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ABSTRACT

Simu]taneous measurements of lattice [elastic] strain by
the x—ray.11ne shift method and total strain with an electrical
strain gauge have been carried out on SAE 1010 steel with the help
of a special tensometer-attachment to the X-ray diffractometer.

The particular features investigated are: The variation of
the lattice strain and the total strain with applied stress above the
1imit of proportionality, the effect [in detai]]'of the mode of
unloading on the lattice strain and the total strain and the contri-
butfon of the 1ntergranﬁ1ar stresses and the stacking faults to

Xray 1ine shifts.
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‘1. 'INTRODUCTION AND OBJECTIVE

Careful experiments have led to the recognition of residual

lattice strains [RLS] in deformed po]ycrysta11ine.aggregates. The

early observations of this effect have been reported by Wever and Pfarr]

2 3,4 in

in 1933, Bollenrath et al1” in 1939, and Smith and Wood

1941-42.

5

Various explanations™ have been advanced to explain the

Tattice strain effects accompanying the plastic defOrmation of poly-
crystals. The basic principle common to all these is as follows.

It is assumed that different parts of the aggregate have different
yield stresses. Assuming that part A yields at much lower applied
stress than part B, subsequent to the process of deformation, the
elastic strain in A will beiless than that in B. On removal of the
app]iedkstress, B will tend to cohtract fufther than A but will be
prevented from doing so by the restraining influence of A. The state
of final equi]fbr%um is such that A is in compression and B in tension.

The argument can be extended to a large number of different parts.

While this reasoning is tacitly accepted in principle, there appears
to be a controversy as to the exact nature of parts A and B.
Bollenrath and his co-workers2 have plastically extended a

mild steel specimen and have observed the residual lattice strain at

surfaces successively exposed by etching'away layers of the metal.
They point out that grains in the free surface of a polycrystalline
metal are Tess restrained than those in the interior and that the

former on the average should have a lower yield stress than the latter.




This view is supported to some extent By.G1ocker and Hasenmaier6,
and contradicted by Smith and Wood7.

Greenoughs[based.on an earlier interpretation by Heyn and
Masing] has proposed that different grains would have different yield
stresses depending on their orientations. They have found that the
intergranular stresses [Heyn intergranular stresses] do make a large
contribution to the observed residual lattice strains. -However, it
is presumed that there must be, in addition, some other effect such
as a surface macroscopic stress since all the observed strains are
more positive than antfcipated. Further, while it is agreed that the
residual lattice stfain'in crystals of one orientation would vary as
the orientations of the neighbouring crystals varied, it is pointed
~out that the aVerage strain taken over many grains of the particular
orientation would not be zero, but would depend on the difference of
the yield stress of the grain with the given orienfation and the
average yie]d.stfess of the aggregate. Experimental evidences in
favour of this argument have been given for iron and steel by Garrod8
and by Finch®.

Newton and Vacher!© have studied residual Tattice strains
in sectioned bars of plastically deformed 1ron; and their observa-
tions seem to be more in line with the suggestions that the highly
distorted material at or near crystal boundaries is the harder part
rather thah the suggestion that the harder part is an adjacent crystal
of different orientation. However, it is pointed by Donachie and
Norton]] that residual Tattice strains do not arise in any detectable

manner from a macroscopic stess system, and they are not solely,




or in major part, the result of an intergranular stress system.

12 have investigated the possible contri-

Garrod and Hawkes
butory processes to the residual lattice strains in iron and mild
steel. They do not find any evidence for significant intergranular
system of Heyn stresses. In addition, they believe that no single
mechanism could be invoked to explain the results. According to
them at least three and possibly four processes are significant in
the case of mild steel.

A macroscopic sur‘face_effect2

is expected to result from
the different yield stresses of the surface and the interior of a
polycrystalline metal. A modification of the above concept suggests
that in the plastic range, the surface layer will on the average

]3’]4; Whereas, however, the surface

harden less rapidly than the core
effect should broduce a surface stress which is independent of the
amount of'plastic deformation, the stress due to the hardening
effect should increase with increasing deformation. If the material
contains more than one phase with different yield strengths, a
pseudo-macroscopic effect]5 results. For the X-ray measurements on

a given reflection from one phase would indicate a macroscopic stress
in that phase due to this causé.i

Garrod and Hawkes1]

suggestea a model based on the hypothesis
originally advanced by Smith and wood7 in which the residual lattice
strains were attributed to the high-strength grain boundaries.

.After heavy deformation, each grain in the polycrystalline aggregate

is composed of‘a number of polycrystals with mis-orientations of a

few degrees between neighbours and with a non-uniform distribution

of dislocations. On this model, the boundaries between particles




are not narrow discontinuities in the lattice but wider volumes in
which concentrated dislocation pile-ups, associated with inter-
secting slip bands or walls of screw dislocations, form highly
distorted regions which are presumably principal sites of the strain-
hardening observed in cold-worked material. It is suggested by Garrod

and Hawke312

that these regions act as a harder phase than the interior
of the partic]és and produce a pseudo-macroscopic stress system
analogous to the 1n£er-phase effect suggested by Hauk]S,

Bragg, Orowan, Smith and WOod16 héve suggested a model
based on the possibility that during the process of plastic deformation,
the accumulation of dislocations around obstacles to their propa-
gation through the crystal would cause higher stresses in the region
of accumulation of dislocations than in the remaining bulk of the
crystal. After removal of the applied stress, these regions of
accumu1a£ed disTocations are Teft in a state of tensile stress,
these étresses being balanced by those in the bulk of the crystal
remote from the dislocations.

17 have found that single crystals of iron

Auld and Greenough
do not show residual lattice strains after plastic extension. This
is interpreted as showing that the residual Tattice strains observed
in polycrystalline jron are due to an intergranular stress system
rather than due to stresses associated with trapped dislocations.

It should be observed that several workers5 have assumed
that. the residual lattice strain observed in unloaded specimens is

related to the Tack of proportionality between lattice strain and

applied stress in the region above the yield stress.




While attempting to draw a distinction between the regions

of opposing stresses, it has been observed by C. J. Newton18

19

» and more
recently by Cullity ~, that the regions of high density of dislocations
could constitute the harder regions as opposed to the softer regions
which could as well be the interior of grains. Keh and Weissmannz0
have produced a series of micrographs showing the progressive changes
which occur during the plastic deformation of iron. As plastic
deformation proceeds, more and more dislocations appear ultimately
culminating in a tagled web of dislocations that delineate a cell
structure. Cullity identifies the walls of these cells with regions
subjected to a large tensile stress and the subgrains having a nearly
constant and a very low dislocation density with regions stressed
mofe or less uniformly in compression.. A similar proposal has also

been made by Garrod and Coy]e21.

Receﬁt]y, Swaroop and Tangri}8kéve performed»simultaneous
measurements of total strain in the direction of pulling and lattice
strain normal to the direction of pulling on polycrystalline nickel
with the he]p of a.special tensometer attachment for the X-ray
diffractometer. They have found that, during the initial stages of
deformation, the rate of increase in lattice strain closely follows
the total strain until the plastic strain. sets in. From then onwards,
the two strains have been found to deviate from each other, the rate

of increase in lattice strain eventually decreasing with increase in
apb]ied stress. The specimens pulled to a total strain within the

proportionality 1imit have been found to show no residual lattice or

total strains. Furthermore, depending on the mode of unloading, both




compressive and tensile strains have been observed up to a deformation
of 0.29% strain. Specimens gradually unloaded over a period of time
have been fdund to show residual Tattice strains of a compressive
nature, while those instantaneously unloaded showed residual lattice
strains of a tensile nature which reverted to a compressive nature
on aging at‘room temperature. These results have been explained on
the basis of effects of clustering of dislocations and also the
production and behavior of point defects during Toading and unloading
respectively. |

| While the above review depicts the various attempts that
have been made with a view to elucidate thé nature and the origin of
the residual Tattice strain, no clear understanding has developed yet
as to the behavior of lattice strain effects above the 1imit of propor-

22 have drawn attention to

tionality. Furthermore, Swaroop and Tangri
‘the nature of the lattice strain during ana aféer gradual unloading,
and also to fhe variation in the residual lattice strain with time

in the specimens that have been instantaneously unloaded subsequent
to deformation to various extents of total strain.

It was pointed out that several authors]g’]g’m’22 have
tried to relate the origin of the residual lattice strain to the
dislocation substructures produced during deformation, and these are
supposed to constitute regions of stress opposite in sign to the
coherently diffracting domains which essentially form the bulk of the
material. An investigation of such a mechanism calls for a study
of X-ray background intensity with deformation which is due to the

incoherently scattering domains such as the grain boundaries or tangles

of dislocations.




Under these circumstances, the objectives of the present
investigation are:
(a) To ascertain the behavior of the lattice strafn up to about
1.35% strain, with particular interest in the behavfor above the 1imit
of proportionality, and explain the phenomenon by an appropriate
hypothesis.
(b) To know the hature of the Tattice strain during the process of
gradual un]oading.
(c) To know the stress at which the residual lattice strain originates
and to study the variation in the residual lattice strain with time
subsequent'to-instantaneous unloading.
(d) To study the variatfon in the X-ray background intensity, if any,
and relate them to (a). |
(e) To ihvestigate into the role of étaéking faults or the stem

system associated with the origin of the residual lattice strain.
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2. EXPERIMENTAL PROCEDURES

2.1 Properties of the Material in the As-supplied Condition.

The material for investigation was SAE 1610 steel received
in the form of sheets which were aluminium kil]ed,_co]d rolled and

annealed with the following chemical analysis.

TABLE 1.

Chemical Analysis of the Specimen.

Element ' Contents %
Carbon | 0.09
Manganese ' ' ' 0.37
Phosphorus - 0.004
Sulphur 0.043
Silicon : | 0.14
Copper traces

Calculations were made to detérmine the relative amounts of
the various phases present in the material and it was found that
90.02% of ferrite and 9.98% of pearlite were present. O0f this
amount of pearlite, 1.23% constituted cementite. Quantitative metallo-
graphic techniques using the'method of point counting and the method
of Tlineal analysis were found to yield almost similar values for the

various phases present.




2.2 Specimen Preparation

2.2.1. Thermo-mechanical Treatments

The Sheet in the as-supplied condition was cut into
strips 2 inches long and 0.625 inches wide. 'These strips were cold-
rolled down to 0.017 inch thickness and annealed at 850°C for two
hours. Subsequently, an additional cold-rolling was performed, the
resulting thickness of the strips being 0.014 inch; The strips
were machined to give specimeﬁs [fié. 1] of required dimensions,
sdbsequent]y annealed af 850°C for one hour, A1l the annealing opera-
tions were preceded by encapsulation of the specimens in silica tube

5

evacuated and sealed in argon at a pressure of 1 x 1077 Torr.

2.2.2. Electropolishing for X-ray Diffraction

Both the surfaces of the specimens were lightly po]ished
by hand to four zeros emery papefs to remove any surface blemishes
and then cleaned in acetone. The sbecimenﬁ were then electropolished
in the following solution ét 15°C [to about 0.010" thickness]:

10% Orthophosphoric acid [70% concentration]
90% G]aqiallacetic acid -

The best polishing conditions were obtained at a potential
of 10-12 volts D.C. and a current of 0.6 ampere with constant stirring.
The finé] Finsing was very critical, staining was avoided by quickly
rinsing in two separate ethyl alcohol baths and preserving in acetone
until use. |

Five of the annealed specimens taken at random were electro-
polished and etched in 2% nital. The specimens were found to be fully

recrystallized with an average ferritic grain size of 10.45 x 10-4 cm.
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as determined by planimetric method.

2.3 Tensometer-attachment for the X-ray Diffractometer.

A tensometer-attachment [figs. 2 and 3] was specially
designed for the X-ray diffractometer. One of the ends of the specimen
is fastened to a fixed érip, while the other is fastened to a movable
grip which moves under the influence of a direct load. Thus, the
essential advantage of the device is that it facilitates direct uni-
axial loading énd unloading of the specimen, thereby Sbviating the
requirement of a.calibrating device.

The fo]1owfng measurements could be made with this arrange-
ment: |
(a) The applied stress by the weights directly added on a pan connected
to the moVaB]e gfip through a cord.

(b) The lattice strain, e, in a direction perpendicular to the

z
direction of pulling [x-direction] from shifts>in the X-ray peak
positions [fig. 4]. V

(c) The total strain, g, in the direction of'pu11ing, with the help
of an electrical strain gauge [Budd C6-121A] affixed to the back of
the specimen directly below the area irradiated by the X-rays.

[The electrical strain gauge used was temperature compensated and
extreme caution was exercised in the measurement of the total strain

as suggested by Carnahan and White23.]

2.4 X-ray Diffraction Procedures.

2.4.1. Measurement of Lattice Strain.

The calculated values for reflection angles for a~iron
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Fig. 2. X-ray Diffractometer with the tensometer-
attachment including the loading device.

Fig. 3. Tensometer-attachment to the X-ray Diffractometer.
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z-direction

e

Vx—‘direction < \\ ‘ |
\L ' |

Fig. 4. Directions of measurement of lattice strain and

total,strain;

e : Total strain measured in x-direction
(the direction of the tensile axis).

e : Lattice strain mecasured in z-direction.

' e, : Lattice strain in x-direction
(calculated using Poisson's ratio).




with cobalt Koy and chromium Ko, radiat{dﬁs'ére given in Table 2.

TABLE 2.

Calculated values for reflection angles.

14

Reflection Interplanar spacing Bragg angle, degrees
(hk1) dA° ‘ CoKaiy Crko,
(110) 2.0268 52.4 68.8
(200) 1.4332 77.2 106.0
(211) 1.1702 99.7 156.1
(220) 1.0134 123.9 --
(310) 0.9064 161.32 --
(222) 0.8275 - --

with CrKa,; and CoKo, radiations respectively.

The (211) and (310) reflections were chosen for investigation

The (222) reflection

was very weak and therefore was not chosen for experimentation.

Inverse-intensity measurements were carried out at known angular

increments across the peak in consideration. The reflections from

cementite were extremely weak to be of any significance.

In order to determine the interplanar spacings "d" to a

precision adequate for the measurement of lattice strain, the 28

angles of the diffracted rays have to be measured accurately.

Several worker524’25’26 have tried to establish methods for accurate




determination of the peak positions. In Ogilvie's parabola fitting

25

method™, five data points are obtained at equal 29 intervals

about the diffraction peak, and the parabolic curve is fitted by the

method of Teast squares. Koistinen and Marburger26’28

greatly simpli-
fied the computation procedure and the operation took less time by
reducing the number of data points to three. The important Timitation
of this method, hoéver, is that it depends on the 1ine symmetry, and
special attention has been drawn to this ?act by Werners.

If the three points recorded correspond to at least 85% of
the maximum intensity and these points straddle the peak of the
diffraction curve, some lack of symmetry can be to]efated and the
parabo]a wf11~usua11y be a good approximation.

A Tong-range continuous scan of each peak preceded the step-
scanning procedure. This was done essentially to establish the range
over which the peak was to be scanned step-wise.

The peak positions were determined by parabola fitting
following Koristinen and Marburgerg6’28 According to this method,
we have :

20 vertex = 20, +c¢ [(3a + b)/(a + b)]

1
where a = t1 - t2
b=t

t and t, are the time required to accumulate given

1° 5 3
number of counts at 29], 292 and 293.
29], 292 and 293 are the consecutive 20 positions at which
inverse intensities are measured; and c = 292 - 291 or 293 - 292.
The 1imit of accuracy in measurements of the change in

15
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interplanar spacing, Ad from line shifté was © 1 x 10'5 A°. This

was facilitated by the preparation of charts giving the values of
d-spacings with corresponding 20 angles ranging from 0° to 180° for
both CoKa, and Cr Ko, radiations thréugh a program run on the computer.

6 with the help

The total strain was measured, accurate to T1x0°
of a Budd Strain Indicator.

A study undertaken to observe the variation in the X-ray
peak position with change in temperaturevrevealed a variation of
0.005° [26] for a change of 1.75° in room-temperature during the day,

which was negligible.

2.4.2.. Pulse Height Discrimination and Fixed Count Operation
The apparatus used was a combination of Philips X-ray

generator with a verticé] goniometer and a step-scanning device with
step-scanning control combination. The»pu1se height analyser fed
the counter assembly, whose numerical output was fed in the form of
nymber of seconds_taken to count a fixed number of pulses, on the
Digital Printer. The goniometer divergence s1it was set to 1° and
the receiving slit to 0.05°. The cobalt target was used with an
applied voltage of 40 kv and a tube current of 20 ma., while the
chromium target was used with an applied voltage of 35 kv and a tube
current of 20 ma. Iron and vanadium filters were used for cobalt
and chromium targets respectively in order to remove the K8 components
of the wavelengths. This was followed by a threshhold pulse height
analysis to remove the longer wavelength components of the background,
and a suitable window setting to pass the Ko component alone.

The step-scanning device facilitated an automatic advancement of the
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goniometer in steps of 0.01° from a chosen angle on the lower side of
the reflection peak. At each step, the time taken for the passage
of 20,000 X-ray pulses was measured. A range of about 0.5° [28] was

scanned, which resulted in a set of 50 readings for each peék.

The choice of a constant count of 20,000 X-ray pulses was a

29. The accuracy of counting

result of the fd]lowihg consideration
of the pulses is governed by the laws of probability and this is

essentially due to the statistical nature of the arrival of X-ray

quanta. This necessitates counting of the pulses to be spread out over
a sufficient length of time. For N random counts, the probable error
having a 50% probability is given by 0.6745//N or gzz, The probability
' ‘ N .
that this error will be exceeded is only 0.04 if we use three times
the probable error as the determining factor, i.e. 3 x probable error
or 3 x 67% . In a total of 20,000 counts, there is a 96% probability
/N . .
of being within an error of 3 x 67% = 1.4%. Furthermore, it was
100 /2
found that, when operating on a per cent count, the error in the
reading of the Digital Printer was 0.01 sec. I 0.01% of the reading.
In order to maintain the statistical error in the counter and the

error in the Printer to the same approximate magnitude of 1%, it

was decided to use a fixed count of 20,000 X-ray pulses.

2.4.3. X-ray Background Intensity Measurements

Continuous scanning of the peaks was done at a

constant speed of 1/8° per minute with the fime constant at four
seconds. This operation was performed at predetermined steps as the
specimens were being loaded at a uniform strain rate of 10'3 per

minute. The background intensity was taken as a straight line drawn




18

between points on each side of the peak that appear to be uninfluenced
by the peak in question or by any neighbouring peaks or by any

absorption edges that abruptly alter background intensities 30.

Changes, if any, in the level of the background intensity were stu-

died.




| 19
3. RESULTS AND DISCUSSION

3.1 Cyclic Variation of the Lattice Strain Beyond the Limit of

Proportionality.

A standard tensile curve for a specimen deformed on the

Instron tensile testing machine is represented in fig. 5. The strain

was measured with a strain gauge to a resolution of 4 x 10'6 at a

3

constant strain rate of 5 x 10°° per minute. The elastic loading

6 _
psi. .

modulus is 26.5 x 10
Typical plots of lattice strain and total strain vs stress
during uniaxial loading and unloading on the tensometer-attachment to
- the X-ray diffractometer ére shown in figs. 6 - 9 [corresponding'data
in Tables 3 - 6] for both (310°) and (211) réf]ections. The lattice
strain, ey
Tattice strain e s normal to pulling, by Poisson's ratio [v]. The

, in the direction of pulling is obtained by dividing the

value of Poisson's ratio used in each case is determined by comparing
the plots of applied stress vs total strain and applied stress vs
lattice strain. While the average value of Poisson's ratio is readily
available for polycrystalline metal, it is known to depénd28 upon
the reflecting plane, the wavelength of the X-rays used, the complex
interactions between a given grain and its surroundings and perhaps
the grain size and other microstructural variables. Therefore,
Poisson's ratio was determined for each tensile test.

The elastic loading modulus of figs. 6 - 9 is slightly
Tower than that of fig. 5, but the sign}ficant difference lies in

4 4

to 120 x 10" ', where the Instron curve

the strain region, 15 x 10~




SAE 1010 Steel

Stress (103 psi)
o

d
(]

i : 1 i : [}
40 80 120 160 200

Strain x 104

Fig. 5. Stress vs. strain plot obtained on the Inston Tensile Testing Machine.
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TABLE 3.
SAE 1010 Steel: Specimen 6B

Line: (310)
Radiation: Co/Fe filter

Experimental Data:

No Applied Stress, Total Strain in  Lattice Strain, e, Lattice Strain, ey Remarks
psi x 10'3 direction of pull- normal to pulling, in direction of
ing, €, x 10* in/in Ad x 10° pulling x 10°
do
1. 0 : 0 0 0
2. - 3.97 1.98 -5 . +16
v . Poisson's
3. 7.95 3.87 - =1 A +34
) ' Ratio
4, 11.92 5.54 -18 - . +55
5. 13.91 7.8 22 +69 v=0.32
. 6. 15.90 . ' 11.82 -24 _ +76
7. 17.88 36.47. -20 +62
8 19.87 66.93 -2 +69
9. 21.86 . 96.42 -23 +72
10. 23.85 121.33 -20 +62
1. 0 » 109.32 - +15 : =47
(unioaded) :

Mode of Unloading: Instantaneous

Positive sign indicates expansion and negative sign indicates contraction in interplanar

spacing.




Specimen 68.. Line (310) , '
Unloaded Instantaneously )
“Grain size: 10.45 x 1074 em.
20 [~ Poisson's Ratio = 0.32 3
v |
3 :
, . 0 = 23.85 x 10° psi ;
= \ e, 121.33 x 107
216 :
N !
= ;
o -
" ' i
‘é}]z | -Lattice strain e,, normal to T -
& : ' O Loading pulting S
R o - : ' . O unloading
gl | Q o Strain in direction of pulling
' Lattice strain, & [-(ez x1)]
O Lloading v |
. @ Unloading
4l Y. ' . ~
: | Total strain, e ' ,
,‘ \N o A Loading :
ol@—1 i ! i i 1 ! 1 :
S a2 0 2 4, 6 8 10 12
Strain x 10 N
Fig. 6. Lattice strain and total strain vs. stress during uniaxial loading and unloading of SAE 1010 Steel.




Line: (211)
Radiation: Cr/V filter

Experimental Data:

- 23

TABLE 4.

SAE 1010 Steel: Specimen 9B.

No. Applied Stress, Total Strain in Lattice Strain, e, Lattice Strafn, ey Remarks
psix 10'3 direction of pull- normal to pulling, in direction of
ing, e, x 10% in/in Ad x 10° pulling x 10°
. do '
1. 0 0 0 , 0
2. 4.85 2.06 -10 _ +22
3. 9.7 4,18 -19 ‘ +41 Poisson's
4, 11.64 5.12 -21 +47 Ratio
5. 13.58 6.05 -26 +58 v = 0.46
6. 15.51 7.67 -28 . +62
7. 17.45 29.36 -21 +45
8. 19.39 54.32 -22 +49
9, 21.33 87.96 -23 +50
10. 23.27 114.23 -21 ' +45
n. 0 107.52 +15 -33
(unloaded) o

Mode of Unloading:

Instantaneous

Positive sign indicates expansion and negative sign indicates contraction in interplanar

spacing.
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Specimen 98, Line (211)

Unloaded Instantaneously . |

o0l Grain size: 10.45 x 10™%em. , : _

| Poisson's Ratio = 0.46 o o = 23.27 x10° psi |

- - | eg= 14,23 x 10 |

(7] y

o :

Mo B 1

—=l6f

o ¥

a

u :

e :

5 T :

vy g

12} Lattice strain e, normal to pulling |

O Lloading . o ‘

Q© Unloading f

8- : A : é

l\ . ( Strain in direction of pulling. :

Lattice strain, e, [-(ez x 1)] §

L ® Loading v §

4k o ' ®- unloading . §

: : Total strain, €y _ o o o E

' \\ o A Loading . 1

0 ] | : 1 ' i ' [ | I | | ' 5

- -4 ®- -2 0 2 4, 6 8 10 12 o

Strain x 10 N g

Fig. 7. Llattice strain and total strain vs. stress during uniaxial loading ahd ﬁn]oading of SAE 1010 Steel.
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TABLE 5.

SAE 1010 Steel: Specimen 11B.

Line: (211)
‘Radiation: Cr/V filter

Experimental Data:

No. Applied Stress, Total Strain in Lattice Strain,véz Lattice Strain, e, Remarks
pPsi x 10'3 direction of pull~- normal to pulling, 1in direction of ’
ing, €, x 10* in/in  ad x 10° pulling x 10°
_ do
1. 0 0 0 0
2. 4.67 , 2.05 -4 48
. Poisson's
3. 9.34 4.1 -10 o +43
. _ . : Ratio
4, 14.0 - 8.12 -19 +78
‘ v = 0.24
5. 16.34 13.8 -17 +71 :
6. 18.67 : 46,52 -23 +96
7. 21.0 86.5 =27 - +110
8. 23.34 126.58 -26 +107

- Mode of Unloading: Gradual

Positive sign indicates expansion and negative sign indicates contraction on interplanar

spacing.
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‘ Specimen 11B. Line €211)
Unloaded Gradually
20} o Grain size: 10.45 x 107% cm,
: Poisson's Ratio = 0,24 E .
s = 23.34 x 10° psi
e - - | 7 e = 126.58 x 107 :
16k \ ) . \ / f
- | } | |
jo N * 2
o™ * :
= |
3
é‘lZ- Lattice strain e, normal to pulling. ?
g O Loading
< @) Unloading é
8= Strain in direction of pulling. f
Lattice strain, e, [-(ez x 1)] i |
@ Loading v
@® Unloading |
4r o )
Total strain, ey , : ;
A Lloading - . ' _ ;
0 ] 1 ' © - & i i 1 . i 1
-4 -2 , 0 2 4 6 8 10 12 >

_ Strain x ]04 _ o
Fig. 8. Lattice strain and total strain vs. stress during uniaxial loadiny and unloading of SAE 1010 Steel.
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TABLE 6.
SAE 1010 Steel: Specimen 13B.

Line: (310)
Radiation: Co/Fe filter

Experimental Data:

No. Applied Stress, Total Strain in Lattice Strain, e, Lattice Strain, e, Remarks
psi x 10'3 direction of4pu11— normal to pu;ling, in directionsof ‘
ing, €y X 107 in/in %% X ? pulling x 10

1. 0 0 0 0

2. 3.86 1.83 _ -6 +16

3. 7. 3.68 -13 +38

a. 11.57 5.42 -19 - +54 Poisson's
5. 13.49 7.23 - -23 +66 Ratio
6. 15.42 2.3 . =30 +85 v =0.35
7 17.35 38.47 -25 +73

8 19.28 58.36 -28 +79 -

9 21.20 : 97.73 -29 +82
10. 23.13 113.25 -25 473

Mode of Unloading: Gradual

Positive sign indicates expansion and negative sign indicates contraction in interplanar

spacing.
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Y
' Specimen 138, Line (310)
Unloaded Gradually . = ®
20}~ Grain size: 10.45 x 107 e,
Poisson's Ratio = 0.35 '
; 0=23.13x100 pst | -
161 = 113.25 x 1074 o
® 12 , ' E
§ Lattice strain e,, normal to pulling z
5 O Loading <
"’ O Unloading ’
s
Strain in direction of pulling. ;
Lat;f'icestraiﬂ, e,» [-(e, x DI
® Loading v _ L
o @ Unloading . - |
‘ Total strain, e, S
A Loading
0 1 1 1 1 ) g
- Strain x 10° ° ° 0 P ®
Fig. 9. Lattice strain and total strain vs. stress during uniaxial loading and unloading of SAE 1010 Steel.
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shows no work hardening. This could be due to the intermittent
loading on the tensometer-attachment to the X-ray diffractometer
unlike the continuous loading on the Instron tensile testing machine.

Fig. 10 schematically illustrates the salient features of
figs. 6 - 9, which can be summarised as follows: The lattice strain
measured by X-rays as well as the total strain measured by strain

indicator are proportional to the stress up to about 12 x 103

psi.
Thereafter,the lattice strain first 1hcreases at an increasing rate
[corresponding to BC] and then decreases [corresponding to CD].
Subsequently, it is seen to increase once again at an increasing
rate [DE] only to be followed by a decrease [EF]. In other words,
this phenomenon appears to be cyclic in nature and is probably due
to inhomogeneous deformation processes. |

31 has shown that heterogeneous deformation

Recently, Orlov
- occurs within the yield p]atgau of annealed iron specimens. The
specimens were 50 mh. long, 4 mm. wide and 0.1 mm. thick with a mean
ferritic grain size of 50-60u and were deformed at an elongation rate
of 3 mm/minute. Orlov found that the end of the yield plateau [which
essentially depends on the grain size, dimensions of the specimen,
etc.] corresponds to an average elongation of 6%.

The possible mechanisms for such a heterogeneous deformation
are as follows:
(a) Sources of dislocations might give rise to localized deformation
within the grains.

Various sources of dislocations have been identified in

~ the very early stages of deformation in polycrystalline metals.

For example, Singh and Tangm‘32 show evidence for dislocation sources




Applied Stress, Iy

— Lattice Strain .

r // ‘\

- . Total Straiin . -

Unloading Line
-=-- represents instantaneous unloading

/
// ____represents gradual unloading
/’l Corresponding to 'F', a maximum
/ total strain of 135 x 10”7 was
/J/ recorded.
-€ +e

Fig. 10. Schematic variation of the strain (total and lattice) and the apph’ved stress in the x-direction. -

X

0¢
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operating at twin and grain boundaries in polycrystalline nickel.

Brandon and Nutti_ng33 suggest a possibility of the grain boundaries
~acting as a reservoir of dislocations. Under the influence of an
applied stress, dislocations emerge and cause deformation. The
mechanisms by which grain boundaries act as sources of dislocations
have also been described by Biro et a134,

(b) Some suitably oriented segments of the dislocation network might
get activated. Such a gener&tion of dis]ocatiqns could occur by the
Frank-Read mechanism.

35 have shown that " L [where ¢ =

Gb
critical stress for a Frank-Read source, L = source length,

Mitchell and Smialek

G = shear modulus and b = burgers vector] varies with L/b aﬁd such a
variation is seen to depend on the character of the dislocation.

Assuming that:

Tt =12 x 103 psi [=1imit of proportionality]
6 =11 x 10° psi

then L = 1100 [for an edge'source]

hence if E = 2.5 x 1078 cm.

we have L = 1100 x 2.5 x 107 cm.

2.75 x 107 cm,

The above quantity which is very small in comparison with
the grain size of the specimens under investigation, is indicative
of the ease of operation of an edge source.'

(c) Only those grains of the experimental specimen will deform
plastically where the resolved shear stress on the slip plane in the
slip direction reaches a constant critipa] value corresponding to

Thax. = 0.5 Ot
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T,

Here, ‘max. maximum resolved shear stress

o tensile stress

t
and the constant, 0.5, is the maximum value of the Schmid factor.
(d) The observations of Or]ov31 suggest an avalanche-type propagation
of plastic flow associated with the rapid multiplication of disloca-
tions on the "line" of the advancing deformation front. It is
1nteresting to note that in the present study the end of the concomi-
tant yield plateau corresponds to about 1.3% as shown in fig. 5.

A1l the four of the above mentioned mechanisms could be
contributory to the heterogeneous deformation. Thus, the observed

cyclic variation in the stress vs lattice strain plot [schematic

fig. 10] may be explained as follows:

BC in fig. 10: There is a delay in the mass multiplication
of dis]ocatioﬁs. Depending on orientation, an increase in stress
mighf be necessary before slip starts to occur in some of the grains.
It is also 1ikely that s1ip might have béen activéted in some other
grains of high Schmid factor. There is an increase in the Tattice
strain in stage BC as seen in the proportional eiastic'region. This
means that the overall effect is continuation of the elastic bahavior.

CD in fig. 10: At C, a number of sources of dislocations

might be activated in a Targe number of grains. An accelerated
multiplication of dislocation by avalanche-type flow occurs resulting
in a relaxation in the matrix. The consequent decrease in the lattice
strain is shown by the reversal of CD.

DE in fig. 10: Fewer sources of dislocations might be

available as a result of exhaustion of the sources that were active
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earlier. While some dislocation segments might have been rendered
free in stage CD, there could be some other segments which are diffi-
cult to activate due to their orientation, length, etc. A build-up
of stress might beAnecesséry before a subsequent rapid multiplication
of»dis]ocgtions takes place ih a narrow zone of the 'line' of the
deformation front. Once the re]axation.of stage CD has taken place,
normal elastic bahavior afkthe matrix is resumed giving rise to

stage DE. It may be significant that DE [and BC] extends over a
greater stress increment than CD which suggests that the relaxation
is rather a sudden process as is the production of an avalanche of
“dislocations. Before another such avalanche occurs, significant
stress increment must be applied.

EF in fig. 10: Again at a higher stress, further plastic

flow similar to that in the region CD occurs with a corresponding
relaxation reflected by a decrease in the interplanar spacing.

Simi]ar,cyc]ic Variations of the lattice strain are seen to
occur fof'(310) as weT] as'(211) planes, but the actual stress values
corresponding to B, C, D, etc. are differenp.

Since éuch prdcesses occur in localized regions, the effects
are seen only in the stress vs lattice strain plot and a recording
instrument of high sensitivity might be required to observe corres-
ponding effects of:stress vs total strain.

While the proposed hypothesis 6ffers a tentative explanation
for the cyclic variation of the lattice strain, electron microscopic

evidence is needed to arrive at definite conclusions.
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3.2 The Behavior of the Lattjce [Elastic] Strains During and

Subsequent to Unloading.

Cu]]ity]g‘has prepared a schematic summary of the results
of previous workers, mainly Smith and Wood, which suggests that above
the elastic Timit the lattice strain may increase, or may even decrease
with increase in applied stress. If the app]ied-stress is then
decreased, the lattice strain should decrease along a Tine parallel
‘to the loading 1ine in the elastic region and thus produce a compres-
sive residual lattice strain after unloading. However, depending upon

the mode of un]oading22

» both compressive and tensile strains have
been observed in nickel deformed up to 0.29% strain. Thefefore, an
attempt was made to study the behavior of lattice strains during and
subsequent to unloading in 10W.carbon.stee1 deformed up to 1.35%
strain. |

- Specimens Unloaded Instantaneously.

Plots of laftice strain and tota1 strain against stress
during uniaxial Toading and instantaneous unloading of Tow carbon
steel are shown in figures 6 and 7 énd the data are found in Tables 3
and 4,

On unloading the specimens instantaneously from a stress
level above fhe macrosbopic 1imit of proportionality, an anelastic
recovéry [about 0.3 x 10'4.1n./1h ] of the total étrain [ex] is seen
~to occur, which can be reasonably expected. |

The residual lattice strain subsequent to instantaneous
unloading js found to be tensile in a direction perpendicular to that
of pulling [ez]. On aging at room temperature, thfs reverses to a

residual compreséive lattice strain [Tables 7 and 8].




TABLE 7.
SAE 1010 Steel: Specimen 6B.

Line: (310)

Room Temperature Aging Data:

35

No. Time in hours Total Strain in
direction of pulling,

. Lattice Strain, e,
" normal to pulling

e, x 10% in/in x 10°
1. o 109.32 15(+)
2. 2 109.24. 13(+)
3. 12 109.16 1(+)
s ' 61 o 1109.03 1(+)
5. 62 | 109.03 0
0

6. 63 _ : 109.03

Mode of Unloading: Instantaneous

e,: Positive sign indicates expansion and negative sign indicates

spacing.

contraction in interplanar




TABLE 8.
SAE 1010 Steel: Specimen 9B.

Line: (311)

Room Temperature Aging Data:

36

No. Time in hours Total Strain in
direction of pulling,

Lattice Strain, e,
normal to pulling

e, x 10* in/in x 10°
. 0 107.52 15(+)
2. s 107.41 11(+)
3. - | 3 o 107.29 0
4. 5. o 107.24 0o
5. 8 10723 1(-)
6. 20 - 107.22 1(-)
7. o A 107.22 1(-)

Mode of Unloading: Instantaneous

e,: Positive sign indicates expansion and negative sign indicates

spacing.

contraction in interplanar
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Several specimens have been loaded to various stress levels
and instantaneously unloaded. The Towest stress level which gave

rise to a residual lattice strain was 12.08 x 103

psi [at a corres-
ponding total strain of 5.22 x ]0f4 in/in] which is equivalent to

the Timit of proportionality. The resu]ts corresponding to various
specimens loaded to predetermined values of stréss [and instantaneously
unloaded] are shown in Table 9. Each specimen has been aged for 22
hours at room temperature subsequent to instanfaneous unloading, and
the reversal in the residuai lattice strain [RLS] has been determined.
A plot of the reversal in the RLS against prior plastic strain is

shown in fig. 12.

Specimens Unloaded Gradually.

Plots of lattice strain and total strain against stress
during uniaxial Toading andvgraduai unloading of low carbon steel
are shown in figs. 8 and 9 and the data are found in Tables 5, 6, 10,
~and 11, |

The anelastic recovery [about 0.1 x 10'4 in/in] of the
total strain subsequent to gradual unloading over a period of about
12 hours is much less than that following instantaneous unloading.
This is attributed to the fact that part of the anelastic recovery
occurs during the process of gradual unloading.

The residual lattice strain subsequent to gradual unloading
is foﬁnd‘to be compressive in a direction pe}pendicular to that of
pui]ing [ez]. No significant change is seen to occur in the residual

lattice strain on aging at room temperature [Tables 12 and 13].




TABLE 9.

SAE 1010 Steel: Effect of Room Temperature Aging on RLS in Spedimehs
Instantaneously Unloaded Subsequent to Varying Amounts of Deformation in

Uniaxial Tension

Line: (310) -
Radiation: Co/Fe filter

38

Ser. Spec. Prior Plastic Strain = RLS, e, normal to RLS, ez' normal to  Reversal in RLS
No. No. 1in direction of pull- pulling (immediately pulling (after R=(e£-ez )x 105
ing x 10% in/in after unloading) aging for 22 hrs.) ' -
x 10° o x10°
1. 148’ - . C# ' .0 1
2. - 158 0.3 +9 o +7 2
3. 168" . - 2.56 +2 ‘ -1 3
- 4, 178 19.92 +4 -3 7
5. 188’ 35,91 . 6 -4 10
6. 198 61.51 40 -3 13
7. 208" 80.43 - 410 -3 13
8. 68 110.83 : +15 - 0 15

RLS: Residual Lattice Strain

Positive sign indicates expansion and negative sign indicates contraction in interplanar

spacing.
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TABLE 10,
SAE 1010 Steel: Specimen 11B.

Line: (211)
Data on Gradual Unloading:

- No. Applied Stress, Total Strain in Lattice Strain, e, Lattice Strain, e,

"psi x 10'3 direction of pulling normal to pulling in direction of
e, x 10* in/in - | ud x 10° (=) pulling x 10° (+)
1. 18.67 124.94 o 89
2. - u 122.48 ' 17 n
3. 9.3 120.42 12 50
. 4.67 17.46 7 28

5. 0 116.28 5 , 21




aYartin S W A

Line: (310)

Data on Gradual Unloading:

. TABLE 11.

SAE 1010 Steel: Specimen 138

40

No. Applied Stress,

Total Strain in

Lattice Strain,.ez

Lattice Strain, e,

psi x 10'3 direction of pulting normal to pulling in direction of
4 . . ' 5 . 5
g, x 107 in/in Ad x 10° (-) pulling x 107 (+)
X .y .
1. 19.28 110.68 24 69
2, - 15.42 109.83 24 69
3. 11.57 108.65 23 66
4, 7.7 105.06 18 50
5. 3.86 103.64 1 32
6. 0 ©100.27 7 19
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TABLE 12.
SAE 1010 Steel: Specimen 11B.

- Line: (211)

Room Temperature Aging Data:

No. Time in hours Total Strain in Latfice Sfrain, e

direction of pulling, normal- to pu]]ing;
e, x 10* in/in | x 10° (-)
| 0 . 116.28 5
2. 3 116.24 s
3. ‘ 4 116.19 5
4. ' 12.75 116.06 5
5. us 116.04 5
6. . 15.5 ‘  116.02 4 )
7. ' 16.5 116.02 4

Mode of Unloading: Gradual

e, Positive sign indicates expansion and negative sign indicates contraction in interplanar

spacing.
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TABLE 13.
-SAE 1010 Steel: Specimen 13B.

Line: (310)

Room Temperature Aging Data:

No. Time in hours _ ‘ .Tota_l Strain-in Lattice Strain, e

direction of pulling, normal to pul‘h’ngZ
e, x 10% in/in | % 10° ()
1. 0 100.27 7
2. ' 15 100.23 6
3. 3 100.18 7.
. N 100.11 5
5. 8 ' 100.08 5
6. 2 100.07 5
5

7. 25 . ' 100.07

Mode of Unloading: Gradual
e,: Positive sign ihdicate_s expansion and negative sign indicates contraction in interplanar

spacing.
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There are significant observations which are contrary to the
predictions of Cullity's hypo’chesis]9 [fig. 11]:

(a) At higher stresses, a cyclic variation in the lattice strain with
applied stress [Section 3.1] has been observed.

(b) Depending on the mode of unloading, both compressive and tensile
residual lattice strains have been observed. The values of the
Iattice strains Qlcorresponding to points obtained during gradual
unloading are a11 tensile in nature; and the residual Tattice strain,
g oObtained is also tensile.

Regardiess of the sign of the resfdual stress which 1is
detected by X—rays frpm fhe coherently diffracting regions and as such
from the bulk of the material, a balancing stregs of opposite sign
must also be present in some non-coherently diffracting regions.

36 and Cu]]ity]

It is suggested, following Newtdn » that these regions
of opposing stress are the dislocation substructures produced during
deformation rather than the pre?ious]y existing grain boundaries.

The observed residual tensile strain, e s after instantaneous
unloading and its gradual reversal to a compressive strain with time

may be explained by the mechanism proposed by Swaroop and Tangrizz.

37,38,39 that a non-equilibrium distribution of

It is well established
point defects is produced during the deformation of a metal. This
is expected to cause a general expansion of'fhe Tattice. Assuming
that the éffect of instantaneous unloading is analogous to that of
quenching, a net tensile strain ei, as experimentally observed, may
be expected if the general expansion resulting from the presence of

point defects in the Tattice is more than the compressive strain due

to the stress system developed by the substructure walls and the
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Fig. 11. Schematic variation of the strain (total and lattice) and the applied stress in the '
~ x-direction.  (B.D. Cullity, 1963) '
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matrix. Therefore, on subsequent aging at room temperature, the

expansion of the Tattice will progressively decrease until a compres-
sive strain similar to. that observed during the gradual unloading of
a specimen [in 6 to 12 hours] is observed.

While it is accepted that vacancies are prdduced by cold
work, we still do not know the relation between the number produced

40

and the plastic strain. Seitz' and Mott4] suggested that a plastic

strain ep produces a concentration, c, of vacancies given in the order

of magnitude by:
c=~10" € Eqn. 3.2.1.

Semiquantitative estimates47 indicate that the atomic fraction

of defects produced by the geometric mode of generation is proportional

to the plastic strain with a proportionality constant of 1074 to0 1072,
However, van Bueren and Jongenburger42 have shown the resistivity
change, Ap with elongation Al as
Y
. ap = 132 Eqn. 3.2.2.
p 1
42

the proportionality factor being of the order of unity. Van Bueren
has connected this observation with a theory in which- expanding

dislocation rings develop jogs on themselves at a rate proportional
to the area of slip plane swept by the rings, and in which these Jjogs
produce point defects at a rate proportional to the distance they move
through-the slip plane. Thus, the concentration of point defects is
" expected to vary as:

c o €p3/?
Several mechanisms

Egqn. 3.2.3.
40 have been proposed for the production

of point defects. Until recently, a generally accepted process has
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been the intersection of two screw dislocations, leading to the forma-

tion of a jog capable of producing point defects by moving with the

43 considers that the two arms of a Frank-Read source

screw. Friedel
may often lie in hejghbouring glide pianes when they coalesce at the
end of each cycle of operation of the source. A.Tline of point defects
is thus formed, the number of which is of the order of 1/b, where 1 is
the length of the source and b is the atomic spécing. Each time the
source operates, 1/b defects are created, so that the concentration

¢ produced by N cycles of operation per Unit volume is given by:

c = (1/b) WN, | Eqn. 3.2.4.
where v(= b3) is the atomic volume. If the area swept by each dislo-

cation ring is L2, the plastic strain is given by e = L2 bN; hence:

p

¢ = (1b/L%) ey | Eqn. 3.2.5.
Assuming that L = 3x1= 3 x 104 b, this gives
c =107 - Eqn. 3.2.6.

A plot of the reversal in the RLS vs prior plastic strain is
shown in fig. 12. In order to find a power law, the above data was
 plotted on a log-log scale [fig. 13]. The best fit straight line
through these points gave the following relation between the reversal

in the RLS, R and the prior plastic strain, ep.

1.11 x 1073 ep0'445

3 1/2
| “p
The disagreement between the above equation and that due to Seitz

R

1.11 x 10°

R

Egn. 3.2.7.

40
and Mott41 indicates that the reversal in the RLS subsequent to
instantaneous unloading is not entirely due to the annihilation of

vacancies.
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Reversal fn RLS, R-x 10%

47
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- Fig. 12. Plot of.the reversal in RLS vs. prior plastic strain.
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The atom fraction of point defects, n can be found by the

following re]ation45:

da =1 Vxn. Egqn. 3.2.8.
a 3 Vo _ . '
where Aa is equivalent to Ad, Vx is the volume change produced by the

a : -d _ .
strains of one defect and Vo is the atomic volume of the perfect

crystal. The average value of Ad for instantaneously unloaded specimens
do

[deformed to a plastic strain of about 1%] is found to be 15 x 10™°
[reflection: 310]. Assuming® that |

Vx = 0.5,

Vo -3
the value of n obtained is of the order of 10™° atomic fraction. This

47

differs from semiquantitative estimates by 2 to 3 orders of magnitude.

For a plastic strain of 1%, we should have, according to

4], 6n1y 1070 vacancies. However, we need 1073

Seitz40 and Mott
vacancies according to Eqn 3.2.7. This could be due to the fact that
the RLS in the inst&ntaneous]y'unloaded specimen must be due to both
~the production of vacancies and dislocation substructure. Since the
magnitude of reversal in the RLS is approximately of the same order
-of magnitude. as the RLS in an instantaneously unloaded specimen, the
causes of RLS are intimately associated with those of the reversal

in the RLS. The reversal in the RLS of the instantaneously unloaded
specimen from tension to compression [eZ] with room temperature aging

can be attributed to both the annihilation of vacancies and the

rearrangement of dislocations [anelastic effect].
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3.3 The Variation of the X-ray Background Instensity with Deformation.

The contribution to the integrated intensity is from the
coherently scattering domains of polycrystalline aggregate, while the

background 1nten$ity 1s due to the incoherently scattering domains,

for example, the grain boundaries or tangles of dislocations.
Dislocation tangles as well as clusters have been found to
characterize metallic spécimens even after a very small deformation.

Several such observations have been made in nicke132’49, iron48’51’52
50

and niobium In iron, it has been found that once the clusters
of dislocations are formed, with further deformation they become
denser and closer together and tend to form a confinuous network
dividing the metal into separate cells.

In view of the above, a study of background intensity with
deformation was undertaken. About.ten specimens were deformed to
1.25% strain in gradual steps and unloaded gradually as well as
instantaneously. At every step, continuous scanning of the peaks in

question as well as background was done. The background intensity‘

did not show any significant variation [even after deformation to

strain values of 10%, 12%, 15% and .20%].
The background intensity of cpld-worked metals has been
examined by several workers with conflicting results. In particular,

Averbach and Warren53 have concluded that, for both brass and aluminium,

the background intensities from severely cold-worked and annealed

samples are identical to an accuracy of 2%, whereas Hall and w1111amson54
have reported a 15% increase on cold-working.

Calculations show that, for a grain size of 10.45 x 10"4 cm.,

only 0.0006% of a total volume of 1cm3 constitute the grain boundary
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region [identical values were obtained for spherical as well as cubical
grains]. The contribution to the background intensity is therefore
expected to be very little, and hence any change in it cannof be

observed without ambiguity.
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3.4 Stacking Faults and Intergranular Stresses.

Shifts in the positions of X-ray lines have been found to
occur with plastic deformation; and these have been attributed to

55, and to stress

changes in lattice parameter, to stacking faults
systems within the specimens. A study of the shifts in the X-ray

peak positions with uniaxial deformation was undertaken with a view to
examine the possibilities mentioned above.

We have from the Bragg Equation,

Ad = -(cot 8) AG.

T .
For a uniform strain in the 1attice, we can write k tan 8 = A(29),
where k is a constant.

‘The positions of (110), (200), (211), (220) and (310)
reflections have been determined for polycrystalline low carbon steel
specimens in the annealed state. Thereafter, the specimens were
uniaxially deformed to strains well beyond the 1imit of proportion—.
ality. The positions of the reflections mentioned above were
determined subsequent to gradual as well as instantaneous unloading
of specimené. The results are found in Tables 14 and 15. Plots of
the shifts in the positions of Bragg maxima subsequent to deformation,
A(28) as a function of tan 8 are shown in figures 14 and 15.

It is well known that the geometry of the Norleco diffracto-
meter is such that only planes parallel to Fhe surface of the specimen
[i.e. planes perpendicular to the tensile axis] contribute to the
reflections measured. Therefore, it should be expected that the plot
of A(28) against tan @ should yield a straight line if there is a

uniform change in the lattice parameter due to the presence of a

macroscopic stress on the material.
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TABLE 14.
"SAE 1010 Steel: Specimen 17B.

Angular Shifts in the Positions of X-ray Diffraction Lines, A(28)
i, . ~-Due to Uniaxial Loading and Unlbading.

. Mode of Unloading: Instantaneous

Bragg angle,

(310) - (220) (211) (200) (110)
‘Normal to pulling _
20 initial 161.205 123.87 99.67 77.185 52.33
20 unloaded 161.16 123.845 99,66 - ©77.178 52.33
A(26) o 0.045 0.025 0.01 0.007 -

tan 6 6.04 1.87 1.18 0.80 0.49

Max. Applied Stress:. 19.32 x 103 psi

Max. Total Elongation: 0.94%

4

Pesidual Total Strain: 51.41 x 107" in/in.




1 T : lr. . T 1 !
Specimen No. 17B
Unloaded Instantaneously
0.01F (211) Max. Stress: 19.32 x 10° psi. .
y ' Max. Total Elongation: 0.94%
Residual Total Strain: 51.41 x 1074
0.02F -
&p.03p - n
<1
0.041~ -
(310)
0.05¢ - S " , -
0.06 | L ! 1 ] ]
0 1 2 3 4 5 6

tan 8
Fig. 14. Angular shifts in the positions of X-ray diffraction lines A(20) as a

function of tan 9.

4]
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TABLE 15.
SAE 1010 Steel: Specimen 19B.

Angular Shifts in the Positions of X-ray Diffraction Lines, A(20)
Due to Uniaxial Loading and Unloading.

Mode of Unloading: Gradual

Bragg angle,

(310) (220) (211) (200) (110)
Normal to pulling ’
29’;nitia1 . 161.19 123.81 - 99.625 77.09 52.321
26 unloaded - 161.215 123.815 . 99.63 - | 77.094, 52;322
A(20) _ 0.025 0.005 0.095 | 0.004 0.001
tan 8  5.976 1.87 1.18 0.80 0.49

Max. Applied Stress: 15.59 x 103 psi

Max. Total Elongation: 0.56%

4

Residual Total Strain: 44.87 x 10" 4in/in.




0.06 T T T ~ T 1 |

Specimen No. 198
Unloaded Gradually
0.05}- R ‘ ~ -
7 Max. Stress: 15.59 x 103psi.
‘Max. Total Elongation: 0.56%
 Residual Total Strain: 44.87 x 107
. 0.04 - _ . . - )
. ] _ : \
@ . - : . . .
S 0.03f S - .
<]
0.02p -
T0.01F -
. § (110, I ! ! ! 1
0 * 1 2 3 4. 5 6

tan 6
Fig. 15. Angular shifts in the positions of X-ray diffraction lincs A(20) as a
function of tan @. |

9g
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56 have made measurements on gold and they

Mitchell and Smith
find that with the exception of one weak reflection, there is no
significant departure from a straight 1ine and they attribute this to

the low stacking fault probability and absence of intergranular stresses.

It is seen that for the instantaneously unloaded specimen,
as well as the gradually unloaded specimen, the shifts are either all
positive or all negative. The p]ots are almost Tinear with no signi-

ficant departure from the straight line ke]ationship except for the

(220) reflection. In B.C.C. metal, faults should appear preferentially
on {112} planes. Pure iron has a Tow stacking fault probability

57,58 of iron = 140 ergs/cmz]. Brandon and

[Stacking Fault Energy
Nuttingsg suggest that the diffuse wavy s1ip bands observed in iron
provide direct confirmation for both the ease of cross slip of the
individual dislocations and the occurrence of slip in broad bands.
So, the contribution to line shifts due to stacking faults can be
ruled out.

The fact that with the exception of the weak (220) reflec-

tion, there is no significant departure from the straight Tine

suggests that there is no contribution from the different yield

properties of differént]y oriented grains. In other words, Heyn

[intergranular] stresses are not significant.
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4. SUMMARY AND CONCLUSIONS.

1. The Tattice strain measured by X-rays as well as the
total strain measured by strain indicator are proportional to the
stress upto the limit of proportionality [about 12 x 103 psi].

2. Above the 1imit of proportionality, the lattice strain
follows a cyclic variation with increase in plastic strain. A tenta-
tive hypothesis involving several procésses contributory to such a
phenomenon has been proposed.

3. The gradual un]oadfng line for the lattice strain is
found to be para]]e] to the loading line resu1t1ng in a RLS [e ]
wh1ch is compre551ve [in a direction perpend1cu1ar to that of pulling]
and this is contrary to the hypothesis of Cu111ty]9

4. The RLS [ez] subsequent to 1nstantaneous un]oading is
found to be tensiie. On aging at room temperature, this reverses to
a comﬁressive RLS in about 12 to 20 hours. This is in agreemeht with
the earlier obsefvation of Swaroop and Tangri22 on nickel.

5. The anelastic recovery [about 0.1 x 1074 in/in] of the
total strain subsequent to gradual unloading over a period of about

12 hours is much less than that [0.3 x 107

in/in] following instan-
taneous unloading. This is attributed fo the fact that part of the
-anelastic recovery occurs during ihe process of gradual unloading.
6. A study of the lattice strain éffects subsequent to
instantaneous unloading suggests that the reversal in the sign of
the RLS subsequent to instantaneous unloading could be due to the

annihilation of vacancies as well as the rearrangement of dislocations

during aging at room temperature.
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7. The X-ray background intensity does not show any signi-
ficant Variation with deformation even after 20% strain. While the
dislocation tangles, clusters and cells formed during deformation are
expected to contribute to the background intensity, fhe observed
phenomenon might be attributed to the fine ferritic grain size of the

specimens [10.45 x 107

cm. ].

8. Plots of shifts in the positions of Bragg maxima
subsequent to deformation, A(28) as a function of tan 0 are all
linear with no significant departure from Tinearity [except for the case
of the (220) reflection]. It is concluded that there are no contribu-

tions due to the Heyn [intergranular] stresses and the stacking faults.
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‘5. SUGGESTIONS FOR FUTURE WORK.

1. A comparative study of the lattice strain effects

accompanying uniaxial deformation of pure iron and Tow carbon steels

with various carbon contents.
2. (a) A thorough investigation of the lattice strains
in single and bi-crystals in order to determine the contribution of

intergranular stresses to the origin of the residual lattice strain.

(b) A study of the concomitant changes of dislocation

structures during the various stages of deformation and relate them
to (a) above.
(c) Correlation of surface slip structure with the

internal dislocation structure. |

| 3. A study of the lattice strains in.bihary a]]oys which
show a variation in elastic stiffness coefficients with variation
in composition followed by electron microscopic investigation of
substructure..

4. (a) An accurate determination of the rate of annihila-

tion of point defects subsequent to instantaneous unloading of

polycrystalline metal through an improved technique and thus suggest
‘a mode of annihilation of the point defects.

(b) A study of the concomitant change in dislocation

structure with room temperature aging aimed at gaining more insight
into the mechanism of reversal in the RLS subsequént to instantaneoué

unloading.
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5. A study of lattice strain effects accompanying deforma-
tion of single crystals and polycrystals at low temperature in order

to draw further conclusions regarding the role of the point defects.
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