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In thxs study, carbu.nzmg of the austcmtlc steel of type 1 4988 by usmg uranmm i

- carbide has been investigated. For the anneafmg procéss, uraﬁlum iéarbide contaﬁ'ﬁﬁng :
5 9% G brought in contact w1th the steel specimens by sodium in argon atmosphere.
The anneling temperatures v;?re 773,;873 978 and 1073 K. The  annealing period

was 1000 'h. Diffusion of carbon in the steel has been investigated kinetically and .

thermodynamically during. the carburizing based on only the measurements -of the

hardness ‘gradients in the steel. ',I'hs dlffusxon dlstance and: the diffusion coefficient

vere determined, Tt was assumed that’ the- dxﬁ‘usujn proce&s takes place ‘on the

activated complex and the:diffusion cociflcwnt is equal to the rate constant of the

' xreaction. Equilibrinm constant, free enthalpy, .enthalpy and enteppy changm for

the chemical e(iuihbma, between . the reactants and the actlvated complex were P

calculateé “Thé tem”c%’atuf‘e xziependencwe of thermodynamx 4 quantztles } glvén,,,
e‘“ﬁbé%, wete obumféa g T : :
E2% L e :

T O INTRODUGTION
The mixture of uranivhi’ cabbide: an&‘fiﬂufon.ium“czif stde -
was: proposed %0 becoine a ‘nuglear firel in::thé:future by some
-research workers'??; The cortosion of the stees, used ‘as cladsing
material, withiuranium carbide Hias:been dnvestigated 4An. order
to prove the validity:of this idea. The:steel: withuratium. car-
bide was shrinked, because of the carburlzmg ‘at the working
‘temperature of the reactor. The changes of mechanical properti-
es of the steel shch as 0.2 9%, yield strength, tensile strenght,
_percent elongatlon and hardness due to carbunzmg, were deter-
_mined cxpemmentally““ The kmctms of the ca.rbtg},zmg of
wthe stgmless steel ‘was. usually quspgate@ by using C‘ iso-
' top 78, In thls study, based only on the mlcroha.rdness measu-

* The expenments m th.lS t
'R&search Center in West '

ha.vc been ma.dé in Karlsmhe Nuclear

!4*;4
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rements, diffusion of carbon in 1.4988 ,typc'steel has been in-
vestigated kinetically and thermodynamically.

THEORETICAL

: If there are concentration gradlents of Jmpurlty atoms
in a solid, there will be a flux of these through the solid. This
flux of atoms in a solid is called diffusion. For this one-dimensio-
‘nal problem, the concentration C is given as number of atonis
per unit length. The concentration of atoms at any time t is a
function of only diffusion distance x. When diffusion occurs
in the x-direction only, first and second Fick’s Law of Diffusion’
. may be defined" respectlvey as follows: :

J=-D ( ag ) ()

“Here J is the diffusion flux across unit area normal to the X-
'dlrectlon, (6C/ex), is the concentration gradlent ata fixed time
t, D is the diffusion coeff1c1ent and (8C /@t), is the rate of change
of concentration with time at a fixed distance x. The minus
sign in the first Fick’s' Law* means that diffusion occurs away
- from regions of high concentration. : : :

The partial differential equation(2) is the seconcl-order
-linear, and homogenousi It is of the parabolic type and the so-
“lution is done by using boundary and initial conditions. It can be
-shown that the appropriate solution' of the equation  (2) is

C,-C = Dy~ P ( ~ 4Dt )’ )

“where C is the concentration at a distance X below the surface
after diffusion, occurred at any time t; G, is the surface con-
*CCntrauou, ‘and C ls “the 1n1t1al concentratlon in “the solid..

The mean square dlstance X2, that represents the avcrage
‘sum of the square of the mdlvxdual Jumps at time t, has been
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obtained from the definition of mean value theorem as follows
e x> = 2Dt. _
Let us assume that, the diffusion in a solid proceeds in-the ’
same way as:a chemical reaction which is.occurred according to
the activated-complex theory. The reaction rate is assumed to be
equal to the time independent diffusion coefficient at constant
temperature. Therefore, the dlffusmn related- to the absolute
temperature is given by : '

D = D, exp ( _*‘REI‘L)’ : (8

where D, is called the’ frequency factor; E is the actlvatlon
energy, and R is the gas. conscant. - :

' According t$ the theory of absolute: séaction! r‘ates, the# o
reactants are in equilibrium with the activated complex ’I‘ he equ--

librium constant for the formation of complex is shown’ by K*. J

The diffusion coefficient and the relation W1th the cquihbnum, o

_constant can be glven as follows, 14%1%

. kT  QF E)
D = 5 -ﬁ_—ir‘»er exp (,— T/ k :(;6),
o kT K#

w -

k Here kB 1s Boltzmann constant his Planck constant T is the

;-absolute temparature Q_ and Q_, are the partition functlons of
activated complex and the reactants respectively. Accordmg to: -
the chemical thermodynamics, free enthalpy of. acnvatlon AG(#
can be defined by the foliowmg equatmn, R

“”“,AG* _ _RT 1pK* . S g

- After - taking loganthms and dzﬁ‘erentzatmg of the equatmn"
(7) and then by.using Arrhenius and’van’t Hoff. equations,
the relation between the activation energy E, and the’ enthalpy

-,of activation AI—I?'E can §be exprcssed as f‘ollows,
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‘dlnD _ 1 dIaK?
dT  ~ T '~ adr
_E, 1 AHT
R = T T RIZ

E, = AH” + RT.

The entropy of actlvatlon AS™ can be caIculated by the follo-
wing equation

AS™ — ( AH” - AG™) | T. e

., EXPERIMENTAL

The austenitic steel of type 1.4988 s’ chosen as a sathple
for carburizing and analyzed chemically and found as 65. 9 9%,
Fe, 16:1 % Cr, 13..6 % Ni, 1. 28. Mo, 1.1 % Mn, 0.8 87 %
(Ta £Nb), 0.7%V,.0.27 %, Si, 0.08%C, traces P, S and N. Ura-
' sfnlum carblde powder contained 4%, C is chosen as a carbuu-
zing material.

The steel was obtained commercially in sheet form with
: normnal thlékness of I, mm and catburizing test spemmens with
a gauge length of 20 mm and width of 5 mm, were die-pressed
from this steel. These specimens have been annealed for homo-
genization in vacuum c.a. 10~* mm Hg for 30 min at 1323 K.
During the homogenization, the concentration gradlents pre-
- sent in steel were dissappeared. For annealing experiment four
‘spec1mens were placed into each capsule at the same distance.’.
The uranium carbide powder was therd vibrated ‘into the steel -
“'capsules until the spécimens’ were covéred under argon atmosp-
here in a glove-box. The final density of the urdnium carbide
powder was found in the capsules‘only 65 %, of the thererical
" density. A liquid sodium was added in the capsules to obtain a
~uniform heat transfer. The capsulés were tightly closed then
- taken out from the glove-box into a desiccator. The capsules were
then placed in quartz tubes and éevacuated to 107*/mm Hg,
then sealed off. The quartz tubes were annealed in the muffle
furnaces at 773, 873, 973 and 1073.K respectively for 1000: h. '
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“After completion of the annealing treatments in uranium
- carbide the capsules were co@lcd andfhﬁpened at an argon at-
- mosphere. By dissolving sodlum with methanol the carburized
steel specimens were taken e " frand washed with water, &cemn
- and methanol in a shaking container,

The spemmens were covered w1t§;}lastic at high pre’Ssu- o

re and, temperature to handfe it easily. The surface of the ste-
¢l must: be cleaned carefull order t;ga@ee the structure under -
microscope and measure the ¥ 1crohard s. A mirror polish was
produced on one face perpendicular . the carburized surface
of the specimen by grmduﬁf on an abrasive wheel, polishing
on successively finer emery, papers, a& lappmg on revolving -
cloth-covered wheels with figé abras¥es. To dissolve thin oxi-
de layer and reveal the strugiural details thls pohshed surface- ‘

was etched with electrolys 4 g = '

lirection Qf carburlzed surface the
reasured: At certain dlstances by

On' the perpendicular E
Vickers microhardness was *
using Leitz Durlmet machine.

ee A 0 B

RESULTS and DISSUSSION

mid of L"
intensity
ness decréasesfiain; s1de -SP6etme
given after. 1000 h in scontact thh ;uranium carblde at four
different temperatures.

*The harditess” grachents ‘due to’ éoncentratlfén gradleh‘ts of
carbon in‘carburized steel are shown in Fig. 1. The clirves in Fig. 2
- were ana}yzed 0" it the ‘equation (3}'by usmg hardriess instéad
of concentra‘tlon ‘Let us assume that H is thé hardiéss 'at a
distance X beiow the surface” aftér diffusion has oocurx‘cd for
the tlme t, H 1s the surface: ‘hardness, and H s thé“ml’txa?
hardness in the steel. If (H-F H,) '} (H,-H,)'is taken instead’ of
(C-Gy) [ (GsCy) in equation (3); log {H-H,) = f(x*) were
~ plotted at four different temperatures:and the: straight lines. WETe:
obgained as shown in Fig. 3. This resultshows: that the, cumres in.
Fig. 2°'and equauon (3) are in good agre&mem e

T3
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~

000606000

FEPP

000000000

Fig. 1. Traces of diamond pyramid on polished stecl face:

The diffusion time is taken constant as 1000 h and the slope of
the straight lines equal to -1 /4Dt, the diffusion coefficients have
been calculated. Usmg these diffusion coefficients; the mean
square distances 7 in time 1000 h, have been calculated with the
equation(4) at four different temperatures. In addition, maximum
. diffusion. distances x can be obtained from Fig. 2 when the
hardness gradients was zera. These results were shown in Table 1.

The values in Table 1 were plotted in Fig. 4 and Fig. 5.
Applying the method. of reduction to a straight‘line, the equa--
tions of the curves which is parabolic as shown in. Flg 4 and
can be expressed as follows
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Fig. 3. log (H-H,) = f (x?) straight lines.
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Table' [. The values of D, {(x5"/%and x at four different temperatures

T

K]

D [umh?]

(';"2)1/2

[pm]

X [P-m] i,

o
:

773
w73
973

0.99
3.46
11.38
32.30

44
83
151
257

CoE0.

250
420

640

%

3

3001+

| 1078

350

773 873 9'73 1073

| ————-—~>T K],

B Fig. 4. ‘Téraperature dependency of | ‘tke mcap sq?xai-e dzgtariéé: SELE

ade AE

§
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Fig. 5. Temperature dependency of maximum diffusion distance

)= 7572 211 T + 1.53x107°T* [gm] ~  (11)
X =7533-2.60 T + 2.34x107T? [um] - 12

If the diffusion coefficients were plotted versus the reciprocal
of the temperatures; straight line with a negative - slope was
obtained as shown in Fig. 6. From the slope of this straight line
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: Fxg 6 Temperatura dependency of diffusion coefficient.

~ activation energy of diffusion was found as E,= 82409 J mol~

Using the same figure the frequency factor was calculated as'
D,= 5.47 x 103 gmzh~1= 1.52x10-t1icm?2~1. If these values
were inserted in to equation (5) the temperature depeﬂdencyu, :
of the diffusion coefficient was found as' equatmn below

D = 1.52x101 texp ( Sig)) [cmZS ’] " 03)

. Using the diffusion coefficients and the e’quauons “(6), ;
(7), (8) and (9)-'thermodynamical properties were ea‘fculated o
~atfour: different temperatures as shown in Table 2. He

Temyerature dependency of the enthalpy and the free ea‘t-

: "Hélpy of actwatlon have been drwed by usmg the va!uf:s in
; Table2 B SRR , o
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Table 2. Sementhermedynarxﬁcal— proper{»iesfoﬁ carburizing . of steel 14988

' E,=82400 J mol-, ky = 1.38x10-*:JK~molekill!, h=6.62x10~*]Js

T [K] x10 K7x10® | AGT k] AH#[H]“AS%UK"]'

773 2.7 1.7 357.2 76.3 — 365
‘873 9.6 5.3 405.4 75y —378
978 31.6 ©15.6 448.1 | .74.3 — 379
1073 89.6 40.1

480.2 73.5 — 379

| AH™ = 91442 - 27.35 T + 9.86x10-5T2[J] £ (1&;“;

AG” = 91442 +27 25T In'T-9.86x10-3T >4 148 ST[‘]]:
(15)
CONCLUSION

" Based :on the measurement of hardness, this investigation .
reveals that some information about kinetics and thermody-
dynamics of carbon diffusion in steel can be obtained. It was -
experimentally shown that the hardness of steel due to carbon
atoms can be used asthe concenfration of carbon atoins in the
Fick’s Laws of diffusion. The method mentioned in this | paper is
applicable to the diffusion proé%%ses “which cause hardening
of metals :

It was assumed that the carbon diffysion in steel proceeds,

via an actlv ted complex and the. dlffuswn coeiflclent is equal,
to the reaction rate constant.:In accordance with these assumpr;
tions, the thermodynamical properties of the equilibrium bet-
-ween reactants and activated complex can be predicted dnd:
the activation energy of dlffuswn can possibly be calculated.

The positive Value for the free enthalpy of acltlvatlon suggests
that the activated complex can not be formed sponfaneously
at warking temperatures. The high negative value for the ent-
ropy of activatior implies that the activated complex. formedﬁ
contains great number of atoms. Because of the bonding among
these atoms in the -activated complex the total, degrees of free-
dom decreases. Since the entropy of activation does not ¢hanige



CARBURIZING OF TYPE 1.4988 STEEL.., : o2

notable w1th temperature, the degree of freedom for the vib-
ration of activated complex is ‘considered . as 1ndependent of
temperature.

OZET

‘Bu ¢ahsymada 1. 4988 tipinde paslanmaz geligin uranyum karbir ile kar-
biirlesmesi -incelenmistir. Kizdirma igin % 5 C igeren uranyum. karbiir sodyum
yammnda ve argon. atmosferinde celik orpeklerle  temasa getirilmisgtir. Kyzdirma
sicakliklan 773, 873, 973 ve 1073 K’dir. - Kisdirma’ siiresi 1000 saat’tir. Yalmz:
ca. karbiirlesmeden dogan sertlik grantyentleri olgiilerek karbonun gelik igirtqleki
yayilmas: kinetik ve ‘termodinamik olarak ‘incelenmistir, - Yayilmamn bir :ptkin-
lesmis kompleks Gzerinden yiriidiigi ve yayilma katsayisimn tepkime hiz"sabi;
‘“tine egit oldugu varsayilmigtir. Tepkimeye giren maddelerle etkinlesmig kompleks
arasindaki kimyasal dengenin; denge sabiti ile serbest entalpi, entalpi ve entropi
- degisimleri = hesaplanmustir.. Yukarida adi” gegen termodmannk buyukluklemn
“sicakliga baghli belirlenmistir.
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