotons of the energy of Fe-ka 

radiation as the crystal was rotated about axis A (Fig·. 2) of the 

goniometer. These intensities were then corrected for background and 

compared to the integrated intensity of the {002}f poles. One {002}b 

pole for each of the 24 K-S variants is found in the circular distribu-

tion around one of the three {002}f poles (Fig. 3). All reported 

quantitative measurements were made in the region surrounding the 

.. 

/ 

•. 
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,I' 

( l u \,J iJ, ,,) I) ' ~ 

~J 
,, 

") '·- ~.,) ,) ~) .::-:a 

-9-

three {002}f poles, thus reducing the possibilities of errors due to 

the ,angular position of the x-ray beam with respect to the specimen 

surface. It should be pointed out that the selection of Feka radiation 

was made to reduce fluorescent radiation, but more importantly to 

reduce the variation of intensity as a function of rotations of the 
/ 

specimen in the Schulz pole figure goniometer. Because of geometrical 

considerations, the larger the 28 angle of the diffractometer, the 

larger the angular rotation about axis B (Fig. 2), before intensity 

errors arise. It has been shown experimentally, using a random 

polycrystalline quartz sample that if 28 is greater than 60 degrees, a 

flat specimen can be rotated about axis B, 70 degrees or more before 

errors in the observed intensity of the diffracted beam are detected. 13 

UsingFeka, 28 for the {002}b' {002}f and {lOll}h are 85, 65 and 60 

degrees respectivelY, thus insuring that no errors are present in 

the intensity measurements for specific poles up to 70° of B axis 

rotation from the (lll)f pole of the crystal. 

Whenever possible intensity measurements were made on a second 

pole for a particular martensite variant. A second {002}b pole for 

each of the 24 variants of the K-S orientation relation is present in 

one of the three rectangular clusters of poles seen in Fig. 3. When 

adjacent variants were present, in this region, the peaks for the two 

{ 002\ poles tend to overlap. In all cases where a second pole for 

a particular variant was independently observable, the intergrated 

intensity was recorded. The majority of examples where two poles 

were resolvable, agreement varied b,etween 1 to 5%. For sevE!ral pole 

pairs measured, differences as large as 20% were observed. However, 

the larger difr'erences in integrated intensities were associated with 

the low volume fraction variants, and the overall error of the 
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measurement is conservatively 10%. The measurements of volume fraction 

of two or three phase systems in this manner is described by Cullity.
20 

An example of the procedure used to calcUlate the volume fraction of 

each variant observed is given in Appendix A. 

-' 

'\ 
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III. EXPERIMENTAL RESULTS 

A. Mechanical Properties and Micrpstructure 

The tensile specimens (Fig. 1) for easy glide ([213] tensile 

axis) and duplex slip ([112] tensile axis) were obtained from two 

' " 

adjacent elliptical sheets cut from the large crystal for each alloy. 

The stress-strain data reported in this thesis are plotted as normal 

stress vs. plastic strain f'or .. the duplex slip samples and as resolved 

shear stress vs. resolved shear strai-n for the single slip samples. 

The computer program used to reduce the mechanical property data and 

plot, using the Cal Comp plotter, is given in Appendix B. 

L Fe-34. 5 w/o Ni Alloy 

The resulting stress strain curves for the duplex and single 

slip tensile specimens are given in Figs. 5 and 6 respectively. The 

initial and final orientation of each specimen is shown in Table III. 

The specimens tested at 273° and 178°K did not transform to martensite. 

This observation was confirmed by both optical and x-ray studies, and 

indicate the Md temperature for this strain (-5% tensile strain) is at 

a lower temperature. The slip line structure for the single slip 

specimen tested at 273°K is shown in Fig. 7. The specimen tested at 

177°K has identical appearance. Although the stress strain curve for 

the single slip specimen shows no sign of work hardening, slip on a 

second system has taken place as seen in Fig. 7. The magnitude of the 

step on the crystal for the second slip system is over-emphasized in 

this micrograph, in that these slip lines disappear as the microscope. 

stage is ro,tated (Namaski interference contrast equipment used for the 

majority of metallography presented in the paper), whereas the primary 
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slip system was always visible to some degree. The micrograph is a 

compromise in terms of contrast of the two slip systems. It is diffi-

cult to say wheri slip on the secondary system took place, but because 

of the wavy nature of the slip lines, it is probable that at the start 

of the tensile test, this slip was required to obtain axial alignment 

in the Instron testing machine. 

The two specimens tested at 121°K transformed to 10% by volume 

martensite at a tensile strain of 0.050 (duplex slip specimen) and 

0.044 (single slip specimen). The duplex slip specimen tested at 

121°K was unloaded at 0.03 tensile strain (Fig. 6) to observe why the 

remarkable increase in hardening rate was occurring. It is clear 

that duplex slip is nucleating martensite variants, which are 

' obstructing plastic flow of the austenite to a greater extent than 

was observed for the single slip specimen at the same temperature. An 

example of the martensite microstructure for the duplex slip specimen 

is shown in Fig. 8. 

The specimens tested at 77°K began to transform in.the elastic 

region of the stress strain curve. The apparent reduction in the flow 
\ . 

stress observed is due to the fact that the testing speed is insuffi-

cient to offset the volume increase of the crystal due to the y + a 

transformation. These specimens were not used in the quantitative 

volume fraction measurements. The duplex slip specimen was sectioned 

and a two surface analysis performed to obtain information on the 

martensite habit. The relevance of this type of analysis for stress 

induced martensite is questioned due to the austenite - martensite 

rotation as a function of plastic strain, and the question of the 

uniformity of the final austenite orientation. The crystal was 

.. , ... 

' .. 
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polished on the two perpendicular surfaces, lightly etched, and then 

' . 
each face orientation determined by Laue pack reflection. Laue back 

reflection photos at 5 em were used to obtain an accurate normal 

(±0.5°) to the crystal surfaces. The results for the two surface 

normals are [0.5775, 0.5983, 0.5554] and [-0.3703, -0.3809, 0.8472]. 

The orientation of four martensite plates which intersected the two 

surfaces were obtained in the conventional manner for this analysis, 

and the data treated by a simple computer program to obtain the habit 

plane normal. These results are tabulated in Table IV. An example 

showing how the measurements were made is given in Fig. 9, and a 

sample calculation with computer program is given in Appendix C. 

2. Fe - 15 w/o Ni - 15 w/o Cr Alloy 

The stress strain data for duplex and single slip tensile 

specimens are given in Figs. 10 and 11 respectively. The initial and 

final orientation of the crystals are shown in Table III. The 

specimens tested at 273°K did not transform to martensite in the bulk, 

however surface martensite which. appeared to be associated with 

intersecting slip traces was observed on the duplex slip specimen. 

This structure which is shown in Fig. 12 was removed when the specimen 

was electropolished and etched. 

The specimens tested at 242°K were unloaded and removed from the 

testing machine to see if a martensite was present. None was observed 

optic.ally, apd thip wal:l confirmed by x-r13,y mea1:3urements. Bpth s~ngle 

and duplex slip specimens contained theE phase in the slip plane(s). 

The £ is preferentially etched using a FeCl solution. An example 

showing the £ plates is given in Fig~ 13. This etch21 tends to 

decorate dislocations causing the pitted surface and reappearance of 

slip lines in the micrograph. 
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The specimens tested in the region of 185°K trapsformed to a 

characteristic lath martensite, containing both the e:: and a. phases.· 

The formation of the a. phase causes a large reduction in the flow stress 

at this strain rate. Typical examples of the microstructure of the as 

crystals are given in Fig. 14. These specimens were electropolished 

tested crystals are given in Fig. 14. These sp~cimens were electropclisbed 

characteristic of the surface, or was related. to bulk martensite in the 

crystal. An example of before polishing, after polishing, and etching 

the crystal surface is shown in Fig. 15·A, Band C respectively. It is 

clearly shown that the martensite seen on the as tested surface is 

related to.the bulk crystal. 

B. Experimentally Observed Variants·of the Orientation Relationship 

1. Fe - 34.5 w/o Ni Alloy 

The final orientation of the austenite crystals, and the experi-

mental location of the {002}b martensite poles are presented for the 

single and duplex slip tensile specimens in Figs. 16 and 17 

respectively. The arrows represent the tensile axis of the crystal at 

the end of the tensile test. These specimens were tested at 121°K. 

The quantitative volume fraction measurements are given in Table V. 

The two specimens were strained to 5% tensile strain, producing the 

same volume fraction of martensite (C :::::: 0.10) independent of the a.· 

number of operating slip systems. The primary difference between the 

single and duplex slip samples are: the addition ofthree variants 

to those observed for single slip and a different distribution of the 

martensite in the observed variants. 

.• I 
I 

i 
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The operating slip plane and direction for the single slip speci-

men was (lll)f[Olljf, with a Schmid factor of 0.461, and the tensile 

axis within one degree of the [213]f. The duplex slip specimen was 

oriented for slip on the (lll)f[6ll]f and (lll)f[lOl]f systems with 

equal Schmid factors of 0.407. A surprising result was the K-S variant 

of the orientation relationship with the largest volume fraction of 

martensite for both crystals is (lll)fll (llO)b; [Oll]fjj[lll]b (see 

Table V and Figs. 16 and 17 for details) • The K-S variant is associated 

with the (lll)f plane, the plane of zero shear stress in the austenite 

crystal. The midrib for the majority of the martensite formed is 

almost parallel to the tensile axis as is seen in Fig. 9. .Thus the 

shear stresses on the habit planes are also near zero. It is clear the 

shear direction in the martensite is not in or near the habit plane in 

this alloy. The direction of shear will of course not be zero in the 

martensite and must be associated with the maximum critical resolved 

shear stress on the possible slip or twinning·planes in the martensite 

crystal. Detailed electron microscopy is in progress which will aid 

in identifying the martensite twinning or slip plane as a function of 

the austenite orientation. 

2. Fe - 15 w/o Ni - 15 w/o Cr Alloy 

The final austenite orientation and the experimentally observed 

. {002}b and {lOll}h poles for the single and duplex tensile axis crystals 

are given in Figs. 18 and 19 respectively. The single and duplex 

crystals were tested at 188°K and l81°K respectively. Although both 

e: and a martensite were formed, the variants formed were those associ-

ated with the slip plane. . The single and duplex slip crystals were 

strained to 5% tensile strain, producing a total (C + C ) volume a e: 
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fraCtion of 0;089 and 0.058 martensite respectively._ The distribution 

of a and E: martensite fo'r these crystals are given in Table VI. 

The slip system for the single slip specimen was (lll):f[Oll]f 

with a Schmid factor of 0. 455. The, vari,ant of the orientation relation-

ship with the largest volume fraction of a martensite is the 

(lll)fll (llO)b; [Oll]fll [lll]b' showing a strong dependence between the 

slip direction and the martensite variant formed. The duplex slip 

specimen was not perfectly orientated with the (lll )f[~Ol ]f slip 

system having a Schmid factor of 0.417 and the (lll)f[Oll]f slip system 

having a Schmid factor of 0.366. This orientation caused the 

(lll)fll (llO)b; [lOl]fll [lll]b K...;S variant to contain the majority of 

the a martensite. However, martensite was formed due to both slip sys-

terns as is shown in Table VI. The t martensite formed in both crystals 

was related to the slip plane, i.e. {H.l}fllfodOl}h. A result which is 

not understood for the moment is the observed presence of {lOll}f poles 
.. 

parallel to the {111} f poles which are seen in Figs. 18 and 19. The first 

thoughts were these poles were due to twinning of theE: phase. However, this 

apparently is not the case, at least for the common twinning system in 

hcp materials. Diffractometer scans over 28 were made between the 

{lll}f to the {lOll}h. This produced two resolvable peaks. However 

the {lll}f peaks were very broad, and appeared to overlap'to some 

degree in the _region of the {lOll}h 28 ~alue. Thus it is possible that ~ 

the intensity measured was due to the overlap of the very broad {lll}f 

peak. The other explanation is that a second orientation relationship 

exists for E: martensite. The experiment to resolve this problem 

would be to examine a thin foil cut so the plane of the foil is {lll}f; 

then look for the presence of the hcp phase with {lll}f!l{loil}h. 

This experiment has not been done. 
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IV. DISCUSSION 

A. Plastic Flow in Face Centered Cubic Austenite 

The temperature dependence of the flow stress in face centered 

cubic crystals is generally low, thus plastic flow is primarily due 

to long range stress fields and the short range obstacles (Peierls 

force) can be overcome for the most part by thermal activation alone. 

In the case of ferromagnetic austenites, however, a very strong tempera~ 

ture dependence of the flow stress is observed, requiring a much larger 

thermal component of the stress .for glide, indicating a different 

dislocation mechanism for glide in these face centered cubic crystals. 

Also observed experimentally is a reversal of the flow stress at the 

onset of they-a martensite transformation (Fig. 20), which was 

explained away in terms of geometrical factors and testing conditions. 

However, this may not be true. Finally the morphology of the martensite 

of the low stacking fault alloy is lath-like and that of high stacking 

fault ferromagnetic Fe-Ni alloy is plate-like (Fig. 8) . In addition 

to the remarkable difference ln the a~pearance of the martensite, an 

equally remarkable difference in the distribution of the martensite 

variants is observed. These results will be presented in detail in 

the next section. For now it is interesting to note that in single 

crystals tested in tension, .the variants of the orientation relation 

observed experimentally for alloy 2 (lath-type martensite) are ali 

... related to the slip plane, with the slip vector being associated with 

the variant of maximum volume fraction of martensite. Alloy 1 on the 

othe:r hand produced martensite related to the austenite (111) plane 

of zero shear stress, but was also· associated_ with the slip vector in 

the crystal. Clearly plastic flow in these crystals.which give rise 
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to the formation of the martensite embryo is different in these two 

alloys. It appears that both the role of stacking fault energy in 

paramagnetic Fe-Ni-Cr alloys and the effect of ferromagnetism in 

Fe-( 28% Ni alloys, must be considered in terms of their role in mod-

ifying the deformation characteristics in these crystals, if any 

insight into the dislocation interaction required for the nucleation 

of the martensite phase in these alloys is to evolve. 

There is indirect evidence that the stacking faUlt energy maY be. 

a key factor in the nucleation of martehsite, at least for alloys con-

taining the hexagonal close packed phase. Cobalt for example undergoes 

a martensite transformation. Here the transformation is f.c.c. to 

h.c.p. The h.c.p. structure suggests the possibility of this trans-

fromation beginning from a single stacking faUlt. The transformation 

may be accomplished if a shockley partial dislocation of Burgers vector 

a/6 ( 112 > moves through alternate atomic plane:> of a parallel set of 

22 {111} planes. In low stacking faUlt energy s;~ainless steel alloys, 

when £ martensit.e is present, the martensitic transformation observed 

is y +£+a. The £phase was first identified by Vehables, 23 

producing a good deal of discussion about its importance. The primary 

question was, does the e: martensite form before or after the a phase? 

This has been resolved in 304 stainless steel by Mangdnon and Thomas,
24 

who showed that the transformation is y + e: +a. In the present work, 

e: martensite has been shown to exist in the absence of a for alloy 2, 

a result which is predicted thermodynamically by Breedis and Kaufman. 25 

The £ phase is not observed experimentally J.n high stacking fault 

energy iron alloys. 

. T -! 
! 

., 
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,In low stacking fault alloys, the presence of E: is not a require-

ment for the y ~ a transformation. 11 Goodchild et al . , have shown 

that 301 and 305 stainless steel grains subjected to tension along the 

< 001 ) axis contain no E: or stacking faults. The a which is formed 

in grains with a tensile axis near < 001 ) is thus not in association 

with E: martensite. In the present single crystal study, a forms with 
/ 

specific K-S variants associated to the slip plane, with E: always 

present (alloy 2). What Goodchild's results suggest is, in low 

stacking fault alloys, two specific types of a nucleation are taking 

place, one type associated with the faulted crystal and the other 

assoc:lated with a network of dislocations in the absence of faults. 

Therefore in the same alloy, one can observe the transformation pro-

ceeding as y ~ E: ~ a or y '+ a, the presence of E: being simply a 

function of crystal orientation. When E: is present the transformation 

is always E: ~ a. For crystals orientated to favor the formation of 

E: martensite, it is not supprising to have observeQ all a martensite 

formed to be in association with the K-S variant related to the 

operating austenite slip plane. This is because the E: martensite 

must be in the slip plane due to the. mechanism by which it forms. It 

is possible K-S variants for the a martensite may be.observed which 

are not in the slip plane for alloy 2, if a crystal can be orientated 

to suppress the E:·martenstie formation. This appears to be the case in 

Goodchild's alloys when observations were made on grains stressed 

in tension along the ( 001 ) axis. An interesting experiment would be 

to pull a single crystal of alloy 2 with a< 001 ) tensile axis and 

observe if a martensite formed on the 4 equally favored slip systems, 

does in fact form with a total absence of E: martensite. If this 
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experiment is successful, nucleati~n of deformation induced martensite 

may be studied which is associated with dislocation networks and or 

the faulted crystal in the same single crystal alloy. 

The width of a dissociated dislocation as a function of disloca~ 

. 26 
tion velocity (applied stress) has, been studied by Copley and Kear .. 

They have developed a model which places, on a quantative basis, the 

separations of the leading and following Shockley partial dislocations 

as a function of the critical resolved shear stress on each dislocatjon. 

The relationship expressed in terms of the Schmid factors is, 

1 1 ( 
flX = C \y ± (1) 

where /5.X is the distance between the partial dislocations, y is the 

stacking fault energy, m1 and m2 are the Schmid factors for the Shockley· 

partials, 0 is the normal stress and b is the Burgers vector. The 

constant Cis a material parameter which is written as, 

(2) 

where~ is the shear modulus, a is the lattice parameter and ¢is 

the angle between the dislocation line and the resultant Burgers 

vector of the Shockley pair. A tensile specimen with the tensile 

axies within the portion of the unit triangle bounded by the [001], 

[113] and [102] will have a'larger shear stress on the moving, trailing 

Shockley partial dislocation, thus reducing the equilibrium separation. 

The leading Shockley partial dislocation has the greatest resolved 

shear stress in the regions bounded by the [111], [101], [102] and [113] 
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of the unit triangle. The great circle connecting the [113] and [102] 

has equal Schmid factors for each of the Shockley partial pairs. The 

situation is reversed for compression in these regions. The separation, 

Ax h b 1 1 t d f t· f d. 1 t· · 1 ·t 26 · u , as een ca cu a e as a unc lon o ls oca lon ve ocl y uslng 

the Gilman equation for dislocation velocity as a function of stress. 

* 

V = v* exp (- Dy 
T 

(3) 

v is approximately equal to the shear wave velocity of the material 

and D is the frictional drag acting on the moving dislocation, having 

the dime~sion of stress. * As the dislocation velocity approaches v , 

the separation of the partials approaches zero for a ( 001 > tensile 

axis and large values for tensile specimens on the [111] to [101] 

great circle. An example of this calculation is given in Fig. 21. 

A quantative correlation of the role dissociated dislocations have 

··· as a function of dislocation velocity (stress) on the formation of E 

martensite is now possible; an experiment which has not been done. It 

also appears that Md for a martensite may be lowered for orientations 

where the separations of partials approach zero, L e. , the ( 001 > 

tensile axis. When E: is present, a martensite is always associated 

with the most active slip plane for orientations studied in this paper. 

The experiment mentioned, that of pulling a ( 001 > specimen of alloy 2, 

may show martensite variants not associated with the active slip plane, 

as was observed for the high stacking fault energy alloy 1. If this 

is so, then dislocation networks are responsible for nucleation in 

alloy 1, and the effect is not due to some magnetic property of the 

f~rromagnetic austenite. 
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. . 

In.ferromaghetic Fe-Ni alloys the strong temperature dependence 

of the flow stress appears to be related to the Curie temperature of 
28 .. 

the alloy. Nabarro points out that plastic flow will lead to changes 

in the magnetostriction which could produce or relax internal stresses 

in different directions than t}?.at of the applied external stress. It' 

is possible that this anisotropy due1 to magnetostriction coUld cause 

a change in the Burgers vector of the glide dislocations. Bolling and 

Richman29 feel the strong temperature depend.ence of the flow stress in 

Fe-Ni alloys is due to the ferromagnetism of these alloys, implying 

again a change in mechanism or configuration of the glide dislocation 

in ferromagnetic alloys. Seeger et a1. 30 have shown that domain wall 

mobility is decreased by the presence of dislocations (plastic deform-

ation) which coUld cause internal stress due to magnetostriction, 

important in·terms of nucleation of the martensite. 

Alloy 1 is of the Invar type and has a negative coefficient of 

_ thermal expansion to the Curie temperature. Above· the Curie tempera-

ture, these alloys behave in th~ normal manne~ with a positive 

coefficient of thermal expansion. The tnagnetostriction forces are 

large enough to overcome the increase in thermalenergy in the crystal. 

It is possible that the applications of the applied stress on these 

crystals causes a magnetic dilatation over a?d above the Poisson 

effect, thus generating large anisotropic stresses riot associated with 

the external stress, but as a consequence of the external stress. This 

coUld be the reason different 0'. martensite variants are observed 

forming in alloy 1, than where observed for alloy 2. 

It is not possible at the present time tq define the role that 

ferromagnetism may play in dislocation motion and configuration, in 
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terms of the martensite eni.bryo. If ferromagnetism is not important 

in the nucleation process, then it is possible studies should be 

concentrated on the relationship between specific dislocation con-

figurations (faulted and dislocation networks in the austenite) and 

the specific martensite variants which are observed to form. 

B. Effect of Crystal Orientation on the Martensite Transformation 

1. Fe-34 w/o Ni Alloy 

The single slip specimen ([213] tensile axis) tested at 121°K 

to 5% tensile strain, transformed to 10.7 volume percent a martensite; 

8 volume percent was the (111) f II (110 )b; [ Oll ]f II [111Jb K-S variant. 

For this K-S variant, foils prepared for transmission electron micros-

copy with a (ll2)f orientation shouldhave an abundance of martensite 

.plates of the (ll3\ orientation. This result was observed, examples 

of which are given in Figs. 22a and b. Both dislocated (Fig. 22a) and 

twinned (Fig. 22b) a martensite were observed. An insufficient number 

of foils was observed to obtain a feeling for the ratio of twinned to 

dislocated martensite, except to say that fully twinned martensite plates 

should be the dominant structure in this alloy. These observations are 

confirmed by comparing the orientations of the dislocated and twinned 

plates in Fig. 22 to those on the (ll2)f surface of Fig. 9. The trace 

of the partially twinned-dislocate martensite cr~stal in Fig. 22a 

makes an angle of 39.3° to the [lll]f direction. Plates of this 

oriebtation are rare on the (ll2);f surface of Fig. 9, and tend to be 

split off from a large plate of slightly different orientation. The 

trace of the fully twinned martensite crystal in Fig. 22 makes an 

angle of 48° with the [lll]f direction, an angle observed frequently 

on the (ll2)f surface of Fig. 9. 



-24-

, It is clear from these observations that the habit plane in this 

alloy will depend on the mode of accomodation deformation. Because the 

habit planes for dislocated, dislocated-twinned, and fully twinned 

' martensite can vary in the same alloy, as shown above, habit plane 

measurements without detailed metallography are of little use. Also 

habit plane measurements for comparison with the classical theory are 

of little use because the theories cannot account for the varied 

accomodation deformation observed in neighboring regions of the same 

specimen. 

The habit plane measurements made by two surface analysis in this 

study are given in Table IV.· The results show the measured habits 

were within 4-10° of the classical ( 3 10 15 )~ habit. It has been 

possible to use these measurements to obtain the specific habit plane 

normal from a single trace on an electron micrograph-. The specific 

K-S variant is obtainable from the overlapping electron diffraction 

patterns. It is therefore possible to obtain both the K-S variant and 

habit plane normal from an electron micrograph and appropriate electron 

diffraction patterns. When a single trace of a twinned martensite 

plate from a (112 )f foil is compared to the 24 possible variations of 

the mean habit observed (Table IV), only one possible solution has 

been observed. The trace of the partially twinned plate in 22a does 

not lie in any of the 24 possible habits; i.e., the dot.produce .for 

no case is 90° from the habit plane normal measured.experimentally. 

The trace of fully twinne·d plates ir:t Fig 22 are within 89-91 degrees 

of a specific habit plane normal, and thus within experimental error, 

the specific habit plane is identified. This technique will be used 

in the continuing study of this alloy. The electron microscope 

.. 
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provided detailed microstructural information about the martensite 

crystal. If the electron microscope images of specific microstructures 

can be correlated to the optical images so that accurate habit plane 

_normals can be calculated, a more detailed understanding as to why 

large variations exist in experimentally measured habit planes will 

evolve. 

The observed habit planes of the deformation induced martensite 

plates with respect to the tensile axis in this alloy was not expected. 

The majority of themartensite plates formed, in each specimen tested, 

has the plane of the plate almost parallel to the tensile axis as 

seen in Figs. 8 and 9. The martensite-martensite interfaces noted as 

6 and 5 in Fig. 9c have plane normals of [-0.7315, 0.6692, -0.1306] 

and [-0.7032, 0.6909, O.l680]f respectively. These are near the habit 

planes for individual plates seen in Fig. 9a. It is easy to see the shear 

stress on these habits is low and it has been pointed out by the x-ray 

data that the K~s variant of zero shear in the austenite is the 

variant 80% of the mart~nsite formed in this alloy. The stress induced 

transformation in this alloy is not following the relationship developed 

by Patel and Cohen,
4 

where it is shown the martensite va~iant which 

should form, is the variant of maximum shear stress on the habit plane. 

The work of Goodchild et al. 5 on 303 and 305 stainless steels supports 

the concepts of Patel and Cohen, 4 which makes one again think of some 

sort of magnetic effect which is modifying the internal stresses in 

these ferromagnetic crystals. 

2. Fe-15 w/o Ni-15 w/o Cr Alloy 

~e martensite induced-due to plastic deformation in these 

crystals form on K-S variants related to the active slip planes in the 
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crystals. The € martensite is shown to form as a strong function of 

crystal orientation. The duplex slip specimen was not in a perfect 

duplex orientation causing a two-fold increase in the volume fraction of 

€ in the most active slip plane. The volume fraction of a on the most 

active slip plane was an order of magnitude larger than that observed 

on the second slip plane in the crystal. The nucleation of ~ martensite 

is therefore closely associated to the movement of dislocations in·the 

slip plane and the initial formation of € in this alloy. In alloy 1 

the volume fraction of· a was almost equal for equal tensile strain for 

both the single and duplex specimens. In alloy 2, the [ll2]f tensile 

specimen contained only 5.8% (Ca + C€) martensite as compared to 8.9% 

(Ca + C€) martensite for the [213]f tensile sample. The quantity of a 

martensite formed in the duplex slip specimen was suppressed; only 2.9% 

a martensite as 6.8% for the single slip specimen was observed. It is 

again clear that the formation of € martensite is a strong function of 

crystal orientation, which in turn controls by aiding or abeting the 

€ ~a transformations. For the orientations tested to date, it is not 

completely clear why the transforamtions should be different in terms 

of the relative amounts of a observed for the [ll2]f and [213]f tensile 

axis samples which were tested to the same tensile 'strain. The results 

of Goodchild, et a1. 5 show that € is suppressed for crystals with a 

( 001) f tensile ~is and the Md for a is lowered for these orientations. 

Experiments are in progress where specimens with [llO]f and [OOl]f 

tensile axes orientations will be tested and volume fraction measure-

ments made of the € and a martensite variants formed. These data will 

shown that the resolved shear stress on the leading and trailing 

.. 
~-
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partials will control the dynamic separations of moving partial 

dislocations, and thus will strongly control the nucleation of E: 

martensite. It appears clear at this time that for low stacking fault 

energy alloys, whe!'e E: can form; the Md for a is higher in the presence 

of E:. If for ( 001) tensile axis crystals, E: martensite is absent, it 

will be interesting ,to @bserve if the a forms with the same blocky 

microstructure, or if in fact the martensite is of the massive type. 

The temperature Md'for E: and a martensite is of considerable 

interest because of the role it plays in defining heat treating and 

deformation parameters. From a scientific point of view ohe would like 

to know if Md can be described in thermodynamic terms. Patel and 

4 Cohen have shown for stress induced martensite (stress less than the 

proportional limit) the experimentally observed Md for a can be 

calculated with good accuracy by considering the work done by the ex-

ternal force. So in the temperature range where the stress induced 

transformation is observed, the Md appears to be a thermodynamic 

function. When the temperature is raised it is still possible to 

induce the transformation by plastic deformation of the crystal. For 

the strain induced transformation the Md is now a function of the ex

ternal force, the temperature and the degree of plastic deformation. 

As the temperature is increased the transformation will start at 

increasing plastic strain levels. For single crystals orientated for 

easy glide very little increase in stress is observed with increasing 

strain. For these crystals the transformation starts at a specific 

plastic strain level whfch is a strong function of temperature and 

only a minor function of stress. This behavior is very difficult to 

describe thermodynamically. A second problem which complicates the 
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matter is the, 1 presence of £ martensite as is the case for alloy 2. 

Very little is known about the Md for £ martensite. Plastic deformation 

of the austen1te is required for the y + £ transformation. When £ 

martensite is present the reaction is y + £ + a, in this case the 

observed Md for a is at a higher temperature than for the y + a reac

tion. In polycrystalline samples a martensite would be nucleating at 

two. different temperatures, depending on the. crystal orientations of 

the austenite grains and the direction of the applied stress. As 

work on these single crystal alloys continues much Qf the effort will 

be directed toward a detailed studied of Md for both £ and a martensite 

as a function of stress, strain and temperature .. Efforts will be made 

to describe the. experimentally observered characteristics of Md for 

strain induced martensite thermodynamically. 
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V. SUMMARY AND CONCLUSIONS 

Single crystals have been used to study the martensite trans-

formation in Fe-Ni and Fe-Ni-Cr alloys. It has been shown the trans-

formation in these alloys is a strong function of crystal orientation.' 

For alloy 1, it was :D'ound the deformation induced martensite favored 

a specific K-S variant which was associated with the {lll}f plane of 

zero shear stress in the austenite. The habit planes observed in 

alloy 1 for martensite plates formed during plastic deformation, for 

the most part were planes almos~ parallel to the tensile direction; 

thus the shear stress on the habit plane is also near zero. It is 

clear the direction of the shear in the martensite plates cannot be 

zero, the direction of which is yet to be determined by experiment. 

The fact that 80% -of the martensite observed in alloy 1 was associated 

with the austenite pl~ne of zero shear invited speculation that a 

magnetic dilatation due to magnetostrictive forces may be modifying 

the internal stresses of the crystal which are a consequence of the 

externally applied stress in these ferromagnetic austenites. This is 

me~e speculation at this time, and it is more likely the transformation 

proceeds in this manner due_ to the absence of the E phase, which is 

observed in alloy 2. 

In alloy 2 the transformation reaction y + E + a was observed 

for the crystal orientations studied. The E martensite was found to 

form in the operating slip plane(s) in all cases. Because of this 

property of the reaction, and the .fact the reaction continues from 

E to a, the majority of a martensite was found to be the K-S variant 

associated with the slip plane(s) of the crystal. There is evidence 

that for ( 001 ) f crystal orientations, the E martensite phase can be 



-30-

suppressed. 5 If this is found to be the case for alloy 2 then the 

y -+ a reaction can be observed independent of the E' phase. This may 

prove to be very important in terms of understanding the reaction in 

alloy 1. This is because the same K-S variant may form as a function 

of the applied stress in alloy 2, in the absence of E martensite, as 

was observed in alloy 1. If this result is found, then the idea of a 

magnetic interaction in alloy 1 can be rejected. 

Habit plane measurements on alloy 1 were performed. It was 
I 

found when accurate habit plane data were available, the habit plane of 

a crystal could be identified by the single trace observed in electron 

micrographs. Because the K-S variant is always obtainable if the 

overlapping electron diffraction pattern of y and a are obtained, it 

was p~ssible (for alloy 1) to identify both the martensite habit and 

K-S variant in electron micrographs. The development of this type of , . 

data will aid in relating the state of stress in the crystal to the 

microstructural details observed in the martensite crystals from 

electron micrographs, and therefore should aid in developing and 

understanding some of the basic properties of the transformation. Habit 

plane measurements for alloy 2 have not been possible by two surface 

analysis because of the blocky nature of the martensite as seen in 

the optical micrographs (Fig. 14). The x-ray results of alloy 2 have 

shown that E will exist in the absence of a. The quantative volume _ 

fraction measurements are in progress for the [112] and [21~] tensile 

axis specimens, and will be combined with the data of the [110] and 

[001] tensile axis specimens to produce an interesting set of data 

showing how the volume fraction of E varies at constant.tensile strain 

and temperature as a function of crystal orientation in the absence 

of a. 

I 
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The primary result of this thesis is the application of pole 

figure methods to locate and identif'y the specific K-S variants for 

a martensite and variants of E martensite which are formed by deforma-

.·· tion in the austenite single crystal. The ability to measure quanta-

tively the volume fraction of each variant provides the important 

information about the relative amounts of martensite that form as a 

I 

function of the austenite crystal orientation. It has been discussed 

many times in the literature that the martensite tends to form in very 
I 

specific variants as a function of stress. As far as this investigator 

knows this is the first presentation of a method in which the specific 

variants can be identified as a function of the state of stres's and 

the volume fraction of each variant measured. This type of information 

is of critical importance if the martensite nucleation problem is 

to be approached in a systematic manner. 

Although there are many questions left unanswered in this paper, 

it is felt that the basic knowledge and experimental methods have 

been developed to answer them with more work and experiment. It is 

hoped that this thesis will form a sound basis for the continuation of 

the study of the martensite nucleation problem in these Fe-Ni and 

Fe-Ni-Cr single crystal alloys and that some fundamental knowledge 

willo develope. in the work that is to follow. 
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APPENDIX A 

Method of X-ray Volume Fraction Measurements 

The procedure used to calculate volume fraction (C.) of € and a 
l 

martensite is that of Cullity. 20 The diffracted intensity for each 

phase is given by: 

I = ·K2R:lY 
y 2pm 

(l) 

I 
K2RaCa 

= a 21Jm 
(2) 

K
2

R C 
I 

. € € - 21Jm € 
(3) 

where K
2 

is a num·erical constant which drops out by taking ratios of 

Eqs~ (l) through (3), and 

( 4) 

where v is the volume ·of unit cell, F is the structure factor, p. is the 

ult.i 1· ·t f t ( 1 + Cos
28

) · th ·L · t P l · ·t· ·f t f m p lCl y ac or, 
2 

.· · · lS e oren z- o arlza l.on ac o:r: or 
Sin 8Cos8 

. unpolarized x-.ra.ys, e.,.~ is the temperature factor which is a function 

.of 8, the Bragg angle and ~m is the linear absorption coefficient. 

Because a single reflection is used to measure the intensity of 

the y, a and € phases, the multiplicity factor is taken as unity. A 

unique solution for the volume fraction is obtained by using the 

following relationship in conjunction with Eqs. (l) through (3). 
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= 1 (5) 

Thus by taking the r~tios I /I and I. /I and using Eq. (5), th~re a y E. y 

exist three equations and three unknowns, or two equations and two 

unknowns as the case may be. The R values for each phase of the two 

20 alloys are calculated in the conventional manner. The structure 

factor F has been corrected for anomalous scattering. 

The total volume fraction of each phase was obtained by summing 

the total intergrated intensity of the observed {002}b and {lOll\ 

poles for the a and E phases respectively and comparing them to the 

intergrated intensity of the { 002} f poles. The volume fraction for 

each variant was then calculated by the following reiationship. 

or 

(6) 

(7) 

where Ia and IE ,are the total intergrated intensity of these phases, 

Ii the intergrated :inte!lsity of a particular variant and Ca and CE are 

the total volume fraction of each phase. 

'~ 
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APPENDIX B 

Computer Program for Mechanical Property Data 
Reduction and Cal Comp Plotting 

The Figs. 5, 6, 10 and 11 were plotted in a one step calculation. 

from the Instron strip chart recording of the load elongation curves 

for the single crystal tensile specimens. No hand calculations were 

required and only minor touch up of the Cal Comp plots were needed 

before they could be photographed for publication. The input data are 

specimen width, thickness and gauge length. The Instron data needea 

are crosshead speed, chart speed and Instron load cell setting. From 

the load elongation curve, the number of chart divisions in the load 

and elongation axes are punched on data cards for as many data points 

required. The more data points used the better, because the Cal Comp 

plotter draws straight lines between data points. The first data 

point must be the proportional limit. Because the Instron is not a 

hard machine, this data allows machine and fixture deflections to be 

corrected for and the resulting calculations are based on plastic 

strain. The total crystal and machine deflection is measured from 

tl:te origin. 

The SUBROUTINE GRAPH requires no additional input data and is 

set up in the listing to generate plots of the type seen in Figs. 5 

and 10. The program can be modified to produce plots of any scale 

range required. Any number of stress strain curves may be plotted on 

a single frame and any number of frames may be plotted at one time. 

The data deck is set up as follows: 

Card 1: The number of stress strain curves to be plotted on the first 

frame; I2 format. 

Card 2 and 3: Title card; 80Al/80Al format. 
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Card 4.: Crosshead and chart speed; F7.4, F4.1 format. 

Card 5. Gailge length, width and thickness; F8.4, 2F6.4 format. 

Card 6: Phi and Lambda where Phi is the angle between the slip plane 

normal and the tensile axis, and Lambda is the angle between 

the slip direction and the tensile axis of the crystal. For 

polycrystal samples.set Phi and Lambda equal to 45 degrees. 

2F5.1 format. 

Card 7: Instrort load scale; F6.o format. 

Card 8: Key to units used; I2 format. Set KEY=l if units are em/min 

for crosshead ahd chart speed, mm for specimen dimensions and 

Kg for load scale. Set KEY=2 if-units are inches/min for 

crosshead and chart speed, inches for specimen dimensions and 

lbs for load scale. 

Card 9: Six pairs of load-:-elongation data per card; 12F6.1. Data is 

in cha.:r't divisions, with a division being defined as 1/10 of 

an inch or 1/5 of a em. As many of these cards may be used 

as needed. Indicate end of data set by punching a negative 

stress af~er the last real pair of data points. The first 

data pair must be the proportional limit. 

Repeat the· data card sequence from Card 2 to_ 9 thenwnber of 

times specified on Card T. These data will be plotted on the same 

frame. For the next frame and so on, start over from Card 1. To end 

calculations, the last card of the data deck will be Card 1 with zero 

punched in Column' 2. An example- of the correct form for the input 

data arid the resulting output data is given in Table VII. The Fortran 

listing follows. 
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PROGRAM C~YSTALII~PUToOUTP~ToTAPE6=INPUioiAPE5=vu1Pul tiAP~Y~tPLUit 
1TAPE99=PL0Tl 

D I MENS I Q,\j TITLE 11160), r I I LE2l69), I I I LE3' 6v), I I i Lc4' 7v I , 
lTITLE6174loTTTLE7178l•DATAil2JoTABL~I6t2UOl 

1 FQqMA T ( I 2 l 
2 FOQMATI80Al/80All 
3 FURMATilHlt30XolOHIN?UT DATA//) 
4 FORMATIF7.4tF4.1~69All 
5 FORMATIF8.4o2F6.4o60All 
6 FORMAT12F5elt70All 
8 FORMATIF6.0o74All 
9 FO~MATII2,78All 

IO FORMAT~l2F6.11 
11 FORMATI5H LJADt6Xt6HCHA~GEo4Xo6rlSTRf~So6At6H~THAlNt4Xo~H~HcA~,7Xt 

15HSHEA~/10Xo9~1N LE~GTrlo24Xo6rl~IRE~~•6At6H~IHAl~14rl ~ut~At2rlMMtbA 
2t8HKG/MM**2ol3Xo8HKG/~M**2/l 

12 FORMATilH oF7e2o3XoF7e4t3XoF8e3t3AoF8.5ojAtF8.3t~AtF8.~1 

13. FORMAT! ~0Al/80Al//) 

14 FORMATI//t30X:11HOUTPUT DATA//) 
15 FORMAT11Hlo30XtllH0UTPUT DATA//) 
16 FORMATI//l2HSTRAI~ R~TE=tF7e5t9H Pc~ MJ~••5Atl8H~Hf~R ~~~~IN KAr~= 

lt~7~5,9H PER MI~.//1 
110 READI6olJ NUMBER 

IFIRST=O 
IFINUMBERoEO.Ol 111,112 

Ill CALL GRAPHITAdLEo-lolF!RSTl 
STOP 

112 DO 999 I=loNUM9ER 
READI6o2l TITLCl 
WRITEI5o3l 
WRITEI5ol3l TITLE! 
READI6o4l CHStCS,TITLE2 
WRITE15~4l CHStCS,TITLE2 
READI6o5l GAUGEiWIDTH~THICKtTITLE3 
WRITEI5o5J GAUGEoWIDTHoTHI(KoTITLE3 
AQEA=WIDTH*THICK 
READI6o6l PHioLAMaDA,TITLE4 
WRITE15o61 PHloLAMBDA,TITLE4 
PH!=PHI*3.1416/l80. 
LAM8DA=LAM3DA*3el416/180• 
READI6o8J SCALEoT!TLE6 
WR!TEI5o8l SCALE,T1TLE6 
READ16,9l KEY•TITLE7 
WRITEI5o9) ~EY,TITLE7 

CR"~"'SH=CH.S 
IFIKEY.EO.lJ CROSSH=CHS*10. 
SRATE=CROSSH/GAUGE 
SSRATE=IIIGAUGE+CROSSrli/GAUG~l**2-l~lNILAMbDAJ*•21l**~•5/~lo~llo~70 

18-PHIJ-COSILAMBDAl/~!Nil·•570S~PHIJ . 
L,=i'l 
~=::>2 

JF!RST=O 
104 REd0(6ol0J ~ATA 

N=!',Hl 
WRITE15tl01 DATA 
IFIKEY.E0.2l GO TO 1~0 
DO i'11 J=lt12o2 
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IFIDATAIJlll03tl02tl02 
102 K=J+l . 

L=L+l 
TABLEI1•Ll=DATA!Jl*SCALE/100. 
IFIJFIRSTl 113,113,114 

113 JFIRST=1 
SLOPE=DATA!Kl/TABLEI1oll 

114 TABLEI2•Ll~IDATAI~l-TABLEI1•Ll*SLUP~l*ICri5/1~5*~•Ull*i~.u 
IFITA8LEI2,L).LT.O.Ol TA~LEI2oLl=O·O 
TABLEI3tL~=TABLEI1,Ll/AREA 
TA9LEI4rLl=TABLEI2oLI/GAUGE 
TABLEI~oll=TABLE13oll*COSIPHil*COSILAMS~AI 

101 TABLEI6oL):((IGAUGE+TABLEI2•Lll/GAU~El**2-t~I~t~AMduAll**2l**O•~/ 
lSINI1.~708-PHil-COSILA~BDAl/SINI1e~708-PHil 

GO TO 104 
100 DO 105 J=1,12•2 

IFIOATA<Jl)103,106,106 
106 K=J+1 

L=L+1 
TABLEI1oll=DATA<Jl*SCALE/100.0*0•453592 
IF!JFIRSTl 115,11~•116 . 

115 JFIRST=1 
SLOPE=<DATAIKl/TAdLEiloLll*0•453592 

116 TABLEI2•Ll=<IDATAIKl-TABLEI1oLl*~LUPE/Oe453592l*CH5/IC~*lO.Oll*25e 
14 
. IFITA9LEI2oL).LT.O.Ol TABLE12•Ll=O•O 
TABLEI3oll=TABLEI1oL)/IAREA*2~.4*25•4l, 
TA9LEI4oll=TABLEI2oLJ/IGAUGi*2~.4l 
TABLEI~oLl=TAbLEI3oLl*COSIPrlll*C0SILAMB~Al 

105 TA~LEI6oL)=IIIGAUGE*25~4+TAoL~I2tlll/I~AUGt*25••>1*~2-<~l•~I~AMdUAl 
11**21**0•5/SIN<l•~708-PHII-LUSILAMBOAI/~l~l1e~70d-Prlll 

GO TO 104 
103 WRITEI5tl4l 

W~ITEI~o16l SRATE,SSRAT£ 
WRITEI5o1ll 
DO 107 lA=1tL 
N=i\1+1 
IF<N.EQ.6ll GO TO 108 

109 WRITEI~o12l ITABLE~JAoiAloJA=1o6l 
GO TO 107 

108 WRITEI5o15l 
WRITEI~o13l TITLE! 
WRITE I 5 oll) 
P\1=9 
GO TO 109 

107 CONTINUE 
CALL GRAPHITABLEoLtiFIRSTl 

999 CONTINUE 
GO TO 110 
END 
SUBROUTINE GRAPH!TABLEoLoiFIRSTl 
DIMENSION TABLEI6o200ltXI200l•YI200l•GRI~X(2loG~IQYI2l 
COMMO~/CCPOuL/XMI~,X~AXoYNIRoYMAXoCCX~I~oCCXMAX,LC~~~·~•(CYMAX 
DATA XMINoXMAXoYMINoYMAX/OeOo0.125ol6.0o64eO/ 
CCYMIN=100. 
CCYMAX=1000• 
IFILl 100~100•101 
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tnc CALL CCENr:> 
R::TURN 

6 

101 IFIIFIRSTI 1G2ol:J2•1::l3 
1~2 IFIRST=l 

C.t>LL CCNEXT 
CALL CCGRIDI1•6H~OL3LS,11 
GRrbYI 1 l=l6o0 
G~!DYI2l=l7oC 

DO 108 I=l.IZ 
GRIDXIl >=!*CoOl 
GR!DXI2l=GKIDXI1l 

I 
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CALL CCPLOTIGRIDX,GRIDYt2t4HJOINl 
l08 CO"JTINU!: 

GRIDX1ll=Oo122~ 
GRIOXI2l=0.125' 
DO 109 I=1!t62,z 
GRIDYill=I 
GRIDYI2l=I 
CALL CCPLOTIGK!DX,GRIDY•2•4rlJOINl 

109 CONTINUE 
GRIDYI1l=S4o 
GRIDYI2l=63o 
DO 110 I=1ol2 
G~!')XI 1 l=I*0.01 
GRIDXI2l=~RIDXIll 
CALL CCPLOTIG~IDXtGRIDY•2o4HJOINl 

110 CONTINUf. 
GRIDXI1l=O.C 
GRIDXC2l=0.0025 
DO 111 !=18•62 0 2 
GRIDYI1l=l 
GRIDY12l=I 
CALL CCPLOTIGRIDX,GRIDYt2o4HJOINl 

111 COI\ITINUE 
CALL CCLTRI30Joo40o ,::Jd•21H PLASTtC STf<Al•~o2ll 
CALL CCLTRC2U•o250otlt3t28h ~QR~AL ~TRES~• KG/~M·~~~ 

CALL CCLTRI10ot839.,1,2t1H2•1l 
CALL CCLTRI65••80o•0•2•1HO,ll 
CALL CCLTRI130.,ao.,c,z,3rlo01•3l 
CALL CCLTRI210.,ao.,Co2t3Ho02t3l 
CALL CCLTRI29Joo80ot0•2•3Ho03o3l 
CALL CCLTRI37C.,ao.,o,z,3Ho::l4t3l 
CALL CCLTRI45J.,ao.,o,z,3Ho0~•3l 

CALL CCLTRI530.,ao.,c,z,3Ho06•3l 
CALL CCLTRI610~,ao.,c,z,3Ho07t3l 
CALL CCLTRI690.,ao.,o,z,3Ho08•3l 
CALL CCLTRI770.,ao.,o,z,3H.09o3l 
CALL CCLTR185J.,ao.,c,2o3H.l~•3l 
CALL CCLTRI930.,ao.,c,z,3H.11o3) 
CALL CCLTRI1010~o8Q.,Q,2o3Ho12•3l 
CALL CCLTRI43oo169. o0•2•2H20t2l 
CALL CCLTRI43oo244ot0•2•2H24t2l 
CALL CCLTRI43o~319.oC•2•2H28t2l 
CALL CCLTRI43•t394.,0,2•2H32,2l 
CALL CCLTRI43oo469oo0•2•2H36t2l 
CALL CCLTRI43ot544. t0•2•2H4Q,2l 
CALL CC~TRI43oo619.,J,2o2H44t2l 
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.. CALL C~LTR ( 43,• ·; 694'. ,o,; 2, 2848 ,'2 l 
CALC CCLTR < 43'•H 769;,·o,2,'2HS2 '2l ·· 
CALL CCLTR~43~,.a44~t0r2i2H56~2l 
~ALL.CCLTR<43~~919.~0'~'2H6Q,2) 

. CALL CCLTRC43.~994.~0J2.,2H64~2) 

103 00.104 'I=ltL 

11·2 
105 

106 
104 

. 107 

X·( I l = T ~ SL E ( 4 , I l 
Y (I >:;~'T A9LE <3 t!,) · . . , 

IFCTA8LE(3,I )•LT.YMI:--Jl' 105,112 
IF< TABLE t3, I, .C;r. y,~Ax, 10s do6 
L~I-1 . 
GO TO 1.07 . 
IF ( TABLE < 4 , I l • G h Xlvl A X; l · 1 0 5 , 10 4 
CONTINUE 
C.ALL CCPLOT(XtYtlt4HJ0IN) 
RETURN 
END . 

':! 

. I 

.. ,. ' 

'1 

·' _;; . 
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APPENDIX C 

TwO Surface Analysis Calculations of Martensite 
Habit Plane with Computer Program 

The crystal shown in Fig. 9 was cut exposing the (ll2)f plane 

which is perpendicular to the {lll)f plane. The exact orientation of 

these surfaces was obtained by back reflection Laue photographs taken 

at 5 em. A third orthogonal vector is generated by taking the cross 

product of the vectors normal to. the cut surface. The angles between 

the trace ori each surface are measured with respect to these three 

orthogonal vectors, and correlated to the dot products taken between 

each of the three vectors and the unknown vector. This generates three 

equations for the vector on each of the two surfaces. The solution of 

these equations provides the [hk,Q,] indices of the trace on each of 

the two surfaces. The habit plane normal is simply the cross product 

of these two vectors. ·The computer program carries out this simple 

calculation quickly and accurately. 

The program uses a library program FLIN from the L.B.L. computer 

center. The deck set up is as follows: 

Card 1: The number of habit planes to be calculated; I5 format. 

Card 2: The normal to plane l and plane 2 and the measured angles 

between the traces on each surface. See Fig. 10 and comments 

in program listing; lOF8.0 format. 

Card 2 is repeated the number of times specified on Card l. The 

habit plane normal is printed as a unit vector. The Fortran listing 

follows. 



PROGR.J\,\1 HAq IT I INPUT ,OUTPUT l 
C0\1~0N/FL!~C/AI40o41l 
DI\IENSION ~l3o4loCI3o4l 
READ 5o'IJ 

5 FO~~AATI !5) 
C N .IS THE NU\18ER OF I)ATA CARDS. 
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DO 1 01 I A= 1 • N . 
READ 1•(1AIIo.J)oJ=1o3loi=1o2)oTHET.il.loTHciA2•PHiloPrll2 

1 FOR~ATilCFB.Cl 
C Al1oNJ IS VECTOR NORMAL TO PLANE 1• N=1•2•3 
C AI2•Nl IS VECTOR'•~ORi'oAL TOP A.~E 2• N=lt2•3 
C PLANE 1 MUST oE 90 OEG~EE~ FR0~ PLA~C: 2 IN orll~ ~RU~~AM. 
C THETA! IS AI'•GLE :3C:T<IctN THE TRACE Vi'< Alloi'l) PLA"c. A•~U llc.CiuK Al2to'o) 11'1 LJc.G 
C THETA2 IS ANSLE :3t.T.'it.C:~ TtiE Ti\ACE -..li'l Allollol ·r>LA••c. Ai'lu vc.Covo~ A•3to~) "Ht.KC: 
C AI3•Nl 15 GENc.RATt:.D 3Y THC:: (.RO!:>.::> PkvuuC1 VF All•••l Ao'lv A12t~'llo 
C PHil IS THE A•~GLt: :jf:TIIEEN lrlE 1RACC: ON A,2,.\tl P'-Afojt, Ao.v A,j,.O 
C PH!2 IS THE A.'<GLE :3EIO\'EEi• IHt:. IKACt: 0,\t A•2•:'11l PL.Ai•t. A"u AI.Ltl'l) 

THETA1=THETA1*3.14159118u. 
THETA2=THETA2~3.1415~/1BO. 

PHI1=PHI1*3e14l59/l8U. 
~HI2=DHI2*3o14159/l90o 

C CALCULATION OF U~IT VECiORS Al1•~l AND Al2oNJ. 
A8:SQRT I A ( 1 • 1 l *A I 1' l l +A I 1 • 2 l *A I 1, 2: +A I 1 t3 l *A 11 ,j l l 
8A=SQRTIAI2•1l*AI2tll+AI2o2l~AI2o2!+A•2•31*A•2•~l) 

, DO 1 '12 I= 1 t3 
All•Il=Ailol liAS 

102 Al2tll=AI2t!J/8A 
C CALCULATE Al3tNl VECTOR 

Al3tll=AI1t2l*AI2t3l-AI1o3l*Al2o2l 
A ( 3 , 2 l =A I l t 3 l *A ( 2 , 1 i -A C 1 t l ). *A C 2 t 3 l 
A I 3 t3 l =A C 1 • 1 l *A I 2, 2 l -A I 1 • 2 l *A I 2 •1 l 
DO 100 "I=1o3 
JO 100 J=lo3 

100 BIIoJl=AIIoJl 
Al1o4)=0o0 
Al2o4l=COSITHETA2l 
Al3o4l=COSCTHETAll 
~llt4l=COSCPHI2l 
fl(7o4l=Oo0 
Bl3o4J=COSCPHI1J 
Pqiii!T 2 

2· FORMATI39H1CALCULATION OF H~L VECTU~ Fu~ IRACE loll~ 

PRINT 200ol IAIIoJ)oJ=1o4lol=1•3l 
CALL FLINC3o1t~ETJ 

.PRINT 200ol IAIIoJJoJ=lt4lol=1•3l 
?00 FORMATI1HQo41E15.5t5Xll 

1)0 103. I=1t3 
.DO 103 J=1•4 
Cl Y,Jl=AI Y,J) 

103 AIItJl.=SII.Jl 
PRINT 3 

3 FORMATI39HOCALCuLATION OF H~L VECI~R FUk 1NACE 2.,, l 
PRINT 200ol IA(IoJ)oJ=l•4loi:1o3l 
CALL FLINC3tlt::l'OTJ ' ' ,. ' . 
PRINT 2:JOol IAIIoJ)t·J=1•4hi=1•3l 

C CALCULATION OF HABIT PLANE NO~MAL 
ANGLE=Cil~4l*Ailo4l+CI2o4l*AI2o4J+C(~,4l*AI3•4l 



ANGLE=ACCSIANGLEl 
ANGLE=SI~liANGLEl 
0=1CI2~4l*AI3•4l-CI3t4l*AI2•4ll/A~GLE 
V~ICI3•4l*Ailt4i~Cil~4l*A<3•4Jl/ANGLE 
W = I C ( 1 • 4 l *A ( 2 • 4 l - C I 2 • 4 l *A < 1 • 4 l ) I ANGLE 
AMAG=S~RT!U*U+V*V+W*Wl 

U=U/11'1A~ 

V=V/AMAG 
W=\-:1 A V,AG 
P R I N T 4 , u , V• w 

4 FOR~ATI19HOHAclT PLANE N0~~ALt5Xt2Hu=oFlU.~t5At£HV=•flue5t~A•2H~=• 
1Fl0e5l 

101 CONTINUE 
c;r~o 

~"'"' SU~ROUTI'\IE ERRO~ 
DRINT 1 

1 FORV,ATI*ERROR CALLED*! 
STOP 
RETURN 
EN"l 
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·.Table J:. · Lattice parameter ·measur.ellJ.;rits · 
; '_.:·. 

:.::-

* .t . error error 

.. 
f.c.c. 3.59168 0.00014 3.59013• 0.00053 

.b ~c.~c. .none .present.· ;e· ,2.86272 · 0.00197· 

Fe.::15 w/o Ni-15 w/o Cr f.c.c. 

b.c.c. 

* 

none present . 

3.58560 o.oo074 

2. 86781 0', 00039 

Filed·. at room temperature, annealed 2 hours at 850°C. Guinier method 

with silicon meta~ standard, Feka1, r~diatioi).. 

· t File.d. at .7t'K, annealed 4~ hr at 275°C. ·Debye Scherrer. method with 
. " . v. ( ~ . 

silicon niet~l standard, Feia radiation. 

\ 

.-.... :.,; 
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Table II. The 24 variants of the Kurdjumou-Sachs orientation relation-

ship and the 4 y-£ interfaces. Symbols f, b, h refer to 

f.c.c., b.c.c. and h.c.p. crystals respectively. 

<> 

Symbol Variant 

CD 1. (111) f II (11o )b; [IOlJfll [Ill]b 

2. [1o1Jfll [Ili]b 

3. [IlO ]f II [Ill ]b 

4. . [Ilo Jf I j[Ili]b 

5. [ Oli] f II [Ill ] b 

6. [Oli]fl.l [Ili]b 

1. (Ill)fll (llO)b; [II 0] f I I [Ill ] b 

2. [IIo]r II [I1IJb 

3. [IoiJfll [Ill]b 

4. [IoiJfll [Ili]b 

5. [ Oli]f II [Ill ]b 

6. r 01I J f I I r I1I \ 

• 1. (lil)fll (llO)b; [Io1Jfll [Ill]b 

2. [IOl] f II [Ili]b 

3. r o11 J f II r I11 Jb , 
4. [Oll]fll [I1I]b 

5'. r 11 o J f II r I11 J b 

6. [llO]fJI [Ili]b 

'" ;..::• 

(lli)fll (llO)b; r 011 J f II r I11 Jb 1. 

2. r 011 J f II [ i1I J1, 

3. [I1ojfll [Ill]b 

4. [IlO] f II [IliJb 

5. [lolJfll [Ill]b 

6. [1o1Jfll [I1I]b 
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Table III. The initial and final orientations of the single crystal 

tensile specimens. The specimen normal is near the [lll]f. 

See Fig. 1. The angles w1 , w
2 

and w
3 

are the angles between 

the true specimen normal and the [OOl]f, [lOO]f and [OlO]f,· 

poles respectively. w4 is the angle between the tensile 

axis and the [lOO]f pole. This data will provide a more 

accurate record than a plot on a unit triangle. 

Initial Orientation 

All oy tensile·, w 
axis 1 

w 
2 w 

3 w4 
,I 

Fe-34. 5 w/o Ni [112] 54.7 54.7 54.7 66.0 

[213] 53.0 57.0 53.0 58.0 

Fe-15 w/o Ni-15 w/o Cr [112) . 51.5 55.0 57.0 66.5 

[213] 54.7 54.7 54.7 58.0 

Final orientation 

test 
tensile w1 axis I '1<: strain 

w4 temperature tensile 

' 
Fe-34. 5 w/o Ni [112] 56.2 52.9 52.9 71.0 273 0.0499 

55.2 53.5 53.1 n.o 178 0.0512 

53.6 53.6 54.0 71.0 121 0.0497 

53.2 54.4 54.2 69.5 77 0.0109 

[213] 56.0 52.7 53.0 65.0 273 o.o46o 

53.5 54.5 53.7 55.5 176 0. 0559 

54.8 54.5 55.2 58.5 121 0.0437 

53.2 55.0 52.9 57.0 77 0.0667 

Fe-15 w/o Ni-15 w/o Cr [ll2] 50.1 53.7 57.2 65.0 273 0.1313 

52.5 53.5 55.8 65.5 242 0.0969 

50.8 56.8 54.8 67.0 i81 0.0486 

[213] 52.1 53.9 55.8 61.0 273 0.0515 

52.5 53.8 56.2 59.0 242 0.0994 

51.0 56.8 53.9 58.5 188 0.0514 
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/ Table IV. Habit J?,lane 'meas~remerits. on [ll2]f specimen-tested to 1% 

_;tensile. strain at 77°K~ . The plates are munbered iri Fig .. 9 ~- . 
~' ' : .. ' J, . • ~0<" ., • • ' .;, • 

r / ' 

Plate No. Habit plane normal Angle from {3 10 15}. 
.:1'; 

I -:-0. 78'50 I 0.5957 . 0.1699 4.0° 

2 -0.6158 0.7663 0.1830. 6.0° 
.. -

3 -0.6398 o. 7500 :..a.i68o 7.1° 

4 -0.6648- 0. 2230. :-0~7130 9. 7°. 

5 -o. 7032 . 0.6909 o:168o 

6 -0.73155' 0.6692 -0.1306 

I i 

'' ' 

/ 



6·0 

-51-

Table V. Summary of volume fraction measurement for Fe-34.5 w/o Ni 

alloy tested to 5% tensile strain at 121 °K. See also Table II 

and Figs . 16 and l 7. · 

... 
Symbol Variant [213] [ll2] 

Tensile axis Tensile axis 
. ' 

ca. c a 

[::J2 ( 111) :f II ( 110 )b; rr01 Jf II rr1IJb 0.0076 0.0097 

[::J4 /[Ilo]fll [Ili]b 0.0052 0.0142 

06 [011Jfll [Ill]b 0.0804 0.0458, 

·[XJl (lll)f_j I (llO)b; [11oJfll [lll]b <0.0005 0.0073 

[X]2 [i:Io J f' II [IllJb 0.0070 0. 0130 

CXJ3 [IoiJfll [lll]b not observed 0.0050 

.2 ( 111) f II ( 110 )b; [Io1Jfll [Ill]b 0.0008 not observed 

.4 ro11 Jf II [Ill Jb not observed 0.0008 

•s [llO]fJI [Ill]b not observed 0.0037 

.6 [llO]fll [Ill]b 0.0013 0.0029 

[::±]1 (lll)fll (llO)b; [Oll]fll [lll]b 0.0026 0.0031 

[±]2 r 011 J f II rr1r Jb not observed 0.0002 

W3 [llO]fll [Ill]b 0.0013 0.0039 

Total 0.1067 0.1096 

. ' 



'-52-

Table VI. Summary of volume fraction measurements for Fe-15 w/o 

Symbol 

001 

002 

IXI3 

005 

006 

.1 

.2 

.5 

.6 

02 

03 

Ni-15 w/o Cr alloy tested to 5% tensile strain at 185°K. 

See also Table II and Figs.- .18 and 19. 

Variant [213] [II2] 

Tensile axis Tensile axis 

C and C a e: ca and ce: 

(lll)fll (llO)b; [II 0 ] f II [ lll ] b 0.0072 0.0018 

[IIoJrll [Ili\ 0.0033 <o.ooo6 

[Ioilrll [lll]b 0.0011 not observed 

[Oll]fll [lll]b 0.0137 0.0006 

[OliJfll [lll]b 0.0421 0.0019 

.(lll)fll (llO)b; r rm J r II r 111 Jb not observed 0.0132 

[lOl]fll [lll]b not observed 0.0056 

[llO]riiUllJb not observed 0.0020 

[llO]rll [Ili]b not observed 0.0041 

( 111 ) r II ( ooo1 ) h not observed 0.0194 

(I~1)fll (0001)h 0.0214 0.0091 

Total 0.0888 . 0.0583 
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----- ----------=-::-~~-:-=--------· 
INPUT DATA 

---------··sPECIMEN FE-15Nl•l5CRt CUT NOt 11, TENSILEAXIS123 , -r[ST DATr-5/1/70~---

OH -~T TEMPE~_;_lll __ DEGREft_;_K:.=E=L.'-V...._I_,_,_t\_._, ----:---------------- --------

- -----------··-c---.,----
OUTPUT DATA 

-·-·····------·--·----~------~:-- -------------· ------~---~------ ----~-. ----~--------·~---

---------------------------------------=---------
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FIGURE CAPI'IONS 

Fig. 1. The single crystal tensile specimen shOwing the crystal. 

orientation and the final dimensions after electropolishing. 
I 

Fig. 2. Geometry of the pole figure goniometer. The diagram illus-

trates a specimen in the reflection position. The collimator 

(col.), primary beam, and' scintillation counter (s.c.) are 

stationary. In reflection the specimen is rotated about axes B 

(fixed) and A (rotated about B); A is the specimen normal. Only 

lattice planes with poles parallel to OP are recored. After 

Baker et a1.13 

Fig. 3. Sterographic plot showing the position of the {002} poles for 

each of the 24 K~S variants in a (lll)f single crystal matrix. 

See Table 11 for code of symbols. 

Fig. 4. Stereographic plot showing the position of the {l01l}h poles 

for the y~e: variants of the orientation relation in a (lll)f 

single (crystal matrix. See Table II for code of symbols. 

Fig. 5. Fe-34.5 w/o Ni [112] tensile axis stress strain data. Arrow 

indicates specimen was unloaded. 

Fig. 6. Fe~34.5 w/o Ni [213] tensile axis stress strain data. Arrow 

indicates specimen was unloaded. 

Fig. 7. Slip line structure of Fe-34.5 w/o alloy single slip specimen 

tested at 273°K. 

Fig. 8. _ Typical microstructure of duplex slip Fe-34.5 ~/o alloy 

specimen tested at 121°K. See Table IV and Appendix C. 

Fig. 9. Optical micrographs showing details of two surface analysis 

performed on the duplex slip Fe-34.5 w/o Ni alloy specimen tested 

to 1% tensile strain at 77°K. 

~: 
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Fig. 10. Fe-15 w/o Ni~l5 w/o Cr [112] tensile axis stress strain data. 

Arrow indicates specimen was unloaded. 

Fig. 11. Fe-15 w/o Ni-15 w/o Cr [213] tensile axis stress strain data. 

Arrow indicates specimen was unloaded. 

Fig. 12. Slip line structure and surface martensite in a Fe-15 w/o 

Ni-15 w/o Cr alloy duplex slip specimen tested at 273°K. 

Fig. 13. Etched surface showing £ martensite in a Fe-15 w/o Ni-15 w/o 

Cr alloy duplex slip specimen tested at 242°K. 

Fig. 14. Microstructure of deformation induced transformation in 

Fe-15 w/o Ni-15 w/o Cr alloy single slip specimen A and duplex 

slip specimen B tested at 185°K. 

Fig. 15. Polish and etch experiment of Fe-15 w/o Ni-15 w/o Cr alloy 

single slip specimen, tested at 188°K, showing martensite 

observed on the surface is bulk martensite. Plate A is the as 

tested surface, plate B was electropolished removing 0.002 mm 

from the surface, and plate C was etched. 

Fig. 16. Experimentally observed K-S variants for the Fe-34.5 w/o 

[213]f tensile axis specimen tested to 5% tensile strain at 121°K. 

See Table V. 

Fig. 17. Experimentally observed K-S variants for the Fe-34.5 w/o 

[112]f tensile axis specimen tested to 5% tensile strain at 121°K. 

See Table V. 

Fig. 18. EXperimentally observed K-S variants -for the Fe-15 w/ o 

Ni-15 w/o Cr [213] tensile axis specimen tested to 5% tensile 

strain at 188°K. See Table VI. 
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Fig. 19. Experimentally observed K-S variants for the Fe-15 w/o 

Ni-15 w/o Cr [ll2] tensile axis specimen tested to 5% tensile 

strain at 181°K. See Table VI. 

Fig. 20. Plot of the temperature dependence of the flow stress for 

easy glide for both alloys studied. 

Fig. 21. Plot showing dynamic separation of partial dislocations as 

a function of resolved shear stress on the following and leading 

partials. 
. 26 

After Copley and· Kear. 

Fig. 22. Electron micrograph showing the presence of both twinned and 

dislocated martensite of the same crystal orientation. A shows 

a fully twinned segment of a single plate which has a partially 

twinned and dislocated region. B is a fully twinned martensite 

plate. 

i 
f, 

i. 
! 



'' ~,J l,.J (;J . ( 6 u 
'<J' ",,j 

-57-

[ii2] or [2i3] 

t 

& 
1 !Vs ~a. 

1/a R 

l_ 

1.~ ~ o.o3o 
~ 

XBL 718-7094 · 

Fig~ 1 ~ 
.- {· o .. : 



-58-

~- . 

'! 

XBL718-7095 

Fig •. 2. 

. ... 

. ,. 



~ 1 ,..; J u 

., 
•. 

B 2 
s 

2 •• 

A 
i11 

{ ·.£; ' ,._, ~-.J 

Ill, • 
2 

m, 
m .. 
8 

3 

B, e 
6 

6 n 
"' 

e .. 
., B 

~ Sl;s !B 1 
...... • .6 

Gl 2 .. 

{,.r ~-~· .. 
.,J K.9 ;:, 

..;59-

a, •. 

8 2 e, 
&f. e 6 •• m, ... 

It,. B:s •. 
m, m2 e .. 

e ., 
1 .2 

2 

e e 
' 2 

a. •• 
R:s ll .. 

ED, &12 

XBL 7011-7050 

Fig. 3. 



-60-

c::> c::> 
t 

8 
3. 

111 
,. 

c::> 
1 

... 
~· 

e. 
- 8 -

03111 <:>2 

I 

0 
1 8 

0 
3 

111 
0 .. 4 0 

4 

0 0 
2 3 

<:>1 

XBL 717-7072 

Fig.' 4. 



0 6 

. -61-

'~£ 
('I 

J:: 
J:: 

' ~ 
~ 

U) 
U) 

LLi 
l:k: 
t-
U) 

_J 

a 
J:: 
0!: 
CJ 
z 

I 

0. 

PLPSTIC STRPIN 

XBL 7011-6955 

Fig. 5. 



\ 

(/) 
(/) 

LaJ 
·~ 

1-
(/) 

0!: 
ct 
.UJ 
J:. 
(/) 

0 

.:··.·· 

176 'II 

... ,~ 

273 'II· 

I. 

.,RESOLUEO SHEAR STRAIN 

XBL 7011-6954 

. J 



rl 

' " .J ·' 

-63-

Fig. 7. 

} 

I 

/ 

sop.m 

XBB 717-3417 



-64-

• 

• ' , 

100 I'" 

XBB 7012-5470 

Fig. 8. 



1 
,.) ,_; J ) 

- 65-

A 

I 

c 

Fig . 9 . 

.,; 

/ 
I 

' ) 

... 

XBB 717-3416 



-66-

('I 

1::: 
1::: 
..... 
I!) 

~ 

U> 
U> 
w 
~ 
I-
U> 

_.J 

a: 
1::: 
~ 
D 

b 

z 

0 

PLRSTIC STRRIN 

XBL 7011-6953 

Fig. 10. 



I 1 
~ . ) ' j 

12 
I I 

ii -
.., 

"" ('0 -
I: 
I: 

' , -o.D 

~ 

8 -
U) 
U) ,....._ 
w · 7 
~ -
t-
U) 

6 1-
~ 
CI 
L&J s :I: -
Ul 

CJ 4 - . 
L&J 
:> 
...J 

3 Cl 1-
Ul 
L&J 
~ 2 f-

1 f-

1 I 
0 .02. .02 

•, j i._} .. 
. I .J ~,j ,/ 

-67-

I I I I I I I 

242°11 

273°11 1/ 
, .... 

y,.,6x1o'ls.c 

1 J I I I I I 
.p~ .0~ .0~ .0~ .0? .08 .0~ 

RESOLUED SHE~R 5TR~IN 

Fig. 11. . 

I I I 

- · 

-
-

-

~ -

-

-

-
-

-

-

I I I 
• 2.0 .2.2. 

XBL 7011-6956 



-68-

") -

Fig. 12. 



'! 
.. .,.I I J .) .j 0 

.] 

-69-

25J.Lm 

XBB 717-3418 

Fig. 13. 



- 70-

B XBB 7012-5468 

Fig . 14 , 



'. ,_; J ; 

d ) 

-71-

c 

Fi g . 15. 

.J ' J 

XBB 717-3415 



-72-

A 
11l 

e 
2 

• IB ar, 1 

• 8 8 181 
010 8 8 100 B I 4 •z 2 

I 
-A-
1111 

XBL- 718-71 21 

Fig. 16. 



. 
• J ,J ·, j ) 

-73-

lEI 
2 

•• 
Ell, m • 

18 
8 8 1 

lEI 
010 • 100. 

II, GJ 5 

• 
I 

-8-
111 I 

r.::J z 

II (!] • Jl 001 4 

IB, 

XBL 717-7070 

Fig. 17. 



A 
'in 

0, 
El 

010 
II 
'9 

J 

-74-

~ 
111 

-0 £_ 
• 3 111 

II I 
I ' 

Fig. 18 

E1 
0,100 

II 
2 

II 
·' 

XBL 717-7074 -.. 



-75-

A 
111 

• .. , 

•. 

a. • 
0 EJ 0 1 

2 2 
001 

Fig. 19 • 
• 

0 2 

8 
0 100 

2 

181 
1 

XBL 717-7069 



30 

28 ... 
~ 26 
(!) 
¥ .. 
, 24 , 
1&1 a:: 
t; 22 
a:: c 
1&1 
X 20 , 
0 
1&1 
> 18 .J 
0 , 
IIJ 
D: 16 
.J 
c 
u 
t= 14 -a:: 
u 

12 

0 100 

-76-

8 UPPER YIELD POINT 

0 0.01 SHEAR STRAIN 

FE-34.5°/oNI 

~ 

200 

TEMPERATURE, °K 

FE-15°/oNI-15°/oCR 
G 

........... 

@ 

\ 

300 

12 

10 

8 

6 

4 

2 

400 

XBL 717-7071 

Fig. 20. 

a 

' • 

• 



' • 

./ 

-X 
<l 

I 1 
.... . J ;J j } ~) 

-77-

260----------------~-------.-----.-. 

r =20 erg cm-2 · .. 

180 

[Ill] 

--------------------- [113] 
. , 

[001] 

0~--~---~---~---~-----~---~--~---~ • • • 

ro-e ro- 2 10° 

XBL7l8-7093 

Fig. 21. 



-78-

Fig. 22 . 

XBB 718-3570 

' • 



' . .) l ,,., 
'.-! 'y "' ~,;) l ,, J .I .l 

r------------------LEGALNOTICE--------------------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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