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ABSTRACT

By precise X-ray measurements, the lattice parameter
of pure nickel (Fisher Co., reagent grade) was found to be
3.52389 R at 25°C. At the same temperature, the lattice
parameters of iron samples were found to be: 2.86621 g,
2.86624 R and 2.86614 R for purities of 99.999%, 99.985%
and 99.9%, respectively. By measuring high angle back re-
flection lines, the linear coefficients of thermal expansion
of both nickel and iron were precisely determined. Both,
high purity nickel and iron, exhibited anomalies in their
expansion coefficients near their Curie points. This is in

agreement with some of the previously reported data.

Some data in literature show no change in lattice ex-
pansivity of iron at the Curie point. In an effort to ex-
plain the disagreement, the effect of nitrogen dissolution
on the lattice parameter of iron was investigated. It was
found that nitrogen decreases the Curie temperature of iron
and that this shift is related to its concentration in iron.
At a concentration of 110 p.p.m., the expansion coefficient
of iron remained almost constant between the temperatures:

© and 780°C. There was no effect of nitrogen on the

730
lattice parameter of iron at room temperature and tempera-
tures well above the Curie point of 780°C ( within error

limits ).
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PART I

THE THERMAL EXPANSION OF NICKEL



CHAPTER I

INTRODUCTION AHD LITERATURE REVIEW

Like the compressibility and heat capacity, the
thermal expansion coefficient is important because it is
one of the independent thermodynamic properties which

can be measured experimentally with high precision.

With the development of the thz2ory of the defect
structure of crystals, high precision measurements of
lattice parameters by the X-ray method become important
together with the density in the exploration of such
structures. Furthermore, accurate determinations of
lattice parameters enable one to investigate the thermal
expansion of various crystalline substances, even 1f they

are available only in amounts of a few milligrams.

It is generally believed that when a crystal under-
goes a sudden change in its magnetic or electronic prop-
erties, i.e. with the variation of the temnerature going
through the Curie point, a change in thermal expansion

should occur. This was shown with Cr, Co, Ni, . . . etc.

Although it is well established that nickel exhibits
lattice parameter anomalies, and hence an anomalous ther-
mal expansion when raising the temperature through the
Curie point, the data reported differ substantially, as

reported by various authors. It is, therefore, of interest

o



to recheck the lattice parameters and the thermal
expansion coefficients of pure nickel at room and ele-

vated temperatures.

Most investigators found a thermal expansion anomaly
of pure nickel in the Curie temperature region. By a

(1)

dylatometric method Colby found that the coefficient
of expansion of high purity electrolytic nickel increased
rapidly between 220°C and 3600C, returning to its
previous value at about 370°C. With other specimens of
lower purity nickel the same effect was observed: the
thermal coefficient increased with temperature until a
critical region in the neighborhood of the magnetic
transformation was reached, and then decreased to a

certain value before increasing again with further rise

of temperature.

(2)

Hidnert , who determined the thermal expansion of
a nickel specimen , 99.4 per cent pure, in the form of a
; : : i ; o)

12 inches leng rod, over the temperature range 25 C to

. . . ; o
9000C, found an irregularity in the expansion near 350°C.

(3)

Clarke Williams , using a sensitive optical method
and a single crystal of nickel, made a detailed investi-
gation of the thermal expansion of the metal near the
mentioned transformation temperature. He found that the

purest nickel available showed a maximum in expansivity



at about 355°C and then a sudden drop beyond this temper-

ature.

While investigating for a new crystal form of nickel
at temperatures extending from 450°C to lZOOOC, Jesse(4)
made X-ray measurements of very pure nickel, -:tained by

reducing pure nickel oxide in hydrogen. The data obtained

by him are plotted versus temperature in Fig. 1.

The same was done with the results of Owen and

(5)

Yates who measured the thermal expansion of 99.98%
pure nickel over a temperature range from 12°C to 600°¢ by
determining the lattice parameters (Fig. 1). The maximum

value of the thermal coefficient of expansion occurred at

3700C, at the point of magnetic transformation.

Kohlhaas et al.(ﬁ)

determined the lattice parameters
of polycrystal nickel, 99.997% pure, as a function of
temperature up to melting point. There was a definite

influence of the magnetostrictive region on the volume

expansion (Fig. 1).

The measurements were reported with a nickel single

crystal (99.977% pure) by Dﬁnner and Kohlhaas(?) between

o I .
90° and 1670°K. The tem ~ature dependence of the lattice
parameters was fo:ad in = .cordance with the magnetostric-
tive behavior of nickel. 7Yhoro was a maximum of the

expansion coefficient at GBOOK (3570C).
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CHAPTER IT
EXPERIMENTAL
A. SAMPLE AND SAMPLE PREPARATION
Pure nickel powder (below 350 mesh), low in cobalt,
obtained from the Fisher Co., (catalog #N-40) was used

throughout this part of investigation.

The nickel powder for the room temperature X-ray
work was treated by annealing it in a stream of ultra-pure

hydrogen at 600°C for 4 hours and then furnace cooled.

For high temperature work, pure nickel powder was
sealed under vacuum in a 0.3mm thin-walled quartz capil-

lary and annealed in the high temperature X-ray camera.
B. LATTICE PARAMETERS AT ROOM TEMPERATURES

The circumference of the film exposed in a cylindri-
cal camera can be exactly determined without knowing its
diameter or the amount of film shrinkage by the asymmetric
method of film loading. It is possible to calculate the
lattice parameters by measuring the high-angle lines of
powder patterns of a crystalline substance with high
precision, provided that the thin and uniform sample was
mounted carefully, centered accurately, maintained during

the X-ray exposure at a constant and known temperature,



and sharp diffraction lines resulted. The equipment and
the experimental method are described in the literature

(8), (9), (10).

(a) Preparation of the powder sample for X-ray diffraction

To get sharp diffraction lines, well-centered and
undistorted crystalline samples are necessary. A fiber
of lithium-boron glass of about 0.05mm diameter was glued
to the tip of the sample holder in the camera cover. The
whole was then placed under a microscope in such a way
that the glass fiber was horizontal. By adjusting the
screws of the sample centering head under the microscope,
the glass fiber was positioned until its axis of rotation

coincided with the camera cover axis.

The glass fiber was then coated with a thin layer of
0il which served as an adhesive. The powder was spread
uniformly over the coating so that the overall diameter
did not exceed 0.2mm. 2 thin layer of powder 1s neces-
sary to prevent broading and shifting of the diffraction

. . . : 11
lines and to avoid the error due to ausorptlon( ).

After mounting, the sample was centered again and
the cover with the powder mount was put on the camera.
By viewing the powder sample within the camera through

the collimator using a magnifving glass, the centering was



checked again.

(b) Film loading and temperatures control The film was

loaded asymmetrically in the powder camera (64mm diameter).
The details and advantages of this technique are described

in the literature(lO}.

The whole camera was placed in a thermostat which
maintained a constant temperature between 15 to 50°C with
an accuracy of 0.05°C by circulating water. After 75
minutes exposure, all films were processed in a standard

manner.

(c¢) Film measurement A comparator having a precision of

0.001lmm was used to measure the diffraction lines on the
asymmetric film (Fig. 2). The film was placed between
two glass plates of the comparator and adjusted until
the intersection of the cross hairs of the microscope

traveled along the ecuator of the diffraction pattern.

By measuring the maximum density position of the
line, the effective film circumference, the conversion

factor (from mm to degrees) and the high back reflection

(12)

Bragg angles were calculated .

(d) X-ray diffraction pattern and indexing of pattern

Applying a graphical method(l3), copper radiation
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Figure 2 Graphical indexing of a nickel asymme*rric

pattern shown below, obtained with

copper radiation.



o
(hKal = 1.54051 A) was found to be appropriate to get the

highest back reflection lines. They also were sharp and

intense (Fig. 2).

The nickel diffraction pattern obtained was also
indexed graphically, using the reciprocal lattice

method(l3), as shown in Fig. 3.

(e) Lattice parameters and coefficient of thermal expansion

The lattice parameters were calculated from the last
indices (th = 20, i.e. hkl = 420) using for the cubic

system the formula:

a=3 (h* & k= # 12 %2 7 5 oin® (1)

where ) is the wavelength of the radiation used

o
(Cu K A1 = 1.54051 A), 6 - the reflection (Bragg) angle
and h, k, 1 - the Miller indices of the reflecting plane.

In eguation(l), the wavelength A, and the Miller
indices, h, k and 1 are constant for a certain substance
and reflection plane. Hence, Eg. (1) can be reduced

to:

a= K / sinb (2)

10



b=
=N

Tigure 3 Choice of the proper radiation for nickel (f.c.c.).

(Copper radiation gives the lowest back reflection angle)

IT
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2 2 5 1/2

where K = A( h% + k% + 12 ) / 2 (3)

In the present case, K = 3.44468508 for the plane

(420) and Cu Koi radiation.

The coefficients of thermal expansion were calculated
from the average lattice parameters at different temper-

atures using the following equation:

a = (a_ -a) / a(t - t,) or (da/dt)t /at (4)

where a, is the lattice parameter at the temperature

E
t of exposure and a is the parameter at t0 = 25%.
In equation (4), (da/dt) is actually represented by

the slope of the straight line in the plots of the lattice
parameters versus various temperatures. From the expan-
sivity and the lattice parameter at 25°C, the coefficients

of thermal expansion were calculated.



13

(C) THE HIGH TEMPERATURE STUDY

Using a high temperature camera, the thermal expan-

sion of pure nickel powder was determined up to 1100°c.

(a) High temperature X-ray camera A high temperature

circular camera, made by Dr. Seemann in Germany, was used
in this investigation. This camera, which can bhe operated
up to lBSOOC, has a platinum heating coil closely surround-
ing the sample. The camera was originally designed for

the symmetric film loading, but it was modified here for
use with asymmetric films to ensure more precise lattice
parameter determination. By shifting the movable cassette
containing free film parallel to the cylinder axis by 5 mm,
five exposures at different temperatures could be obtained

on one film. The details of the camera are already
(14)

described

(b) Temperature calibration The temperature inside the

camera was set by an electronic controller, connected with
a platinum platinum-rhodium thermocouple, its tip being
located close to the end of the powder sample inside the
high temperature camera. Because of the unavoidable ther-
mal gradients inside the camera, the thermocouple did not
actually measure the true temperature of the sample, there-

fore, the camera had to be calibrated. However, it could



14

be assumed that the temperature was uniform over the
portion of the sample exposed to X-rays, because of its

very small size.

The temperature calibration of the high temperature
camera consisted simply in establishing the relationship
between the true temperature of the exposed portion of
the sample and the temperature read from the indicating

instrument of the electronic controller.

This can be done by recording the changes (transi-
tions and melting) that take place in the diffraction
pattern of the various metals by slowing increasing oOr
decreasing the temperature of the sample. By preparing
several diffraction photographs above and below the melt-
ing point of the metal, the temperature on the indicating
instrument was fixed. The following metals were used for
this purpose: 1In, Bi, 2Zn, Sb, Ag, and Au. Their melting
points in °C are 156.5, 271, 419, 630.5, 960.5 and 1063
respectively. Pure iron with Asy point at 910°C was also
used for this purpose. As the metal passed from the
crystalline to the liquid state, its diffraction pattern
disappeared and the respective terperature on the indi-
cating instrument was noted. The temperature readings
of the indicating instrument were controlled within 1298,

The results arc shown in Table I and plotted in Fig. 4.



TABLE I

15

Determination of the true sample temperature

inside the high temperature camera.

{({alr inside camera)

Metal Melting point Indicating instrument
(°0) reading (°C)
(A) (B) (C)
In 156.5 125 70 133
Sn 232 175 - -
Bi 271 - 180 242
Pb 327 265 - -
Zn 419 - 338 383
Sb 630.5 588 580 603
Al 660 - - 641
Fe(A3) 910 880 885 -
Ag 960.5 - 933 955
Au 1063 1041 1041 1068
(A) Present work

(B)

(C)

Kim(ls)

Riad

(14)
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comparing them with previous calibration results (14712)

It has to be mentioned that all the X-ray exposures
of the present investigation were made under the same

environmental conditions as for the calibration.

(c) Sample preparation for high temperature X-raydiffraction

Pure nickel powder was placed inside a quartz capillary
sealed at one end. The diameter of the capillary was
smaller than 0.3mm, and the height of the powder sample
was kept closeto 4mm. To reduce the amount of air inside
the capillary and also to increase the strength of the
capillary for handling, a quartz rod (plug) was inserted
inside the capillary tube and the capillary tube was
sealed off under vacuum. The quartz capsule was then
fused to the tip of a quartz rod of 10mm in length as a
handle and the whole was cemented to the tip of the sample
holder by means of MgO cement. The sample was adjusted

and centered under a microscope.

(d) Thermal cxpansion of nickel Asymmetric X-ray diffrac-

tion patterns were obtained at various temperatures from

the powder sample described above.

The lattice parameters were calculated from (420)

and the Bragg angle of about 78° obtained with Cu Ku,



radiation in the same way as from room temperature films.

The coefficients of linear thermal expansion were

calculated from:

a = ((:'1.?1/(31t)t / a,c (5)

where (da/dt)t is the slope of the tangent to the
expansivity curve at a certain temperature t. Reference

is made to a the lattice parameter of pure nickel at

25 7
25°¢.

18
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CHAPTER III

RESULTS AND DISCUSSION

By the technique mentioned, the errors due to shrink-
age of the film, absorption of the X-ray beam by the speci-
men, divergence of the X-ray beam, eccentricity of the sam-
ple in the camera etc. are reduced to a minimum extent.
Errors due to inaccurate knowledge of the temperature of
the sample are also eliminated by keeping the whole camera
at a constant and known temperature. Under such conditions,

a precision of the order of 1:20,000 has been reached.

Table II shows the present lattice parameters of pure
nickel at various temperatures. A straight line relation-
ship in the temperature-lattice parameter plot is obtained
and a thermal expansion coefficient of l4.9x10—6 OC_l (see
Fig.5) is calculated. This is in good agreement with the
value of about 14.5 x 10°° °c™! given by Owen & Yates as
deduced by extropolation of their a vs temperature plot.
With the present o the lattice parameters at various tem-

peratures are deduced to those of 25°C and the refraction

correction is added (Table II).

The lattice parameter of the nickel sample determined
in this investigation is compared with that of pure nickel

of previous determinations in Table III. The present
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Figure 5 Variation of lattice parameter with
temperature for pure nickel.
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TABLE II

Precise lattice parameters of pure nickel between 15 and

50°C, and reduced to 25°C by a = 1.49 x 107> °¢~1

Temp. ap ass
(°c) (R) (R)

17.3 3.52349 3.52389
17.8 3.52354 3.52391
25.0 3.52389 3.52389
33.4 3.52434 3.52390
40.0 3.52457 3.52378
50.0 3.52523 3.52392

*
Average: 3.52388 + 0.00003

* %
Refr. corr. +) 0.00011

Final value (a25) : 3.52399 + 0.00003

* Using the equation

s' = 0.675 { z(dx)2 / (n-1) }1/2 (6)

2
where S' is the probable error,) dx)  the sum
of the square of the deviations, and n the
number of measurements or degrees of freedom.

** gee reference (15), equation (8).



TABLE III
Published lattice parameters of pure nickel at

room temperature (without refraction correction).

o * %
Author T(C) Year ap asg REMEFE
(purity)

Jesse(4) 20 1934 3.5251 3.52536 trace of Co
and Si

Owen and

Yates (5) 18 1936 3.5243 3.52467 99.98% Ni

Kogan and 27 & 58

Bulatov (1l6) (3007K) 1962 3.5157 3.5156 99.98% N1
Foil

Kohlhaas '

et al. (6) 20 1967 3.5232 3.52346 99,997% Ni

Present o

work 25.0 1971 3.52389 3.52389 purified, low
in cobalt
by Straumanis
camera

Present -

work 25.7 1971 3.5239 3.5238? purified, low

in cobalt
by high temp.
camera

e} e} .
**x Reduced lattice parameter from t C to 257°C, using

o = 1.49 x 1072 °¢7t
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Il

ase 3.52389 R, obtained in the Straumanis camera, and

Il

asg 3.5239 2, in the high temperature Seeman camera, are

close to that reported by Kohlhaas et al.{6} and only
slightly lower than that of Owen and Yates(S). All these

results are in very poor agreement with the asg of Kogan

(16)

and Bultatov who employed high-angle X-ray pattern

4(17)

by a graphical metho and obtained a comparatively

low value for a electrolytic nickel foil (a 3.5157 R).

27"

High temperature thermal expansion of nickel was de-
termined in a high temperature X-ray camera, modified for
placing asymmetric films. The results are collected in
Table V. That this high tempecrature came:z works as well
at room temperature as a precision(Straumanis) camera is

shown in Table 1V.
TABLE 1V
Lattice parameters(at) of nickel in the high

temperature and in the precision camera

Temperature Lattice parameters (3)
(OC) Precision High temperature
camera camera
*
T A5* %t 325
25.0 3.52389 3.52389 = -
25.7 - = 3.5239 3.5239
40.0 3.52457 3.52378 3.5247 3.5238
50.0 3: 52523 3.52392 3:5252 3.5239
- 3.5238
Average (a25) - 3.52386 6

* The a, values reduced to the same temperature by

a = 1.49 x 10-5 OC—l.



TABLE V

Lattice parameters of nickel at various temperatures

in comparsion with the values of Owen & Yates(S),

(4) (6)

Jesse and Kohlhaas et al.
Lattice parameter ()
Film No.* T(OC) Present Owen & Kohlhaas
work Yates et al.
16 3.5243
20 3.5246
#2 25.7 35239
#3 40 3.5247
47 3.5246
#7 50 3: 5252
90 3.5266
98 3.5283
#2 115 3. 5289
134 3.5285
186 3.5330 3.5315
220 3.5337
#2 225 3.5345
#13 250 3.5389
257 3.5295
#2 273 35370
282 3.5373

* Referred to the present work



Film

£
—
(3]

11

143
-
re

1
e
(-

NO.

2591

301

308

360

361

365

380

Present

work

(%]

o

.5386

- 5399

.5403

.5410

.5412

.5421

.5427

.5433

.5433

.5438

.Hhd442

(continued)

Owen &
Yates

3.5390

3.5409

3.5433

Kohlhaas
et al.

3.5404

3.5413

3.5430
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Film No.

#5

#5

#5

#5
#6

#6
#6

#1

#1

#1

#1

#6

T (°C)

389
398
399
405
407
411
416
427
429
437
440
441
455
460
487
505
513
550
557
603
631

628

TABLE v
(continued)

Present Owen &
work Yates
3.5445

3.5455
3+ 5451

3.5458
3.5455

3.5460
3.5460
3.5466

3.5474
35472
3.5474
3.5483

3.5494
3.5500
345511
35537

35553

3.5580
3.5580

3.5567

Kohlhaas
et al.

3.5450

3.5492

26



TABLE V 27

(continued)
Film No. T(OC) Present Owen & Jesse
work Yates
20 3.5232 3.525+0.001
#8 703 3.5615
718 3.5617
$7 745 3.5652
772 3.5650
#8 787 3.5666
#10 834 3.5700
851 3.5716
874 3.5736
#9 877 3.5738
900 3.57540.002
#10 901 3.5741
945 3.5798
#9 947 3.5780
$#10 990 3.5804
1000 3.582+0.002
1028 3.5852
#8 1034 3.5848
1100 3.590+40.002
1200 3.5987 3.599+40.002

(All lattice parameters are converted from Kx unit into 2

using conversion factor of 1.00202)
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There exists a slight thermal expansion anomaly in the
region of magnetic transformation of pure nickel (300° to
4OOOC) followed by an increasing expansivity at higher
temperatures. This is illustrated in Fig.6 along with re-

sults of other investigators.

The present results are in good agreement with those
of Owen and Yates below 45000 and with thoselof Kohlhaas,
et al. above 550°cC. Also, the temperature of the expansion
anomaly, agrees in all three cases ( within error limits ).
The variations in the reported lattice parameters may be
contributed to the differences in the purities of the
nickel samples and the uncertainity in controlling and

measuring the temperature of the sample within the camera.

The thermal expansion coefficients of nickel were
obtained from the plot of lattice parameter versus tem
perature (see Fig.6) using Eg. (4). These are summarized
in Table VI and illustrated graphically in Fig.7. The
curve obtained by Owen and Yates(s) (shown by dashed lines)

also included in Fig.7.

The present work indicated a maxima in the expansion
curve ( See Fig.7 ) at 33OOC, in fair agreement with Owen

. o
and Yates and Kohlhaas, et al. who obtained 370° and 357 et
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TABLE VI

Thermal expansion coefficients of pure nickel at various

temperatures ,calculated from Eq. (4) ,referring to asg-

Temperature Thermal expansion
(OC) coefficient(xlos) OC_l
100 15.3
270 17.6
320 21:1
340 20.1
356 18.1
380 13.1
400 12.4
450 14.1
500 15.4
700 16.3
800 160
900 19,2

1000 22.1
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respectively. The disagreement in the above results can be
explained in terms of sample purity. It is a well known
fact that impurities strongly affect the magnetic proper-
ties of ferromagnetic materials like iron, cobalt and

nickel.

As has been shown, the above technique is fairly sen-
sitive and well suited for the investigation of iron: some
samples of which display a very distinct Curie point, while

others, a very weak Curie point, or none at all.



PART II

THERMAL EXPANSION OF IRON AND THE INFLUENCE OF NITROGEN
ON THE LATTICE PARAMETER BETWEEN ZSOC AND

9OOOC,INCLUDING THE CURIE TEMPERATURE

33



CHAPTER IV

INTRODUCTION AND LITERATURE REVIEW

Comparing the previously reported data regarding the
lattice parameter of pure nickel and its expansion coeffi-
cients at various temperatures (part I) with those of the
literature have shown the reliability of the present experi-
mental technique. <“hus a much more difficult problem could
be attacked, namely, why some investigators found a change
of the expansion coefficient of Fe at the Curie temperature

and some did not.

Thermal expansion measurements of iron by the X-ray

34

method have been performed by a good number of investigators.

Although the existence of an expansion anomaly of nickel at
the Curie point was well established, the position with
respect to iron is still in doubt due to the divergent re-

sults obtained, as shown by the curves of Fig.S8.

The lattice parameter of pure electrolytic and hydro-
gen reduced Fe203 iron at room temperature was first mea-
(18) ; £
sured by Hull . Then Davey determined the structure o
iron in 1924(19). Lattice parameter redeterminations by

many investigators followed. On Table VII the results of

various authors are collected.
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TABLE VII
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Lattice parameter of alpha iron at room temperature up

to the year 1943 (continuation of this table see p52).

Author Year a(R) Purity
Hull(la) 1917 2.86 electrolytic Fe
Davey(lg) 1924 2.861 chem. pure
Blake (20) 1925  2.8661

pavey (21) 1926  2.8661

Mayer (%2 1929  2.865

Van et al. (23) 1931  2.8672

Bradley & Jay ‘2% 1932 2.8663

Esser & Mﬁller(ZS) 1933 2.8669

owen & Yates (2®) 1933 2.86675

izﬁiﬁgaﬁgﬁ)& 1936 2.8664

Montoro (¢8) 1937  2.86665

Hanawalt et al.(29) 1938 2.863

TEOlpon & 1943  2.8665

McGuire (

30)

( All lattice parameters are converted from Kx into 2

using the conversion factor of 1.00202 )
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High temperature measurements were made by Esser and

Muller(25}

, with three grades of vacuum melted electrolytic
iron using cobalt radiation to measure their lattice para-
meters up to 1100°C. The extrapolation method of Bradlay

and Jay(zq)

was used to obtain the lattice parameter,
extrapolated to 90°. Two of his samples showed lattice
parameter anomalies in the Curie temperature region, while
with one the anomaly was undetectable. The thermal expan-

sivity was found higher than from preceding dilametric

measurement.

By using a modified Unicam 19-cm-diameter high temp-
¢31.)

erature camera, Basinski et al. measured the lattice
parameters of 99.969% pure iron between 20 and 1502°c.
They concluded that "the forces responsible for ferromag-

netism do not affect the interatomic distances by more

than 1 part in 10,000."

The measurements in a similar arrangement were

(32)

repeated by Goldschmidt with 99.99% iron powder. Ilils

results show an almost perfect linear expansion of iron

(a=const.) up to 907%C.

In determining the thermal expansion coefficients of

. _ o 833)
iron and its oxides at elevated temperatures, Gorton et al.

used a 114.6mm Debye-Scherrer camera arranged for asymmetric
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film-loading. The iron sample was electrolytic powder

(99.67% iron), hydrogen annealed at 465°C. The data indi-
cated a smooth rise of the lattice parameter of a-iron with
temperature except for the slight dip in the neighbourhood

of the Curie transformation (?650C).

Kohlhaas et al.(7) made an X-ray investigation of the
expansion coefficients of 99.97% polycrystalline iron near
the Curie temperature going from room temperature up to the
melting point. A distinct anomaly in the expansion at the

point of magnetic transformation was observed.

The most successful investigation concerning the lat-
tice parameter and temperature relationship, particularly
in the region of Curie temeprature, was made by Ridley and

(34) with two grades of iron (99.985% and 99.9% pure)

Stuart
having a relatively high oxygen content. A small, but

easily detectable lattice parameter anomaly was found at the
Curie temperature. The specimens were prepared from filings

that passed a 200 mesh B.S. sieve but were retained on a

300 mesh B.S. sieve.

(257 used 99.985% iron filings (the same as sample B

Kim
of this investigation) for his measurement of lattice para-
meter, but failed to detect the anomalous change of thermal

expansion at the Curie point.
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In view of the divergent results, the present investi-
gation was undertaken with attention centered around the
measurements of the lattice expansion of iron n:ar its

Curie temperature.

(35)

Austin and Pierce , while determining by means of
an interferometric method the linear thermal expansion of
ten samples of "pure" iron in vacco from room temperature
to 9500C, suggested that at high temperatures the expan-
sion of pure iron is sensitive to impurity trac:s. Based
on this conclusion, the intention of the present work was
to study first the influence of pure nitrogen, which
occupies almost 80 volume % of the atmosphere. The amount
of nitrogen was controlled so that an a-solid solution
could be obtained. Fig. 9 also shows the a-solid solution
region and the Curie temperatures in dependence of the

nitrogen concentration.
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* according to (48) & (49)
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CHAPTER V

EXPERIMENTAL

(A) SPECIMEN USED

Three grades of iron were used throughout this part
of investigation. Sample A, a very fine powder of 99.999%
pure iron, was supplied by the Leico Industries, Inc. A

typical analysis on metallic basis is as follows:

p.p.m.
Manganese 3
Silicon 3
Magnesium 2
Copper < 1
Silver < id

Sample B is a high purity zone-refined iron (99.985%)

(15)

which was used previously by Kim for his X-ray work.

In Table VIII a typical analysis of this sample is given.
. ; oy . (15)
Details are 1in Kim's thesis .

Sample C, 99.9% pure iron, was received from Koch-Light
Lab., LTD, England (Batch No. 38536). It contains small
amounts of nickel and traces of carbon, nitrogen and oxygen.
When these elements are removed (by heating the sample under

vaccum or in a hydrogen atmosphere) ,iron in a very pure form



TABLE VIII

Analysis of high purity zone-refined iron.

(Sample B)
Impurity im ‘p.p.am. Impurity
Al 15 Ni
Sb 9 P
As 5 Si
Bi 0.2 Sn
B 5 Ti
cd 5 W
Ca 10 \Y
Cr 5 Zn
Co 5 Zr
Cu F) H,y
Pb 1 S
Mg 5 0,
Mn 0.5 C
Mo 5 N,

Total impurity content was : 152

p.p.m.

in p.p.mn.

20

10

(99.985% Fe)

42
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remains. The average particle size of the powder was 7.

(B) SAMPLE PREPARATION

Although thermal charging of iron by nitrogen is slow
due to the formation of a nitride layer on the surface of
the Fe grains, nevertheless, it was expected that by
employing a very fine iron powder it will still "absorb"

nitrogen to some extent.

(a) Nitrogen charging The high purity sample A was assumad

to be free of any gas and was used to prepare the sample
in the a-solid solution region (Fig. 9). 0.4g of the iron
powder were placed in a pyrex tube (about 1l5cm long and
0.8mm of i.d.) with one end sealed. A neck was made
somewhere about 5 cm from the closed end of the tube.

Then the tube was connected to a mechanical pump, evacuated
and a known amount of pure nitrogen, as read from a mono-
meter was introduced into the tube. Fig. 10 shows the
arrangement for filling the tube with nitrogen. Finally,
the tube was sealed at the neck, its volume estimated,
heated in an electric furnace at about 600°C “or a pre-
determined time, and then air-cooled. Three samples with
different amounts of nitrogen heated for various periods

were prepared. (see Table X, p. 50)



- monometer
- Sample in the pyrex tube

- nitrogen tank

U Q w ¥

- mechanical pump

*

All connections are made by plastic tubing.

f%

#=@=§\

Figure 10 Schematic diagram of filling the tube

containing of Fe with nitrogen.



(b) Analysis of nitrogen in iron It is clear that the

iron samples contained both the "absorbed" or dissolved
nitrogen and the nitride on the surface of the fine iron
granules. Since, sharp X-ray diffraction lines were
obtained of samples placed in fine capillaries, it is
believed that the concentration of N leveled out tiaroughout
the sample (by diffusion) when it was exposed to high temp-
eratures inside the X-ray camera. Due to the probability
that not all the N2 present in the "nitrogen charging”
tubes reacted with Fe, it became necessary to analyse the

sanple for their total N content.

For the determination of gases in metals, there are
usually two distinct operations: the extraction of the
gas from the metal and the determination of the volume of
the extracted gas. The hot vacuum extraction technique
was employed in the present study since it is better than

. : : 15)
any other for the determination of N or I in steels( .

(1) Gas analyzer: A Leco Hydrogen Analyzer
(No. 534-600) which works on the principle of hot vacuun
extraction was modified for nitrogen analysis by removing
the catalyst (hot copper oxide) and the anhydron. A
schenatic of the analyzer is shown in Fig. 1l. The gas
extracting and measuring parts are shown to the left and
the right side, respectively, of the diagram. Before

dropping the preweighed sample in its stainless steel

45



0000

e
p
dosing stopcock
or sample holder
—r
McLeod
8 guage
o . . diffusion
induction ump (Hg)
o coil pump d
?
.K\
sample
stopper

Figure 11 Schematic diagram of the Leco

gas analyzer,

46

—p pumpe



47

crucible from the sample holder (in vacuum) into the
furnace, it was necessary to turn the induction furnace
on for several hours at 900°C to get rid of the absorbed
gases on the walls of the glassware of the instrument.

By a mercury diffusion pump, the gas liberated by the
sample is forced into the analyzing part and the pressure
measured by a McLeod gauge.

(2) Calibration of the furnace temperature and check
of the volume of the system: By introducing a known
amount of dry air of atmospheric pressure into the system
and by measuring the new resulting pressure, the volume

of the system can be found from the following equation:
V = PlVl/P (at a constant T) (6)

where V is the volume of the system, P - the pressure

measured, P, - the atmospheric pressure read from barometer

1
and V, - the known amount of the admitted dry air. At

1
operation conditions, it was found that the system has
a volume of 338 = 7cm3. (see Table IX)

Temperature measurement of the sample was achieved
with an optical pyrometer directed to the crucible within
the induction coil. The furnace temperatuve was adjusted
by a variable transformer. The relationship between the
temperature of the crucible and the dial reading of the

voltage delivered by the variable transformer was

established, assuming that temperature equilibrium has



TABLE IX

Determination of the volume of the system(gas analyzer).

Known amount Atmospheric Measured System vol.
of air(vl cm?) Press.(lem) P (mm) vV (cm?)
0.05560 x 4 732.8 0.500 326
0.05560 x 5 732.8 0.600 340
0.05560 x 6 732.8 0.720 340
0.05560 x 4 732.4 0.520 313
0.05560 x 5 732.4 0.610 334
0.05560 x 6 732.4 0.728 336
Averate: 331 + 7* (cm’)
Calibration**: 7

338 + 7 (cm?®)

Using equation (6), page 21.
The volume of the dosing stopcock is smaller than that
of the sample holder by 7 cm® (Fig.1ll). 1In operation,

the volume of the system was increased by 7 cm3.
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been reached. The temperature of the crucible was kept at
about 930°C. Fifteen minutes extraction at this temoer-
ature was sufficient, as there were no further pressure
increases in the analyzing part (Fig. 11) beyond this
period of time.

(3) Sample analysis and calculation: As the weighed
sample was in powder form, its analysis was achieved by
filling it into a stainless crucible (6mm in diameter and
20mm in height) which was degassed before each run. The
amount of nitrogen in the Fe was calculated from the

following equation:
Nitrogen in p.p.m.=(PVMx1000)/RTWx760 (7)

where P is the pressure read from the McLeod gauge
in microns, V the precalibrated valume of the system
(338cm3), M the molecule weight of nitrogen (28.8), R the
gas constant (0.08204 l-atm/deg. mole = 82.05 cm>-atm/
deg. mole), T the absolute temperature in degree Kelvin,
and W the weight of the sample (0.400g). The results arc

summarized in Table X (calculations are made in the

Appendix, ». 84-86).

As can be seen from the Table ¥, the measured value
of N in Fe is comparable with the calculated (maxirmum)
value. ‘i slightly higher measured value of sample D may
be due to contamination by gases, such as hydrogen, in the

high purity irou powder. 1In each case, the values are

within the limit of experimental error.
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TABLE X

Sample D,E and F, prepared from 0.4 g of sample (A)

(99.999% Fe) charging it with various amounts

of N, at 630°C for various time periods.

Sam- N, vol. N Heat. N, cal. N, found*
2 2 : 2 2
ple m? time
© cm Hg hr. in % in % or in p.p.m.
D 2.76 2 36 0.021 0.022 or 220
E 2.51 3 12 0.029 0.017 or 170
F 2.66 3 6 0.029 0.011 or 110

*

See Appendix, p.84 - p.86
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(C) EXPERIMENTAL RESULTS

By using cobalt radiation (wavelength Ko, = 1.78892 R)
and the (310) X-ray diffraction line, the precise lattice
parameters of the three iron samples were determined as
well as of those charged with N. The choice of the radia-
tion, the indexing of the X-ray pattern(ls}r the prepara-
tion of the sample for X-ray work and the measurement of the

film etc. are described in the preceeding vart. The K,

line of (310) was disregarded duec to lower intensity.

(a) Lattice parameter at room temperature Precise lattice

parameters of pure iron at room temperature were determined
using the asymmetric film loading method. The results are
collected in Table XI, together with previously published
data, where the purity of Fe was mentioned. The lattice
parameter of the three grades of iron determined in this
investigation are generally close to that of pure iron de-
termined by previous workers. The slight difference between

present values and previous ones may be within the limit of

experimental errors.

The lattice parameter of sample B ( az=s = 2.86624 Q ¥ 5
99.985% pure iron, is in excellent agreement with that de-

termined by Kim‘lS), who used the same sample and technigue

and reported a value 2.86623 R at the same temperature.



TABLE

XTI

Lattice parameter of pure iron determined between 1935=71:

Author toC at(R) a25*(ﬁ) Remark (Fe%)
5 (36)

stte & Foota 25  2.86624 2.86624 0.0073C & 0.004%

each of Si,S & O

Van Bergen (37) 20  2.86651 2.86668  99.96
Lu & Chang (38 20 2.8663  2.8664, 99.96
Thomas (32 20 2.8664s  2.8666,
Kochanovska (49} 25  2.8667 2.8667
Swanson et al.41) 25 2. 8664 2.8664 99.9974
Gronvold et al. 42) 20  2.8663 2.8664,
owen & Williams 43) 18  2.8662 2.8664 99.98
Sutton & Hume-
Rothery (44) 20 2.86621 2.8664  99.969
Basinski et al. 31) 20  2.86628 2.8664  99.969
Goldschmide (32) 20  2.8662 2.8663, 99.99
Cortoh &t al, 133 22 2.8663 2.8664 99.67
Kohlhaas et al.'®) 20 2.8665 2.86667; 99.97
Ridley & Stuart (34) 20  2.8662 2.8663, 99.999
ig;a?ﬁgTis & 25  2.86623  2.86623  99.985
Present work 25 2.86621 2.86621 99.999
Present work 25 2.8663 2.8663** 99,999
Present work 25 2.86624 2.86624 99.985
Present work 25 2.8663 2.8663** 99,985
Bresent. work 25  2.86614 2.86614  99.9
Present work 25 2.8663 2.8663** 99,9

- =5
* Reduced by use of the expansivity of 3.46 x 10 R/Dc

** Determined in the high temp. camera, error +0.0002 2
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(b) Lattice parameters and expansion coefficients at

elevated temperatures The thermal expansion coecfficients

of the samples were determined from the plot of lattice
parameter versus temperature, using equations (4) & (5),

by finding the slope of the curve at t°C and dividing them
by the respective lattice parameters (in present case,

asg was used as reference).

The thermal expansion of pure iron from room up to
A3 point temperature were determined. The results are
collected in Table XV, Table XVI and Table XVII, p75-
p79, and plotted respectively in Fig. 12 through Fig. 17,
which clearly show the definite influence of magneto-
strictive part on the thermal expansion of pure iron. It
can be seen that a small, but detectable expansion anomaly
exists in all three cases over a temperature range of
about 30°C at Curie point region URIPe) - Ih Fige 13, 15
and 17 the region around the Curie point is drawn in an
enlarged scale. The thermal expansion coefficients versus

temperature are also plotted on these three figures.

In Table XII, the experimental results of tiie thermal
expansion coefficients of pure iron are summarized and
compared with previous ones. AS shown in TP'ig. 18, the
expansivity of pure iron increase from roon temperature,
reaches a maximum at about 500°Cc and then becomes constant

before abruptly falling to a minimum at about 770°C (the

Curie point).
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Figure 16 Lattice parameter and a of sample C/99.9% Fe

at various temperatures.
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TABLE XT1

Coefficient of linear thermal expansion of

pure iron ax106(millionths per OC).

Temp. (°C) (A & B)* (C)* (G) (H)
100 13.8 12.2 13.3 12.5
200 14.3 15.5 14.5 14.0
300 15.0 16.6 15.5 15.3
400 15.7 16.8 16.2 16.1
500 15.9 16.8 16.2 16.5
600 15.5 16.8 15.8 16.4
700 15.5 16.8 15.8 15.8
Curie pt.

768°C 0 0 ~ ~
800 14.5 15.5 15.4 15.7
* Coefficients go to zero between 760 - 770°C.

(A & B) Present work, sample A & B

(C) Present wcrk, sample C
(G) Hidnert(45)
(46)

(H) Lehr

60



o x10% (°c1

24

20

Figure 18

-_ -~ -

99.999% and 99.985% iron
99.9% iron

Hidnert (45)

Lehr (46)

| 0 1 1 Lty 3

0

100

|
200 300 400 500 600 700 800 900
Temperature (OC)
Variation of thermal expansion
coefficient with temperature for pure

iron.

61



The sudden decrease of thermal expansion coefficient cor-
responds to the anomalous change of lattice parameters of

that temperature range.

The results of the thermal expansion measurements of
the three Fe samples containing different amounts of
nitrogen are collected in Table XVIII, Table XIX and
Table XX , p80-p83, and plotted in Fig. 19 and Fig. 20.
The results revealed two facts: (1) that contrary to the
supposed small solubility of nitrogen in a=-iron, the very
fine and pure Fe powder absorbs detectable amounts of
nitrogen even under low pressure (2-3cm Hg) and (2) that
these small amounts of nitrogen decrease considerably tihc
a-parameter particularly at the Curie point and that this

influence increases with the amount of N in the iron.

By using the high-temperature camera, at room temper-
ature nitrogen was found to have no effect (within the

limits of error) on the lattice parameter of iron.

The thermal expansion coefficients of the three
nitrogen-containing Fe samples were also determined by the
mentioned Eg. (4) & Egq. (5). The data are summarized in
Table XIII, which are plotted in Fig. 19 and Fig. 20
respectively. It is apparent that nitrogen has a definite

influence on the expansion coefficient of iron at elevatead

temperatures.



TABLE ¥ IT

Thermal expansion coefficient of Samples D,

E and F above 6OOOC.

Temperature(OC) o x 10° (Oc—l)
(D) (E) (F)
600-700 14.4 14.4 13.8
745 0 2.4 13.8
750 2.4 5.0 13.8
765 10.9 12.2 9.6
770 39.0 29.9 14.0

780-900 14.0 14.0 14.0




Lattice parameter (R)

Sample A, 99.999% Fe

O Sample F, 110 p.p.m. N
o Repeated Sample F
2.9060
2.9020
2.8980
2.8940
2.8900 ! ~ : : . ! ' 0
560 600 640 680 720 760 800 840 880
Temperature (OC)
Figure 19 Effect of 110 p.p.m. nitrogen on

the lattice parameter of pure Fe.
(The slight change of a within
760-780°C might be within the limits

of error.)
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Lattice parameter (R)
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O Sample E,

-—a vs T of
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220 pipsm: N
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Effect of nitrogen on the lattice

parameter of pure Fe.

The thermal expansion coefficient ¢

(right side) of sample: D and E.
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CHAPTER VI
DISCUSSION

The present measurements on sample A and sample B at
elevated temperature seem in very good agreement with the

results of Ridley and Stuart(34)

, who paid particular atten-
tion to the trend of lattice parameters around the Curie
temperature and determined the anomaly in thermal expansion.

(15 (31) to observe

The failure of Kim and Basinski et al.
the anomalous expansion of iron is maybe due to lack of
sufficient density of lattice parameter measurements in the
region of the Curie point. This can be clearly seen from
Fig.14 (also Fig.1l5) : there is a good agreement between the
present measurements and those of Kim and Basinski et al.,
except one experimental point, which eliminates the hori-
zontal part of the curve at the Curie point. It may also be
that the Fe used by Kim had a slightly different composition
than the present sample, although prepared from the same

piece of the zone refined iron. As can be followed from the

Fe containing some N, the a-parameter at the Curie point is

very sensitive to certain impurities.

Fig.19 and Fig.20 show the thermal lattice exransion
of nitrogen-charged iron and of pure iron (sample A) in
the region of Curie temperature. The curves indicate that

nitrogen has a definite influence on the lattice parameter
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of pure iron, decreasing it at elevated temperatures.
However, this gas has no effect at room temperature (see

Table XVIITI and Table XIX).

The thermal expansion coefficient of the iron-N solid
solutions is lower at elevated temperature (up to Curie
point) and the extent of this lowering increased with the
concentration of nitrogen in a-iron (Fig.20). The Curie
temperatures were also slightly lowered with the increase
of N content: 760, 755 and 750°C respectively. This is in
accord with Fig.9 which shows that increasing amounts of N
in Fe lower the Curie temperature. Estimations from Fig.9
are that the Curie points of sample D, E and F are 763, 760
and 758 respectively. This behavior also confirms that the
N-containing Fe samples are a-solid solutions. No strange
lines (of a second phase) could be observed on the X-ray

patterns of the three N-containing samples.

Referring to fact (1), page 62, the another source of
nitrogen in a-iron might be from the decomposition of nitride
o .
during the high-temperature (above 600 C)X~-rav experiment,

since iron nitride is unstable and tends to decompose at

clevated temperature.

Above 780°C all the lattice parameters of the N-contain-

ing Fe coincide with those of pure iron (See table XIiV).



TABLE XIV
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Lattice parameters of pure Fe (samples A,B & C)

and of N-containing Fe (samples D, E &

R of samples above 780°cC.

F), a in

N}

(A)

. 8982

-8983

. 8989

. 8990

2.8993

. 8998

.9002

.9013

(C)

2.8980

.8984

. 8987

. 8995

.9003

.9010

(D)

. 8981

. 8983

.8988

.8997

.9006

.9014

.9018
.9023

(E)

2.8980

2.8980

. 8994

.9003
.9006

.9013

.9019

(F)

2.8980

2.8980

2.8983

2.9004

2,9020

14.0

14.0

14.0

14.0
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The explanation is that the N of the N-containing Fe
leaves the metal and, hence, all the lattice parameters

coincide within the error limits.

To check the escape of nitrogen, the lattice para-
meter of one nitrogen-charged sample was measured below
?BOOC, at 760°C. Then the sample was heated above 800°¢
for several hours, cooled down to TGOOC and the lattice
parameter mecasured again (the X-ray patterns were on one
film) . A higher value was now obtained, which can be

explained by the escape of nitrogen from the iron.

Fig. 19 shows clearly that small amounts of dissolved
N (110 p.p.m.) lower the lattice parameter of Fe at
elevated temperatures to such an extent that a straight
line relationship in the plot of lattice parameter versus
temperature results. Fig. 19 also indicates the reproduci-
bility of the measurements with such samples (the repeatcd
sample F shows a small dip). This behavior of the solid
solutions also explains why some iron samples display a
distinct Curie point, while others show only a very weak
bend if at all. Thus, very easily a straight line can Dbe
drawn through all the experimental points (Fig. 19) as it
probably was in case of the measurements of Basinski et
al., Kim, D;nner et al. and others (see Fig. 8), while

Kohlhaas et al. observed a distinct Curie point. Of

course, some other impurities in iron may cause a similar



effect.

It follows from those measurements that the inability
to observe at times the Curie point by the lattice para-
meter method is due to the presence of impurities in Fe,
of which only the action of nitrogen was explored up to
now. Hence, the present results are consistent with the
conclusion of Austin and Pierce(35), that small amounts

of impurities in iron play an important role in the

thermal expansion of this metal at elevated temperature.



CHAPTER VII
SUMMARY
The lattice parameter of pure nickel at 25°9C is:
o

a = 3.52399 + 0.00003 A (with refraction correction)
Pure nickel displays a thermal expansion anomaly at
the Curie point (BSOOC). Although the expansivity of
nickel is constant in the room temperature range
(15—55OC), it increases parabolically with temperature
at elevated temperatures, except of an abrupt caange

in the Curie point region.

The lattice parameters of iron at 25°C from one film
are:
a = 2.86621 for 99.999% Fe

a = 2.86624 for 99.985% Fe

20 »P0o o

a = 2.86614 for 99.9% Fe

All three grades of iron show a minimum in thermal
o . ] o oy
expansivity al the Curic temperature (770°°C) region,

; ; ) & b
having a narrow temperature range of about 30°C. Zae
anomalous change of the thermal expansion 1is 1in agrce-

L o o A e (34)
ment with the measurements of Ridley and Stuart
and some earlier workers.

The thermal expansion coefficient of pure iron reaches

a maximum (u=l5.9x10_6 for sample A and 16.8x10_6 Oc_l
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]..0’

for sample B & sample C) at about SOOOC, in agreement

with previous results.

By employing a very fine powder and a low pressure
nitrogen atmosphere, thermal charging (600°C) of w-Fe
with nitrogen is possible. Three samples containing
220, 170 and 110 p.p.m. (within the a-phase) were

obtained and were used for high temperature X-ray wonk

Nitrogen has no effect (within the limits of errors)
on the lattice parameter of iron at room tempcraturc.
However, 1t does depress the thermal expansion of iron
at high temperatures, decreasing the lattice paramecter

of Fe especially in Curie point range.

Nitrogen lowers the Curie temperature of iron from
768°C to about 750°C depending on the N content, which

agrees with earlier data(48).

At a certain nitrogen concentration (110 p.p.m.) in
Fe, a bend in the a-T plot at the Curie temperaturc

can hardly be noticed.

T 3 o 1 i -
Nitrogen escapes from iron at 780°C. Above that temp-
erature the lattice parameters of all the Fe sample

invasticaicd agree within limits of error. The 'tesidue”
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nitrogen may still cause a slight decrease in the lattice

expansion of iron.
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APPENDIX

DATA AND CALCULATIONS
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TABLE XV

Lattice parameter of 99.999% pure iron; sample A

(For refraction correction add 0.0001 R)

Film No. Temperature Lattice parameter
(°e) (R)
202 18 2.8662
208 18:2 2.8662
206 25 2.8663
255 25 2.8663
208 50 2.8671
231 127 2.8700
231 245 2.8750
223 345 2.8798
225 416 2.8836
224 437 2.8843
231 476 2.8858
224 530 2.8881
231 602 2.8912
214 625 2.8923
214 638 2.8927
214 664 2.8938
215 680 2.8945
216 698 2.8952

217 700 2.8953



TABLE XV - (continued)

Film No. t°c a (R)
215 699 2.8952
206 713 2.8959
205 718 2.8968
206 725 2.8964
207 734 2.8967
217 738 2.8968
221 742 2.8970
207 746 2.8973
221 752 2.8975
208 755 2.8976
208 761 2.8978
209 763 2.8979
209 765 2.8979
210 768 2.8980
210 773 2.8980
202 776 2.8979
220 781 2.8982
210 785 2.8983
210 793 2.8989
211 801 2.8990
211 812 2.8993
221 825 2.8998
212 831 2.9002

212 856 2.9013




TABLE XVI

Lattice parameter of 99.985% pure iron; sample B

(For refraction correction add 0.0001 R)

Film No. Temperature Lattice parameter
(°¢) ()
123 25 2.8663
127 125 2.8704
127 250 2.8755
127 378 2.8814
126 612 2.8916
126 637 2.8926
123 660 2.8938
126 723 2.8964
123 752 2: 8975
123 760 2.8978
123 765 2.8978
124 771 2.8979
124 777 2.8980
124 781 2.8981
125 807 2.8993
125 824 2.8999
125 840 2.9006
126 852 2.9014

125 860 29015




TABLE XVII
Lattice parameter of 99.9% pure iron; sample C

(For refraction correction add 0.0001 X)

Film No. Temperature Lattice parameter
(°c) (R)
67 25 2.8663
68 25 2.88064
69 25.0 2.8863
87 140 2.8709
78 230 2.8745
77 255 2.8755
86 265 2.8760
86 369 2.8806
77 370 2.8806
77 464 2.8848
78 571 2.8892
66 641 2.8930
67 650 2.8934
67 658 2.8937
67 665 2.8940
68 675 2.8943
68 677 2.8944

69 695 2.8952



Film No.

70
71
T
71
71
12
72
72
¥2
81
74
83
76
83
83
84
84
84
84
85

85

TABLE XVII - (continued)

t°c

700
FLL
123
728
738
745
750
754
756
763
767
773
783
794
802
821
840
859
879
892

900

a (R)

.8954
.8958
.8963
.8966
.8970
.8972
.8974
.8975
.8975
.8975
-8975
.8975
.8980
.8984
.8987
. 8995
-9003
-9010
.9018

-9023
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TABLE XVIII
Lattice parameter of sample D**, containing 220 p.p.m. N

(For refraction correction add 0.0001 R)

Film No. Temperature Lattice parameter
(“e) ()
510 15 2.8659
512 25 2.8663
510 | 600 2.8906
518 613 2.8911
510 643 28922
518 658 2.8929
514 671 2.8937
510 683 2.8939
517 710 2. 8952
514 718 2.8959
518 123 2.8957
517 725 2.8958
515 732 2.8961
518 735 2.8960
512 740 Z-8959
511 748 2.8961
511 752 2.8961

519 753 2+8961



TABLE XVIII - (continued)

Film No. t°c a (R)
512 768 2.8965
517 772 2.8970
511 773 2.8973
519 778 2.8974
515 780 2.8981
513 785 2.8983
516 795 2.8988
515 820 2.8997
513 827 2.9001
516 842 2.9006
516 858 2.9014
514 877 2.9019

*% See Table X, page 50.



TABLE XIX
Lattice parameter of sample E, containing 170 p.p.m. N

(For refraction correction add 0.0001 R)

Film No. Temperature Lattice parameter
(°c) (2)
610 15 2.8660
605 25 2.8663
602 599 2.8907
602 641 28925
606 666 2.8932
602 689 2.8944
602 711 2.8954
608 720 2.8957
601 738 2.8963
6O 745 2.8964
609 748 2.8964
608 750 2.8964
603 755 2.8965
603 764 2.8967
603 770 2.8972
609 773 2.8975
605 778 2.8979
604 782 2.8980
604 784 2.8980
604 791 2.8984
607 807 2.8992
606 824 2.8994
605 835 2.9003
607 850 2.9006
604 858 2.9013

607 875 2.9020




TABLE XX

Lattice parameter of sample F, containing 110 p.p.m. N
o
(For refraction correction add 0.0001 A)

Film No. Temperature Lattice parameter
(°c) (8)
850% 612 2.8913
850%* 675 2.8937
802 694 2.8948
800 729 2.8960
850* 736 2.8962
800 738 2.8963
850% 742 2.8964
800 742 2.8965
800 752 2.8968
851% 756 2.8968
800 758 2.8970
§52% 761 2.8970
801 762 2.8972
801 766 2.8975
852% 767 2.8972
801 A2 2.8977
852% 772 2.8977
852% 775 2.8977
801 780 2.8980
801 785 2.8983
g§52% 787 2.8980
853*% | 793 2.8983
802 7l 2.8988
802 843 2.9004

* Repeated sample F



Determination of nitrogen in sample D

Using equation

(7

), page 49,

Nitrogen in p.p.m. = (PVM x 1000)/ RTW x 760

where P

Therefore:,

N2 in p.p.m.

Il

1l

86 microns

338 cm’

28.2

82.05 cm3—atm/deg. mole
296.5°K

0.2 gram

86 x 338 x 28.2 x 1000/82

.05%296.5%0.2x760
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Determination of nitrogen in sample E

Using equation (7)., page 49,

Nitrogen in p.p.m. = (PVM x 1000) / RTW x 760

where P = 65 microns
V = 338 cm®
M = 28.2

R = 82.05 cm3—atm./deg. mole

T = 296.5 °K

W = 0.2 gram

Therefore,

N, in p.p.m. = 65x338x28.2x1000/ 82.05x296.5x0.2x760

167 (p.p.m.)

]



Determination of nitrogen in sample F

Using equation (7), page 49,

Nitrogen in p.p.m. = (PVM X 1000)/ RTW X 760
where P = 42 microns

v = 338 cm’

M = 28.2

R = 82.05

T = 296.5

W= 0.2 gram

Therefore,

N, in p.p.m. = 42x338x28.2x1000/ 82.05%x296.5x0.2x760

il

108 (p.p.m.)

86
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