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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 ~at 2 5°C . At the same t emperature , the l a tti ce 

parameters of 1ron samples we r e found to b e : 2 . 86621 ~' 

2.86624 ~and 2.86614 ~ for purities of 99.999 %, 99.985 % 

and 99 . 9 %, respec tive ly . By measuring high angle back r e -

flection lines, the linear coefficients of thermal expansion 

of both nickel and iron were precisely d e t ermined . Both, 

high puri ty nickel and iron, e xhibited a nomalies 1n their 

expansion coefficients near their Curi e points. This lS in 

agreement with some o f the previously r eported data . 

Some data i n lite rature show no chan ge in lattice e x-

pansivity of iron at the Curie point. In an effort to ex-

p l ain the disagreement, the effect o f nit rogen dissolution 

on the lattice parameter of iron was i nvestigate d . It was 

fou nd that nitrogen decreases the Curie tempe r ature of 1ron 

a nd that this shift i s related to its concentration 1n 1ron . 

At a concentration of 110 p . p .m., the e xpansion coeffici e nt 

of iron r e mained a lmos t constant b e tween t h e t e mperature s : 

0 0 7 30 a nd 780 C. The r e was no effect of nitrogen o n the 

lattice parame ter of iron at room t e mp e rature a nd t empera­

ture s we ll a bov e the Curi e point o f 780°C ( within e rror 

limits ) . 
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PART I 

THE THERMAL EXPANSION OF NICKEL 



CHAPTER I 

IN'l'I<.ODUCTION AND LI 'l'EEATURE REVIE'iJ 

Like the compressibility and heat capacity, the 

thermal expansion coefficient is important because it 1s 

one of the independent thermodynamic properties which 

can be measured experimentally with high precision. 

With the development of the th2ory of the defect 

structure of crystals, high precision measurements of 

la·ttice 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 if 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 tem~erature golng 

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 
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to r e check the lattice parameters and the thermal 

expansion coefficients of pure nicke l at room and ele-

vated temperatures. 

Most investigators found a thermal expans1on anomaly 

of pure nickel in the Curie temperature region. By a 

dy latometric method Colby(l) found that the coefficient 

of e xpansion of high purity e l e ctrolytic n ickel increas e d 

rap idly between 220°C and 360°C, r e turning to its 

previous v a lue at about 370°C. With other spec ime ns of 

lower purity nicke l the same effect was observed : the 

thermal coefficient incre ased with t emperature until a 

critical r egion in the neighborhood of the magne tic 

transformation was reached , and then decreased to a 

certain value before increasing again with f urthe r ris e 

of temperature. 

Hidnert ( 2 ), who d e t e rmined t he therma l e xpansion o f 

a nickel specim en , 99.4 per cent pure , in the form of a 

12 i nches lon ? rod, ove r the temperature r ange 25°C to 

90 0°C, found an i rre gula rity in the expansion nea r 350°C . 

Clarke Williams(J)' using a s ensitive optical method 

and a single crystal of nicke l , made a de taile d inve s ti­

gation o f the therma l e xpan s ion o f the metal near t h e 

mentioned transformation t e mperature . He found that the 

pure st nickel availab l e s howe d a maximum in e xpansivity 

3 



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

ature. 

While investigating for a new crystal form of nickel 

. 0 0 ( 11) at temperatures extend1ng from 450 C to 1200 C, Jesse 

made X-ray measurements of very pure nickel, ' ·: +:.ained by 

reducing pure nickel oxide in hydrogen. The data obtained 

by him are plotted versus temperature in Fig. l. 

The same was done with the results of Owen and 

Yates(S) who measured the thermal expansion of 99.98% 

pure nickel over a temperature range from l2°C to 600°C by 

determining the lattice parameters (Fig. l). The maxi mum 

value of the thermal coefficient of expansion occurred at 

370°C, at the point of magnetic transformation. 

Kohlhaas et al. (6 ) determined the lattice parameters 

of polycrystal nickel, 99.997% pure, as a function of 

temperature up to melting point. Ther2 was a definite 

influence of the magnetostrictive region on the volume 

expansion (Fig. 1). 

The measurements were reported with a nicke l sin g le 

" ( 7) crystal (99.977% pure) by Dunner and Kohlhaas between 

90° and 1670°K. ~h e t ern -~ture d ependence of the lattice 

paramete rs was to: .. td in ' · _,:;ordance with the magn e tostric-

tive behavior of nickel. ~he re was a max1mum of the 

expansion coefficient at 630°K (357°C). 
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CHAPTER II 

EXPERIMENTAL 

A. SMIPLE lU·JD SAMPLE PREPARAT I OI\J 

Pure nickel powder (below 350 mesh), low 1n 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 line s 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 , 
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and sharp diffraction lines resulted. The e quipment and 

the experimental method are described in the literature 

(8)' (9)' (10). 

(a) Preparation ofthe powdersamp~ for X-ray diffraction 

To get sharp diffraction lines, well-centered and 

undistorted crystalline samples are nece ssary. A fibe r 

of lithium-boron glass of about 0.05mm diameter was glued 

to the tip of the sample holder in the camera cover. ~he 

whole was the n place d unde r a mic roscope in such a way 

that the glass f ibe r was horizontal. By adju s ting the 

screws of the sample centering head under the microscope , 

the glass fiber was positioned until its axis o f rotation 

coincide d with the came ra cover axis. 

The glass fiber was the n coated with a thin laye r of 

oil which served as an adhesive . The powde r was spre ad 

uniformly ove r the coating s o tha t the ove r a ll diame ter 

did not exc eed 0.2mm. A thin layer of powder i s ne c e s-

sary to pre vent broading a nd s h ifting of the dif f r a ction 

d ' . ( 11) 
line s a nd t o avoid the e rror u e to aosorpt1on . 

Afte r mounting , the s amp l e was ce nte r e d aga 1n a n d 

the cove r with the powde r moun t was pu t on the came r a . 

By vie wing the powder sample within the came ra through 

the col limator u s ing a magn i fy ing g l ass , the c e nte ring was 



checked aga1n. 

(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 

. h . (10) 1n t e l1terature . 

The whole camera was placed in a thermostat which 

maintained a constant temperature between 15 to 50°C with 

0 an accuracy of 0.05 C by circulating water. Af ter 75 

minutes exposure , all fi lms were proc e ssed in a standard 

manner. 

(c) Film measurement A comparator having a prec1s1on of 

O.OOlmm was used to me asure the diffraction lines on the 

asymme tric film (Fig. 2). The film was placed between 

two glass plates of the comparator and adjusted until 

the inte rse ction of the cross hairs of the microscope 

trave l ed along the equator of the diffraction pattern. 

By me asuring the max imum d e nsity position of the 

l i n e , the e ffe c tiv e f ilm circumf e r e n c e , the conve r s ion 

factor ( from rrnn to de gree s ) and the high back r e f l ec tion 

Bra gg angle s we r e calculate d (l2 ). 

(d) X-ray dif f raction patte rn and inde xing o f p a tte rn 

. (13) d' . Applying a graph1ca l me thod , c oppe r ra 1 a t1on 

8 
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( AKa1 = 1.54051 A ) was found to be appropriate to get the 

highest back reflection line s. They al so we re sharp a nd 

intense (Fig . 2). 

The nickel diffraction pattern obtaine d was also 

indexed graphically, using the reciprocal latti ce 

( 13) 
method , as shown in F i g . 3. 

(e ) Lattice paramete rs and coefficient of the rma l expansion 

The l a ttice parame t e rs we r e calculate d from the last 

indice s ( Eh 2 = 20, i. e . hkl = 420) u sing for the cubic 

system the formula: 

a - A 

where A is the wavelen gth of the r ad iation used 
0 

(1) 

(Cu K AI = 1.54051 A), 8 -the r ef l e ction (Bragg) a n g l e 

and h , k , 1 - the Mille r indice s o f the r e fl e cting p l a n e . 

In equation(l), the wave l e ngth A, and the Mi lle r 

indices , h , k and 1 are constan t for a c e rtain substance 

and r e fl e ction plan e . Hence , Eq . (l) c a n b e reduced 

to: 

a = K / s in G ( 2) 

10 



?igure 3 Choice of t he proper radiation for nickel (f .c.c. ) . 

(Copper rad i a ti o n giv es the lowest back reflection angle) 

f--J 
f--J 



( 3) 

In the present case, K = 3.44468508 for the plane 

(420) and Cu K a 1 radiation. 

The coefficients of thermal expansion were calculated 

from the average lattice parameters at different tempe r­

atures using the following equation: 

= (da/dt)t /at ( 4) 

where at is the lattice parameter at the temperature 

t of exposure and a is the parameter at t 0 = 25°C. 

In equation (4), (da/dt) lS 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. 

12 



(C) THE HIGH TEMPEPATURE STUDY 

Using a high temperature camera, the thermal expan­

Slon of pure nickel powder was determined up to ll00°c. 

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

circular camera, made by Dr. Seemann 1n Germany, was used 

in this investigation. This camera, wh ich can be operated 

up to 1350°C, has a platinum heating coil closely surround-

1ng the sample. The camera was originally designect for 

the symmetric film loading, but it was modi fied h e re for 

use with asymmetric films to ensure more precise lattice 

parameter determination. By shifting the movable cassette 

containing free film Parallel t o the cylinder axis by 5 mm , 

five exposures at different temperatures could be obtained 

on one film. The details of the camera are already 

described (l4 ). 

(b) Temperature calibration The temperature i nside the 

camera was set by an e l ectronic controller , conne cte d with 

a platinum platinum-rhodium the rmocoup l e , its tip b e i n g 

located close to the e nd of the powder sample ins ide the 

high temperature c a me ra. Beca u se of t h e unavo i dab l e t h e r -

ma l g radie nts ins ide t h e c ame r a , the t h e r mocouple di d n o t 

actually measure the true t e mpe r a ture of the s a mple , there -

fore , the camera h a d to b e c a libra t e d . Howe v e r , it could 

13 
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be assumed that the t emperature was uniform ove r the 

portion of the sample exposed to X-rays, because of its 

ve ry small slze . 

The tempe r a ture calibration of the high t e mpe rature 

camera consisted simply in establishing the relationship 

b e tween t he true tempe rature of the e xposed portion of 

the sample and the t e mpe rature r ead from the indicating 

instrument of the e lectronic controlle r. 

This c a n be d one by r e cording the cha nges ( t ransi-

tions a nd me lting) that take place in the diffraction 

patte rn o f the various metals by slowing increasing or 

de creasing the tempe rature of the samp l e . By p reparin g 

severa l dif f ract ion photographs above a nd b e low t he me l t -

ing point of the me tal, the t e mperatur e on the indicating 

instrument was fi xe d. The f ollowing me t a ls we r e used for 

thi s purpose : I n , Bi , Zn , Sb , Ag , and Au . The i r me lting 

points in °C are 1 56 . 5 , 2 7 1 , 419, 630 . 5 , 960 . 5 and 1 0 63 

r espective l y . Pure iron wi t h A3 poin t at 910°C was a l so 

used f or this purpose . 1\ s t h e meta l pass e d from the 

crystallioe to t h e liquid stat e , its diffraction patte rn 

disappear e d and the res p e ctive terperatu re on t he indi -

e a ting instrume n t was note d . The t e mpe r a ture r e adings 

1 d . l . 2° of the indicati ng instrume nt were contro l e wltlln J C . 

The resul ts arl2 ;hown in Tab l e I and p lotted in Fig . 4. 



TABLE I 

Determination of the true sample temperature 

inside the high temperature camera. 

(air inside camera) 

Metal Melting point 

(OC) 

In 156.5 

Sn 232 

Bi 271 

Pb 327 

Zn 419 

Sb 630.5 

Al 660 

Fe (A 3 ) 910 

Ag 960.5 

Au 1063 

(A) Present work 

(B) Kim(l 5 ) 

(C) Ri ad ( 14 ) 

Indicating instrument 

reading (oC) 

(A) (B) (c) 

125 70 133 

175 

180 242 

265 

338 383 

588 580 603 

641 

880 885 

933 955 

1041 1041 1068 

15 
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Fig. 4 Temperature calibrat ion curve fo r the 
Seemann c a me ra . 
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Colrpar . tl' 'th . l 'l . (14 15) t . lng · 1em Wl prevlous ca lDratlon resnl ts ' . 

It has to be mentioned that all the X-ray exposures 

of the present investigation were made unde r the same 

e nvironmental conditions as for the calibration. 

(c) Sample preparation for high ter~-tperature X-ray d iffraction 

Pure nicke l 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 t:.he powder sample 

was kept close to 4mm. To reduce the amount of air inside 

the capillar y and also to increas e the strength of the 

capillary for handling, a quartz r od (plug) was inserted 

inside the capil lary tube and the capillary tube was 

s ealed of f under vacuum. The quartz capsule was then 

fused to the tip of a quartz rod of lOmm in length as a 

handle and the whole was cement e d to the tip of the sample 

holder by means o f MgO cement . The sample was adj usted 

and cente red under a microscope. 

(d ) Thermal expansion of nickel Asymme tric X-ray diffrac -

tion patte rns we r e obtained at v ar ious temp 2ratures f rom 

the powder samp l e described above . 

The l attice parameters we r e ca l c ulated f rom (420 ) 

0 
and the Bragg angle o f a bout 7 8 obtained with Cu Kl~ 1 



radiation in the same way as from room temperature films. 

The coefficients of linear thermal expansion were 

calculated from: 

a = (da/dt)t I a 25 ( 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 25 , the lattice parame t e r of pure nickel a t 

25°C. 
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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 inaccura te knowledge of the tempe rature of 

the sample are also eliminated by keep ing the whole camera 

at a constant and known temperature. Under such conditions, 

a precision of the order of 1:20,000 h as be en r eached . 

Table II shows the present lattice parameters of pure 

nickel at various tempe ratures. A straight line relation-

ship in the temperature-lattice parameter plot is obtained 

d h l · ff' · f l4.9 x lo- 6 0 c -l an a t erma expans1on coe 1c1ent o (see 

Fig.S) is calculated. This i s in good agreement with the 

-6 0 -1 . value of about 14.5 x 10 C g1ven by Owen & Yates as 

deduced by extrapolatio n of their a vs temperature plot . 

With the present a the lattice parameters at var i ous t e m­

peratur~are deduced to those of 25°C and the refraction 

correction is added (Table II). 

The l a tti ce p a r ame t e r of t h e ni cke l sample de termined 

in this investigation is compar ed with that of pure nickel 

of previous determinations in Table III . The present 

19 
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TABLE II 

Precise lattice parameters of pure nickel be twee n 15 and 

50°C, and reduced to 25°C by a = 1.49 x 10- 5 0c-~ 

* 

Temp. 

17.3 

17.8 

25.0 

33.4 

40.0 

5 0.0 

3.52349 

3 .523 54 

3. 5 2389 

3.52434 

3.524 57 

3 . 52 5 2 3 

3.52389 

3 .52 391 

3.52389 

3.52390 

3 . 5 2378 

3 . 5239 2 

* Ave rage : 3 .52388 + 0.00003 

** Refr . corr . +) 0. 00011 

Final va lue (a 25 ) : 3. 52399 + 0. 0000 3 

Usi ng t he equ a tion 
S' = 0.67 5 { L: (dx ) 2 I (n -1) }1 / 2 (6 ) 

whe r e S ' 
2 

i s the probabl e e rror , L jx ) t h e s um 

of the square of t h e deviatio n s , and n the 

numbe r o f measure me nts or d egre es o f fr e e dom . 

** See r e f e r e n c e (1 5 ), e quation (8 ). 



TABLE III 

Published lattice parameters of pure nickel at 

room temperature (without refraction correction~ 

Author T(°C) Year at a25 ** Remark 
(purity) 

J es s e (4 ) 20 1934 3.5251 3 . 52536 tra c e of Co 
and Si 

Owen and 
Yates(5) 18 1936 3.5243 3.52467 99.98 % Ni 

Kogan and 27 N. 58 
Bulatov(l6) (300°K) 1962 3 . 5157 3 . 515 6 99.98 % l 

Foil 

Kohl haas 
e t al. ( 6) 20 1967 3.5232 3 . 52346 99 .. 997 % Ni 

Present 
work 25.0 1971 3.52389 3 . 523 89 purified, l ow 

in cobalt 
by Straumani s 
c a me ra 

Present 
work 25.7 1 971 3.5239 3.52 38 7 puri f i e d , l ow 

in coba lt 
by high t e mp . 
came ra 

0 0 ** Reduce d l a ttice parameter from t C t o 25 C , us1ng 

a = 1.49 x 10-5 °C-l 

2 2 



a 25 = 3.52389 R, obtained in the Straumanis camera, and 

a 25 = 3.5239 ~' 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( 5 ). All these 

results are in very poor agreement with the a 25 of Kogan 

(16) . 
and Bultatov who employed hlgh-angle X-ray pattern 

b y a graphical method(l?) and obtained a comparatively 

low value for a electrolytic nicke l foil (a 2 7= 3.5157 R). 

High temperature thermal expansion of nickel was de-

termined in a high temperature X-ray camera, modifie d for 

placing a symmetric f ilms . The r e sults a re coll e c ted i n 

Table V. That this high temperature camera works as wel l 

at room temperature a s a p r e cision(Straumanis) c ame ra is 

s hown i n Ta bleN. 
TABLE IV 

Lattice parameters(at) of nickel in the h i gh 

temperature and in the p reci s i o n came r a 

Temperature 

(OC ) 

La t tice par ameters ( ~ ) 

Prec ision 
c ame ra 

High temperature 
c ame r a 

* 

25 .0 

2 5 . 7 

4 0.0 

5 0.0 

3 . 52389 

3 . 52 45 7 

3.52523 

Average (a 25 ) 

3 . 52389 

3 . 523 7 8 

3 . 52392 

3 . 52386 

3 .523 9 

3 . 52 47 

3 . 5252 

3 . 52 39 

3 . 5238 

3 . 5239 

3 . 52386 

Th e at v a lues reduced to t he same temperature by 

a = 1 .4 9 x 1 0- 5 °C- 1 . 
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TABLE V 

Lattice parameters of nickel at various temperatures 

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

Jesse( 4 ) and Kohlhaas et al. ( 6 ) 

Lattice parameter (R) 

Film No.* T(°C) Present Owen & Kohlhaas 
work Yates et al. 

16 3.5243 

20 3.52 46 

#2 25.7 3.5239 

#3 40 3.5247 

47 3.5246 

#7 50 3 . 5252 

90 3.5266 

98 3.5283 

#2 115 3 .5 289 

1 34 3 .5285 

186 3.5330 3.5315 

220 3 . 5337 

#2 225 3 . 5345 

#13 250 3 .5 359 

25 7 3 . 5295 

#2 273 3 . 537 0 

282 3 .5373 

* Re fe rred to the present work 
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25 

. . ' i .) i.J J .; - ---
(conti nued) 

l i 1m : ~ () . T(°C) Present Owen & Kohlhaa s 
work Yates e t a l. 

!: 12 291 3 . 5386 

301 3 . 5390 

i=12 308 3.5399 

::3 315 3.54 0 3 

:: 11 3 2 5 3 . 541 0 

r 3 330 3 . 5412 

333 3 . 5409 

:i ll 342 3.5 421 

34 5 3.5404 

:: I 350 3.5427 

3S2 3. 5 422 3 . 5413 

3 5l) 3.5428 

::12 360 3 . 5433 

:;11 361 3 . 54 33 

36 5 3 . 5433 

36 7 3 . 541 5 

!! I ~ ~ 37 ;~ J . 54JH 

3 7 3 3 . ~) 439 

~ 7 B 3 . 544 2 

::J~ J Hll .3 . 5 44 2 

l '·' . ) 
- ') £.. 

3 . 5430 
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'l'ABL:L V 

(continued) 

Film No. T(°C) Present Owen & Kohlhaas 
work Yates et al. 

#5 389 3.5445 

398 3.5455 

#5 399 3.5451 

405 3.5458 

#5 407 3.5455 

411 3.5460 

#5 416 3.5460 

#6 427 3.5466 

429 3.5474 

#6 437 3.5472 

#6 440 3.5474 

441 3.5450 

#1 455 3.5483 

460 3.5494 

#1 487 3.5500 

#1 505 3.5511 

513 3.5492 

#1 550 3.5537 

557 3 .555 3 

603 3 .5 580 

#6 631 3.5580 

628 3.5567 



TABLE V 27 
(continued) 

Film No. T(°C) 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 3.575±0.002 

#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±0.002 

1200 3.5987 3.599±0.002 

(All lattice parameters are converted from Kx unit into ~ 

using conversion facto1 of 1.00202) 



28 

There exists a slight thermal expansion anomaly in the 

region of magnetic transformation of pure nickel (300° to 

0 
400 C) followed by an increasing expansivity at higher 

temperatures. This is illustrated in Fig.G along with re-

sults of other investigators. 

The present results are in good agreement with those 

of Owen and Yates below 450°C and with those of Kohlhaas, 

et al. above 550°C. 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 difference s in the puriti e s of the 

nicke l samples and the uncertainity in controlling and 

measuring the temperature of the sample within t he camera. 

The the rmal expanslon coe ffi c ients of nickel were 

obtained from the plot of l attice para me t e r v e r s u s tern-

perature (see Fig. 6) using Eq. (4). The se are summarized 

in Table VI and illus trate d graphically in Fig.7. The 

c urve obtaine d by Owe n a nd Ya t es ( S) ( s hown by dashe d li nes) 

also include d in Fig .7. 

The ore sent work indicated a ma xima i n the e xpan s ion 
J. 

curve ( See Fig.7 ) at 330°C, in fair agreement with Owe n 

and Yate s and Kohlhaas , e t al . who obtaine d 3 70° a nd 357°C , 



H 
QJ 

3.590 

3.580 

3.570 

t 3.560 
8 en 
H 
en 
0-, 

QJ 
() 

·.-I 
+J 3.550 
~J 

rd 
H 

3.540 

3.530 

3.520 

Present work 

0 Owen & Yates 

0 Kohlhaas et al. 

c 

0 100 200 300 400 500 600 700 800 900 1000 
0 

Temperature ( C) 

Figure 6 Lattice parameter versus tempera­
ture of nickel. 

29 



TABLE VI 

Thermal expansion coefficients of pure nickel at various 

temperatures,calculated from Eq. (4) ,referring to a 25 . 

Temperature 

(oC) 

100 

270 

320 

340 

356 

380 

400 

450 

500 

700 

800 

900 

1000 

Thermal expansion 
6 0 -1 coefficient(xlO ) C 

15.3 

17.6 

21.1 

20.1 

18.1 

13.1 

12.4 

14.1 

15.4 

16.3 

16.7 

19 .2 

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. 
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PART II 

THERHAL EXPANSION OF IRON AND THE INFLUENCE OF NITROGEN 

ON THE LATTICE PARAMETER BETWEEN 25°C Ai'JD 

900°C,INCLUDING THE CURIE TEMPERATURE 
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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. Th u s a much more difficult problem could 

be attacked, namely, why some investigators found a change 

of the expansion coefficient of Fe at the Curie t e mperature 

and some did not. 

Thermal expansion measurements of iron by the X-ray 

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 ln doubt due to the divergent r e -

sults obtained, as shown by the curves of Fig.8. 

The lattice parameter of pure electrolytic and h ydro-

gen reduced Fe 2o3 iron at room temperature was first mea­

sured by Hull {l B). Then Davey determined the structure of 

iron in l924(l 9 ). Lattice parameter redeterminati o ns by 

many investigators followed. On Table VII the results of 

various authors are collected. 
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TABLE VI I 

Lattice p a r ameter of alpha iron at room tempe ratur e u p 

to the year l943( continua tion o f thi s t ab l e see p52 ). 

Author Year Puri t y 

Hul l (l 8 ) 1917 2 .86 e l ectro l y t ic 

Da v e y(l9 ) 1 92 4 2 . 86 1 chem . pure 

Blake (20 ) 1925 2.8661 

Davey( 2 l) 19 26 2 .8 661 

Mayer( 22 ) 1 92 9 2 . 865 

Van et al. 
( 2 3 ) 1931 2 . 867 2 

Brad l ey & J ay (2 4) 1932 2 .8663 

Esser & 
II ( 2 5 ) 

Muller 1933 2 . 8669 

Owen & Yates (26 ) 1 933 2 . 86675 

Straumanis & 1936 2 . 8664 
Ievins (27) 

Montoro (28 ) 1937 2.86665 

Hanawal t et al. 
( 29 ) 1 9 38 2 . 863 

Troiano & 1943 2 . 8665 
McGuire ( 3 0 ) 

( All lattice parameters are converted from Kx into ~ 
using the conversion factor of 1 . 00202 ) 

Fe 
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High temperature measurements were made by Esse r and 

II ( 2 5) 
Muller , with three g rades of vacuum me lted electr olytic 

iron using cobalt r adiation to measure the ir lattice para ­

meters up to ll0 0°C. The extrapolation me thod of Bradley 

and Jay (24 ) ~as used t b t · th l t ' w o o aln . e at lce parame ter, 

e xtrapolated t0 90°. Two of his s ample s showe d lattice 

parameter anomalies in the Curie t e mpe r a ture region, while 

with one the anomaly was undetectable . The thermal expan -

sivity was found highe r than from pre c eding dilame tric 

measure me nt . 

By u sing a modified Unicam 19-cm- d iame t e r h i gh temp­

erature camera , Basinsk i e t al . (3 l) measured the l attice 

0 
paramete r s of 99 . 969 % pure i r on between 2 0 and 1 5 0 2 C. 

'I'hey conclude d that "the forces r espons i b l e for fe rromag-

netism do no t affect the interatomi c d istance s by more 

than l part i n 10,000." 

The measurements in a similar a rrange me nt we r e 

r e peated by Goldschmidt( 32 ) with 99 . 99 % iron powder . llis 

resu lts show an almost pe rfe ct linear e xp ansion of iron 

(a =const.) up to 90 7°C. 

In de t e r mi nin g the the rmal expansion coefficie nts o f 

37 

iron a nd its oxides at e l e vated t e mperatu r e s , 
( 3 3 ) 

Go r ton e t a. l . 

us e d a 114. 6mm De bye - Sche rrer came r a arran ged for as ymme tric 
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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 (765°C). 

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 expan sion at the 

point of magnetic transformation was observed . 

The most successful investigation concerning the lat­

tice parame t e r and t e mpe rature r e lationship, particu larly 

in the region of Curie temeprature, was made by Ridley and 

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

having a relatively high oxyge n content. A small , but 

easily detectable lattice parameter anomaly was found at the 

Curi e t e mpe rature. The specime ns were prepare d from fi l i ngs 

that p as s e d a 200 mesh B.S. sieve but we re retained on a 

3 00 me s h B. S . sie ve . 

Kim(lS) u sed 99 .98 5% iron fi lings (the same as sampl e B 

of thi s investigation ) for his me as ure me nt o f lattice p a ra­

mete r, but fail e d to d e t ect the anomalous change of the rmal 

e xpansion at the Curi e point. 



In view of the diverge nt results, the pre sent investi-

gation was undertaken with atte ntion c e ntere d around t he 

measurements o f the l a ttice expansion of iron n2ar its 

Curie tempe rature. 

A t . d p . ( 35) 1 • l d . . us -ln an 1e rce , wn1 e e t erm1n1ng by me ans of 

an interfe rometric method the linea r the rmal expansion of 

ten samples of "pure" iron in vacco from room temperature 

to 950°C, sugge sted that at high t emperature s the expan-

s i on o f pure iron is s e nsitive to impurity trac:s . Based 

on this conclus ion, the inte ntion of tlw presen t wo r k was 

to study f irs t t he i nflue nce of pure nitrogen , which 

occupies a lmost 80 volume % of the atmo sphere . 'The amount 

of nitroge n was controlled s o that an a - s olid solution 

could be obtained . Fig . 9 also shows the a - solid solution 

r e gion and the Curi e t e mperatures in depe nde nce of the 

nitroge n concentration. 
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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 < l 

Silver < l 

Sample B is a high purity zone-re f ined iron (99 . 98 5%) 

which was us e d previously by Kim(lS) for hi s X-ray work . 

In Table VIII a typical analysis of this sample is give n. 

'l • • 1 h • (15) Detal s are 1n Klm s t es1s . 

41 

Sampl e C, 99.9 % pure iron, was r eceive d f r o m Koch- Lig ht 

Lab., LTD, England (Batch No . 38536) . It contains smal l 

amounts of nicke l a nd traces o f carbon , nit rog e n a nd oxyge n . 

Whe n these e l e me nt s are r e move d (by h eat i ng the s a mpl e und e r 

vaccum or in a hydroge n atmosphere) , iron in a very pure form 
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TABLE VIII 

Analysis of high purity zone-re fined iron. 

(Sample B) 

Impurity im p.p.m. Impurity in p.p.m. 

Al 15 Ni 20 

Sb 5 p 9 

As 5 Si 10 

Bi 0.2 Sn 5 

B 5 Ti 1 

Cd 5 w 5 

Ca 10 v 10 

Cr 5 Zn l 

Co 5 Zr l 

Cu 7 H2 0. 2 

Pb 1 s 5±3 

Mg 5 02 1.7 

Mn 0. 5 c 9±4 

Mo 5 N2 0 . 2 

Total impu r ity content was 152 p . p .m. (99 . 985 % Fe) 



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

(B) SAMPLE PEEPARATIOH 

Although thermal charging of 1ron 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 assum~ 

to be free of any gas and was used to prepare the sample 

in the a -solid solution region (Fi g . 9). 0.4g of the iron 

powder we r e placed in a pyrex tube (about 1 5cm long and 

0.8rnrn of i.d.) with one end sealed. A neck was made 

somewhere about 5 ern from the closed end of the tube . 

Then the tube was connected to a mechanical pump, e vacuated 

and a known amount of pure nitrogen, as read from a mono­

me t e r was intr oduce d into the tube . Fig . 10 shows the 

a rrange me nt for filling the tube with nitrogen . Finally, 

the tube was s ea l ed at the n e ck, its volume estimated , 

heated in a n e l ectric f u rnace at about 600°C r o r a pre -

d e termine d t ime , a nd then air-coole d . Thre e samples with 

different amounts o f nitrogen heate d for various periods 

were prepared . (s ee Table X, p . 50) 
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(b) Analysis of nitrogen in lron It is clear that the 

iron samples contained both Jche "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 throughout 

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 

sample 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 

any other for the determination of Nor II in steels(lS). 

(1) Gas analyzer: A Leco Hydrogen Analyzer 

(No. 534-600) which works on the principle of hot vacuum 

extraction was modified for nitrogen analysis by removing 

the catalyst (hot copper oxide) and the anhydron. A 

schematic of the analyzer is shown in Fig. 11. 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 
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TABLE IX 

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

Known amount Atmospheric 
of air(V1 cm 3 ) Press. (P 1 mm) 

0.05560 X 4 732.8 

0.05560 X 5 732.8 

o.o5560 x 6 732.8 

0.05560 X 4 732.4 

0.05560 X 5 732.4 

0.05560 X 6 732.4 

Measured 
P (mm) 

0.500 

0.600 

0.720 

0.520 

0.610 

0.728 

System vol. 
V (em 3 ) 

326 

340 

340 

313 

334 

336 

Averate: 331 ± 7* (em 3 ) 

Calibration**: 7 

3 3 8 ± 7 (em 3 ) 

* Using equation (6), page 21. 

** The volume of the dosing stopcock is smaller than that 

of the sample holder by 7 cm 3 (Fig.ll). In operation, 

the volume of the system was increased by 7 
3 

em . 
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been r e ached. The temperature of the crucible was kept at 

about 930°C. Fifteen minutes extraction at this temper-

ature was sufficient, as there were no further pressure 

increases in the analyzing p2rt (Fig . 1 1) beyond this 

period of time . 

(3) Sample analysis and calculation~ As t he weighe d 

sample was in powder form, its analysis was achi eved by 

filling i t into a stainless crucible (6mm in diame t e r and 

20mm in height) which was degassed before each run. The 

amount of nitrogen in the Fe was calculated from the 

following equat ion~ 

Nitrogen 1n p.p.m.=(PVMxl000)/RTWx760 (7) 

where P is the pre ssure r ead f rom t he McLeod gauge 

in microns , V the pre calibrated valume o f the syste m 

3 (338cm ), M the molecule weight of nitrogen (28.8), R the 

3 
gas constant (0.08204 1-atm/deg . mole = 82 .0 5 em - atm/ 

de g . mole ), T the absolute t e mpe r ature in degr ee Ke l vin , 

and W the we i ght of the samp l e (0. 400 g ). The r esults arc 

summarized in Tab l e X (calculat ions a r e made i n the 

Appendix , p . 84-86 ). 

As c a n b e seen f rom the Table X, the measu red va lue 

of N in Fe is comparab l e with the calculated (maximum) 

v a lue . 'I' ~ 1 c : s lightl y highe r measure d va lue o C sample D rnay 

b e d u e to contamiGa tion by gases , Guch as h ydr oge n , in the 

high puri ty iron powder . In each case , the v a lue s are 

within the limit o f e xperimenta l e rror . 
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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 

0 of N2 at 630 C for various time periods. 

Sam- N2 vol. 
ple cm3 

Heat. 
time 
hr. 

N2 found* 

em Hg ln % 1n % 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 Kct 1 = 1. 78892 5\) 

and the (310) X-ray diffraction line, the precise lattice 

parameters of the three iron samples were determi ned as 

well as of those charged with N. The choice of the radia­

tion, the indexing of the X-ray pattern(lS), th e prepara­

tion of the sample for X-ray work and the measurement of the 

film etc. are described in the preceeding part. The }( rt 1 

line of (310) was disregarded due to lower intensi ty. 

(a) Lattice parameter at room temperature Precise lattice 

parameters of pure iron at room tempera ture were determined 

using the asymmetric f ilm loading method. The results are 

collected in Table XI , together with pre vi o u s ly publi s hed 

data, where the purity of Fe was menti oned . Th e lattice 

parameter of the three grades of iron determined in thi s 

investigation are generally close to that of pure iron de -

termined by previous workers. The slight differe n ce between 

present values and previous ones may be within the limit o f 

experimenta l errors. 

The lattice parameter of sample B ( a2 s = 2 . 86624 ~) , 

99.985 % pure iron , is in e xce lle nt agr eemen t with that de -

. d b . (l 5 ) h d t h 1 d t h . term1ne y K1m , w o u s e e s ame samp e an e c n1que 

and reported a value 2.86623 Rat the same t emoerature. 
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TABLE XI 

Lattice parameter of pure iron determined between 1935-71. 

Author 

Jette & Foote( 36 ) 25 2.86624 

Van Bergen ( 3 7 ) 

Lu & Chang( 38 ) 

Thomas (39 ) 

Kochanovska (4 0) 

Swanson et a1. (4l) 

20 

20 

20 

25 

25 

Gr¢nvold et al. (42 ) 20 

Owen & Williams( 43 ) 

Sutton & Burne­
Rothery ( 4 4) 

Basinski et a l.( 3l) 

Goldschmidt( 32 ) 

Gorton et al. ( 33 ) 

Kohlhaas et al. (6 ) 

Ridley & Stuart( 34 ) 

Strauma nis & 
Kim ( 45) 

Present work 

Present work 

Present work 

Prese nt work 

Present wo rk 

Present work 

18 

20 

20 

20 

22 

20 

20 

25 

25 

25 

25 

25 

25 

25 

2.86651 

2.8663 

2.8664 5 

2.8667 

2.8664 

2.8663 

2.8662 

2.86621 

2.86628 

2.8662 

2.8663 

2.8665 

2.8662 

2 .86623 

2.86621 

2 .866 3 

2.86624 

2 .8663 

2 .86 614 

2 . 8663 

a 25 *(~) Remark(Fe %) 

2.86624 0.007 %C & 0.004 % 
each of Si,S & 0 

2.86668 

2.86647 

2.8666 2 

2.8667 

2.8664 

2.86647 

2.8664 

2.8664 

2.8664 

2.86637 

2.8664 

2.8666 7 

2.8663 7 

2 .86623 

2 .866 21 

2.8663** 

2.86624 

2 .8663** 

2 .8 6614 

2 . 8663** 

99.96 

99.96 

99.9974 

99.98 

99.969 

99.969 

99.99 

99.67 

99.97 

99.999 

99.985 

99 .999 

99.999 

99 .985 

99 . 985 

99.9 

99 . 9 

* Reduced by use of the expansivi ty of 3.46 x 10- 5 R;0 c 

** Determine d 1n the high t e mp. camera , e rror ±0 .000 2 ~ 
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(b) Lattice parame ters and expansion coefficients at 

elevated temperatures The thermal expansion coefficients 

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, 

a 25 was used a s r eference). 

The thermal expansion of pure iron from room up to 

A3 point tempe rature were determined. The results are 

collected in Table XV , Table XVI and Table XVII , p75 -

p79, and plotted respective l y in Fig . 12 through Fig . 17 , 

which clearly show the definite influence of magne t o -

strictive part on the thermal expansion o ~ pure iron. It 

can be see n that a small , but de t e ctable expansion anomal y 

e x ists in all three cases over a t emperature range of 

about 30°C at Curie point r egion (770 °C) . In F i g . 13 , l S 

and 17 the r e gion around the Curie point i s drawn in a n 

enlarged scal e . The thermal expansion coeffici e nts ve rsus 

tempe rature are also plotte d on these three figures . 

In 'J:able XII , the e xpe rime n tal resul ts o f ti12 the r mal 

expansion coefficients o f pure iron are summari zed a nd 

compare d with pre vious one s . As shown in P i g . 18 , the 

e xpansivity of pure iron i ncrease from room temperatu r e , 

reaches a maximum at about 500°C and then become s constant 
0 

before abruptly fall ing to a minimum at about 770 C (the 

Curie po i nt ) . 
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'rABLE XII 

Coefficient of linear thermal expansion of 

iron axl0 6 (millionths 0 pure per C). 

Temp. (oC) (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. 

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

(c) Present work, sample c 

(G) H'd t( 45 ) 1 ner 

(H) Lehr( 46 ) 
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The sudden decrease of the rmal expansion coeffici e nt cor­

responds to the anomalous change of lattice parameters of 

that temperature range. 

The r esults of the thermal expans ion measurements of 

the three Fe samples containing different amounts of 

nitrogen are collected in Tab l e XVIII , Table XIX and 

Table XX , p8 0-p8 3, and plotted in Fig . 19 and Fig . 20. 

The results revealed two facts: (1) t ha t contrary to the 

supposed small solubility of nitrogen in a -iron, the ve ry 

f ine and pure Fe powder absorbs dete ctable amounts of 

nitrogen even under low pressure (2-3cm Hg) and (2) that 

these small amounts of nitrogen decrease considerably tnc 

a -parameter particularly at the Curi e point and that this 

influence increases with the amount of N in the 1ron . 

By using the high-tempe rature camera , at room t e mper ­

ature nitroge n was found to have no ef f e ct (within the 

limits of error) on the lattice parameter o f iron. 

The therma l expansion coe ffici e nts of the three 

nitroge n - containing Fe samples we r e a l so d e t e rmine d by the 

mentioned Eq . ( 4 ) & Eq. (5 ). The data a r e summar ized 1n 

Table XIII , which are plotte d in Fig . 19 and Fig . 20 

r e s pectiv e l y . It i s appare nt that n itrogen has a def in ite 

influenc e on the expansion coefficient of iron at e l eva t ed 

t e mpe r ature s . 
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TABLE XIII 

Thermal expansion coefficient of Samples D, 

0 Temperature( C) 

600-700 

745 

750 

765 

770 

780-900 

0 E and F above 600 c. 

(D) 

14.4 

0 

2.4 

10.9 

39.0 

14.0 

(E) (F) 

14.4 13.8 

2.4 13.8 

5.0 13.8 

12.2 9.6 

29.9 14.0 

14.0 14.0 
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CHAPTER VI 

DISCUSSION 

The p resent me a sure ments on s ample A a nd s ample B a t 

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 p a rame t e rs aro und the Cur i e 

temperature and determined the anomaly in thermal expansion. 

Th f . 1 f . ( 15 ) d . k . ( 31 ) e al ure o Klm an Baslns l e t al. t o obs e r ve 

the a noma lous e xpansion o f iron i s maybe due t o l ack o f 

sufficient density of lattice parameter measurements in the 

r e gion of the Curie point. This can be clearly seen from 

Fi g .l4 (a l so Fig.lS ) : there is a good a greement be t ween t he 

present measure me n t s a n d those of Kim and Basins k i et al ., 

except one experimental point, which eliminates the hori-

zonta l p a r t of the c urve at the Curi e point. It may a l so be 

t h at t h e Fe used b y Kim h a d a s l ightly differen t compos i tion 

tha n the pres e nt sample , al tho ugh pre pared from the same 

piece of t he zone r e fi ned i ron. As can b e f ollowed from the 

Fe con taining some N, t h e a - parameter at the Curie point is 

very sens i t ive t o certain i mpurities. 

Fig . l9 and Fig . 2 0 show the thermal lattice e x;;:an s i on 

of n itrogen- charged iron and of p u re iron (sample A) ln 

the r egi on of Cu rie temperature . The c u rves indi cate t hat 

nitroge n has a definite influence on the latt ice p arame ter 
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of pure iron, decreasing it at elevated temperatures. 

However, this gas has no effect at room temperature (see 

~able XVIII 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-iro~ (Fig.20). The Curie 

temperatures \vere 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 (l), page 62, the another source of 

nitrogen in o-iron might be from the decomposition of nitride 

0 ) . during the high-temperature (above 600 C X-ray exper1ment, 

since iron nitride is unstable and tends to decompose at 

elevated temperature. 

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

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

Lattice parameters of pure Fe (samples A,B & C) 
and of N-containing Fe (samples D, E & F) ' a in 

£. of samples above 780°C. 

T(°C) (A) (B) (c) (D) (E) (F) 

780- 2.8982 2.8981 
783 

2.8980 2.8981 2.8980 2.8980 

784- 2.8983 2.8983 2.8980 2.8980 
785 

793 2.8989 2. 8983 
794- 2.8984 2.8988 
795 

801 2.8990 2.8987 

812 2.8993 

820- 2.8995 2.8997 
821 

824- 2.8998 2.8999 2.8994 
825 

831 2.9002 

835 2.9003 

840- 2.9006 2.9003 2.9006 2.9006 2.9004 
843 

852 2.9014 

856- 2.9013 2.9010 2.9014 2.9013 
859 

875 2,9020 

877 2.9019 

879 2.9018 

890 2.9023 

axlO 6 14.0 15.4 14.3 14.0 14.0 14.0 



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 nitroge n, the lattice para-

meter of one nitrogen-charged sample was measured below 

0 at 760 C. Then the sample was heated above 800°c 

for s evera l hours, cooled down to 760°C and t he latt ice 

parameter measured again (the X-ray patterns were on one 

film) . A higher value was now obtaine d, which can be 

explained by the escape o f n itrogen from the iron. 

Fig. 19 shows clearly that small amounts of dissolved 

N (110 p . p.m.) lower the lattice parameter of Fe at 

ele vated tempe r ature s to such an ext e nt tha t a straight 

line r e lat ionship in the plot of l att ice paramete r versus 

temperature r e sults. Fig. 19 a lso indicates t he r e produc i -

bility o f the meas ure me nts with such sample s (the r epeated 

sample F shows a small dip) . This behavior of t h e solid 

solutions a lso explains why s ome i r on s ample s di s play a 

distinc t Curie point , while othe r s show only a ve r y weak 

bend if at all . Thus, v e ry eas ily a straight line can b e 

drawn through a ll the e xpe rimental points (Fig . 19 ) as i t 

probably was in case o f the measure ments of Ba s in sk i e t 

" al ., Kim, Dun ne r e t al . and othe rs (see Fig . 8 ), while 

Kohlhaas e t a l. obse rve d a distinct Curie point . Of 

course , s ome othe r impurities in i r on may c a use a s imilar 
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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 1n 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(JS), that small amounts 

of impurities in iron play an important role in the 

thermal expansion of this metal at elevated temperature. 
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CHAPTER VII 

l. The l attic e paramete r of pure n i cke l at 25°c is : 
0 

a = 3 . 52399 t 0 . 00003 A (with r efraction correction) 

2 . Pu re nicke l d i splays a t hermal expansion anomaly at 

the Curie point (350°C). Although the c xpansivity of 

nicke l is constant in the room t eMperature ran0e 

(l5 -55°C ) , i t i ncreases parabolica l ly with t c mp0ralurc 

at elevated temperatures , except of an a b rutJt c;l <:Hlc;c 

ln t he Curie point region . 

3 . The lattice parameters of iron at 25°C f rom one f ilm 

are : 
0 

a = 2 .8 662 1 A for 99 . 999 ~ Fe 
0 

a -- 2.86624 A for 99 . 985 \5 Fe 
0 

a = 2.86614 A f or 99 . 9 % Fe 

4 . All three grades of iron show a minimum ln tilcTmal 

expansivity a t t h e Curie t e mperature (7 70°C) r cgiou , 

h aving a n a rrow t e mperatur e range o f abou t 30°C: . '_';1c 

anomalous change of the ther~al expansion i s i n a gree -

- ( 3 4 ) 
me nt \.vi t h the me a sure me nts o f R. i dl c~' and Stuart 

a n d s ome earlie r worke rs . 

5 . The t h e rma l expan s ion coe ffici e nt of pu r e iro n reache s 

- 6 - 6 0 - 1 
a max imum (a =l5 . 9xl0 for samp l e A a n d l G. BxlO C 
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for sample B & sample C) at a uout S00°c , 1n agreeme nt 

with previous results. 

6. By employing a very fin e powder and a low pre ssure 

nitrogen atmosphere, thermal charging (600°C) of a - Fe 

with nitrogen is possible. Three s a mples conta ining 

220, 1 70 and 110 p.p .m. (with in the a - phase ) we r e 

obtained and were used for hi gh t e mpe r ature )(-ray worl<. 

7. Nitrogen has no effect (within the limits of e rrors) 

on the lattice parame t e r of iron at room tempe rature . 

However, it does depress the therma l e xpansion o f iron 

at high temperatures, decreasing the lattice paramete r 

o f Fe e specially in Curie point range . 

8 . Nitrogen lowers the Curie t emperature of iron f r om 

768°C to about 750°C depe nding on the N content , which 

. h 1' d t ( 4 B) agrees w1 t ear 1e r a a . 

9. At a c e rtain nitrogen conce ntrat i on (110 p . p . m. ) 1n 

Fe , a b e nd 1n the a - T p l ot a t the Curie temperature 

can hardly b e notice d. 

10. Nitrogen e scap e s from iron at 780°C . Above that t emp-

e r ature the l a ttice p a r a meters o f a l l the Fe samp l e 

i : )\,· ~s t i :- - :, ; :1 agree within lir~its o f e rror . Ti1e 'r esidue" 
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nitrogen may still cause a slight decrease in the lattice 

expansion of iron. 
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APPENDI X 

DATA AND CALCULATIONS 



TABLE XV 

La tti ce parameter of 99.999 % pure iron ; sample A 

(For refraction c o rrect i o n a d d 0. 0001 ~ ) 

Fi l m No . 

20 2 

20 8 

2 0 6 

255 

208 

231 

231 

223 

225 

224 

231 

224 

231 

214 

214 

214 

215 

216 

217 

Temperature 

(OC) 

18 

1 8 .2 

25 

25 

50 

1 27 

245 

345 

416 

437 

476 

530 

602 

625 

638 

66 4 

680 

698 

700 

Lattice parameter 

(~) 

2.86 62 

2. 8662 

2 . 8663 

2 .8663 

2 .86 71 

2 . 8700 

2 . 8750 

2 . 879 8 

2 . 8836 

2 . 8843 

2 . 8858 

2.8881 

2 . 8912 

2.8923 

2 . 8927 

2 . 8938 

2 . 8945 

2 . 895 2 

2.8953 
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TABLE XV "- (continued) 

Film No. t°C a (~) 

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 ~) 

Film No. Temperature 

(OC) 

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 76 0 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 2.9015 
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'I'ABLE XVI I 

Lattice parameter of 99.9% pure lron; sample C 

Film No. 

67 

68 

69 

87 

78 

77 

86 

86 

77 

77 

78 

66 

67 

67 

67 

68 

68 

69 

(For refraction correction add 0.0001 R) 

Temperature 

(OC) 

25 

25 

25.0 

140 

230 

255 

265 

369 

370 

464 

571 

641 

650 

658 

665 

675 

677 

695 

Lattice parameter 

(R) 

2.8663 

2.8864 

2.8863 

2.8709 

2.8745 

2.8755 

2.8760 

2.8806 

2.8806 

2.8848 

2.8892 

2.8930 

2.8934 

2.8937 

2.8940 

2.8943 

2.8944 

2.8952 
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TABLE XV I I - (continued ) 

Film No . t 0 c a ( ~ ) 

70 70 0 2 . 8954 

71 711 2 . 89 5 8 

71 72 3 2. 8963 

71 728 2 . 8966 

71 738 2 . 89 70 

72 745 2 .8972 

72 75 0 2.89 74 

72 754 2 . 8975 

72 756 2.8 97 5 

81 7 63 2 . 89 75 

7 4 76 7 2 . 89 75 

8 3 77 3 2 . 89 75 

7 6 7 83 2 . 8980 

83 794 2 . 89 8 4 

8 3 80 2 2 . 89 87 

84 821 2 . 8995 

84 840 2 . 900 3 

84 859 2 . 9010 

84 8 79 2 . 9018 

85 89 2 2 . 90 23 

85 900 2 . 90 26 



TABLE XVIII 

Lattice parameter of sampleD**, containing 220 p.p.m. N 

(For refraction correction add 0.0001 ~) 

Film No. 

510 

512 

510 

518 

510 

518 

514 

510 

517 

514 

518 

517 

5 1 5 

518 

512 

511 

511 

519 

Temperature 

(OC) 

15 

25 

600 

613 

64 3 

65 8 

671 

683 

710 

71 8 

723 

7 25 

7 3 2 

7 35 

740 

748 

752 

753 

Lattice parameter 

(~) 

2.8659 

2.8 663 

2.8 9 06 

2.8911 

2.89 22 

2 . 89 29 

2.8937 

2 .8 93 9 

2 . 895 2 

2 .89 59 

2 . 89 57 

2 . 89 5 8 

2 . 896 1 

2 . 8960 

2 . 895 9 

2 . 89 61 

2 . 8961 

2 . 896 1 
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'I' ABLE XVIII - (continued) 

Film No. t 0 c a ( 5-?.) 

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 

L,<ttice u ararne ter of sump 1e E , containing 170 p . p .m. N 

(Fo r r c fr ucti on correction add 0.0001 ~) 

----··----- ------- ---------------------

F i l m No . 

- ----- ·-

i> l 0 

(, 0 ') 

602 

602 

606 

6 02 

602 

608 

GO l 

() () 1 

() 0 <J 

(JO 8 

(J 0 3 

G03 

603 

(J09 

(j () r l 

(J () ·l 

(> () 4 

(J().1 

b0 7 

h () ( J 

()() ') 

(J 0 7 

6 0 4 

607 

------

Temperature 

(OC) 

15 

25 

599 

641 

666 

689 

711 

720 

738 

74 5 

748 

750 

75 5 

764 

770 

7 7 3 

778 

78 2 

784 

79 ] 

807 

82 4 

8 35 

85 0 

8 58 

8 7S 

--------------- -

Lattice parameter 

(~) 

2.8660 

2.8663 

2 .8907 

2.8925 

2 .8932 

2 .8 944 

2 . 8954 

2.8957 

2.8963 

2 . 8964 

2 . 8964 

2.8964 

2.8965 

2.8967 

2 . 8972 

2 . 897 5 

2 . 8979 

2 . 8980 

2 . 8980 

2 . 898 4 

2 . 899 2 

2 . 899 4 

2 . 900 3 

2 . 900 6 

2 . 901 3 

2 . 90 20 
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Determination of nitrogen ln sample D 

Using equation (7), page 49, 

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

where p = 86 microns 

v 338 3 
= em 

M = 28.2 

R 82 .05 
3 -atm/deg. mole = em 

T = 296.5°K 

w = 0.2 gram 

Therefore, 

N2 in p.p.m. = 86 x 338 x 28. 2 x l000 / 82 .0 5x296 . 5x0. 2x760 

== 221 (p.p.m.) 
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Determination of nitrogen ln sample E 

Using equation (7), page 49, 

Nitrogen ln p.p.m. = (PVM x 1000) I RTW x 760 

where p = 65 microns 

v = 338 
3 

e m 

M = 28.2 

R = 82.05 em 3 -atm. / deg. mole 

T = 296.5 OK 

w = 0. 2 gram 

Therefore, 

N2 in p.p.m. = 65x338x28.2xl000/ 82.05x296.5x0 . 2x760 

= 167 (p . p .m.) 
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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 
3 

ern 

M = 28.2 

R = 82.05 

T = 296.5 

w = 0.2 gram 

Therefore, 

N2 in p.p.rn. = 42x338x28 . 2x l000 / 82.05x296 . 5x0 . 2x760 

= 108 (p . p .m.) 
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