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Ijh\_^_gu l_jfh^bgZfbq_kdb_ jZkq_lu j_Zdpbc f_`^m f_^vx b  hdkb^hf

f_^b b dhfihg_glZfb jZkieZ\Z, k dhlhjufb l_hj_lbq_kdb \aZbfh^_ckl\b_

\hafh`gh k lhqdb aj_gby obfbb. Wdki_jbf_glZevgh ih^l\_j`^_gu

ihemq_ggu_ jZkq_lu l_jfh^bgZfbdb. IhdZaZgh, qlh hdkb^gZy ie_gdZ gZ

ih\_joghklb f_^b g_ aZsbsZ_l _z hl \ha^_ckl\by jZkieZ\Z oehjZexfbgZlZ

dZeby k jZkl\hj_gguf \ g_f l_ljZoehjb^hf pbjdhgby. :dlb\gh]h

\aZbfh^_ckl\by f_^b k jZkieZ\hf oehjZexfbgZlZ dZeby g_ ijhbkoh^bl, qlh

ihl_gpbZevgh iha\hebl bkihevah\Zlv _z ^ey ba]hlh\e_gby bg^mdlhjh\.

Dexq_\u_ keh\Z: l_jfh^bgZfbq_kdbc jZkqzl, l_ljZoehjb^ pbjdhgby, oehjZexfbgZl dZeby,

f_^v, hdkb^ f_^b.

THERMODYNAMIC CALCULATIONS OF THE INTERACTION OF COPPER AND

AN OXIDE FILM ON COPPER WITH A MELT OF POTASSIUM

CHLORALUMINATE WITH ZIRCONIUM TETRACHLORIDE AND

EXPERIMENTAL CONFIRMATION OF THE DESIGN DATA

A.I. Kasterin, I.O. Chernyavsky, A.S. Zavodchikov

JSC A.A. Bochvar High-Technology Research Institute of Inorganic Materials, Moscow

Thermodynamic calculations of reactions between copper, copper oxide and melt

components, with which interaction is theoretically possible from the point of view

of chemistry, have been carried out. Obtained calculations of thermodynamics

have been experimentally confirmed. It is shown that the oxide film on the copper

surface does not protect it from the effects of a melt of potassium chloraluminate

with zirconium tetrachloride dissolved in it. There is no active interaction of

copper with the melt of potassium chloraluminate, which potentially allows it to be

used for the manufacture of inductors.

Keywords: thermodynamic calculation, zirconium tetrachloride, potassium chloraluminate, copper,

copper oxide.
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<\_^_gb_

F_^v bkihevam_lky ijb ba]hlh\e_gbb \h^hhoeZ`^Z_fuo bg^mdlhjh\ ^ey gZ]j_\Z

jZaebqguo fZl_jbZeh\. < ijhp_kk_ jZ[hlu ZiiZjZlh\ bg^mdpbhggh]h gZ]j_\Z jZkieZ\Z

\hafh`gh djZldh\j_f_ggh_ ihiZ^Zgb_ jZkieZ\Z (ijb jZa]_jf_lbaZpbb b \uoh^_

jZkieZ\Z) gZ f_^guc bg^mdlhj. JZkieZ\ oehjZexfbgZlZ dZeby Zdlb\gh

\aZbfh^_ckl\m_l k \h^hc k \u^_e_gb_f [hevrh]h dhebq_kl\Z l_ieZ b jZa[jua]b\Zgb_f

kZfh]h jZkieZ\Z b ijh^mdlh\ _]h ]b^jhebaZ (\ l.q. iZjh\ kheyghc dbkehlu), qlh

ij_^klZ\ey_l [hevrmx hiZkghklv gZ ijhba\h^kl\_. Kdhjhklv obfbq_kdh]h

\aZbfh^_ckl\by b dhjjhabb f_^b \ jZkieZ\_ oehjZexfbgZlZ dZeby k l_ljZoehjb^hf

pbjdhgby \ ebl_jZlmj_ ijZdlbq_kdb g_ hibkZgZ, lZd dZd l_ogheh]by bg^mdpbhggh]h

gZ]j_\Z jZkieZ\Z O:D gZoh^blky gZ klZ^bb jZajZ[hldb. Mklhcqb\hklv hdkb^ghc ie_gdb

gZ f_^b d jZkieZ\m oehjZexfbgZlZ dZeby k l_ljZoehjb^hf pbjdhgby lZd`_ g_

bamqZeZkv. J_Zdpby f_`^m hdkb^hf f_^b gZ f_lZee_ b ijh^mdlhf ]b^jhebaZ jZkieZ\Z

(kheyghc dbkehlhc) rbjhdh ba\_klgZ b g_ lj_[m_l ih^l\_j`^_gby. < [1] bkke_^h\Zeb

\aZbfh^_ckl\b_ l_ljZoehjb^h\ pbjdhgby b ]Zngby k oehjb^hf f_^b (II), b k ihfhsvx

f_lh^Z ki_dljhkdhibb DJK ihdZaZeb hlkmlkl\b_ \ kbkl_f_ dZdbo-eb[h ^\hcguo

kh_^bg_gbc, gZijbf_j, lZdbo, dZd CuZrCl6 beb CuHfCl6. Ihwlhfm fu g_ [m^_f

ijh\h^blv l_jfh^bgZfbq_kdb_ jZkq_lu \aZbfh^_ckl\by oehjb^h\ f_^b k

l_ljZoehjb^hf pbjdhgby (]Zngby). < jZ[hl_ [2] ihdZaZgh, qlh dhjjhaby f_^b bf__l

ehdZevguc oZjZdl_j \ oehjZexfbgZlghf jZkieZ\_, h^gZdh gbdZdbo ih^jh[ghkl_c

Z\lhju g_ ijb\h^yl. Kh_^bg_gby oehjb^h\ f_^b k oehjb^hf Zexfbgby ba\_klgu:

CuAlCl4 [3], CuAl2Cl8 [4], h^gZdh bo mklhcqb\hklv ih kjZ\g_gbx k KAlCl4 g_ ba\_klgZ.

< ex[hf kemqZ_ ^ey jZkl\hj_gby f_^b \ jZkieZ\_ g_h[oh^bfh ijhl_dZgb_

hdbkebl_evgh-\hkklZgh\bl_evghc j_Zdpbb k h[jZah\Zgb_f f_^b kh kl_i_gvx hdbke_gby

+1 beb +2. Ihl_gpbZevgufb hdbkebl_eyfb \ jZkieZ\_ oehjZexfbgZlZ dZeby k

l_ljZoehjb^hf pbjdhgby fh]ml [ulv we_f_glu \ \ukrbo kl_i_gyo hdbke_gby: ZrCl4 b

AlCl3, ihwlhfm wlb kh_^bg_gby b [m^ml bkihevah\Zlvky \ l_jfh^bgZfbq_kdbo jZkq_lZo.

L_jfh^bgZfbq_kdb_ jZkq_lu \aZbfh^_ckl\by hdkb^Z f_^b

k dhfihg_glZfb jZkieZ\Z

>ey hp_gdb \hafh`ghklb ijhl_dZgby obfbq_kdhc j_Zdpbb jZkkqblu\Z_lky

wg_j]by =b[[kZ, dhlhjZy y\ey_lky \Z`guf djbl_jb_f. Ijb hljbpZl_evghc \_ebqbg_

wg_j]bb =b[[kZ j_Zdpby l_jfh^bgZfbq_kdb \hafh`gZ \ ijyfhf gZijZ\e_gbb, Z ijb

iheh`bl_evghc \_ebqbg_ j_Zdpby l_jfh^bgZfbq_kdb g_hkms_kl\bfZ.

JZkieZ\ oehjZexfbgZlZ dZeby k l_ljZoehjb^hf pbjdhgby ij_^klZ\e_g

kh_^bg_gbyfb: KCl, AlCl3, ZrCl4. F_`^m oehjb^hf dZeby b hdkb^hf f_^b j_Zdpby g_-
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\hafh`gZ k lhqdb aj_gby obfbb. F_`^m oehjb^Zfb pbjdhgby b Zexfbgby b hdkb^hf

f_^b \hafh`gu ke_^mxsb_ j_Zdpbb:

CuO + ZrCl4 = ZrOCl2 + CuCl2 (1)

CuO +ZrOCl2 = ZrO2 + CuCl2 (2)

CuO + AlCl3 = AlOCl + CuCl2. (3)

F_lh^bdZ jZkqzlh\ hibkZgZ \ [5].

L_jfh^bgZfbq_kdb_ ^Zggu_ j_Z]_glh\ b ijh^mdlh\ j_Zdpbb f_`^m oehjb^Zfb

pbjdhgby, oehjb^Zfb Zexfbgby b hdkb^hf f_^b ij_^klZ\e_gu \ lZ[e. 1 [6].

LZ[ebpZ 1

L_jfh^bgZfbq_kdb_ ^Zggu_ j_Z]_glh\ kbkl_fu

NhjfmeZ CuO s ZrCl4 s ZrOCl2 s AlCl3 s

ûH0 298,

d>`/fhev
-156,1 -980,52 -1082,82 -705,63

S0 298,

>`/(fhev*D)
42,6 181,41 61,375 109,29

K0 p,

>`/(fhev*D)
48,6 125,38 - 64,95

Baf_g_gb_ wg_j]bb =b[[kZ j_Zdpbc (1-3) \ aZ\bkbfhklb hl l_fi_jZlmju

ij_^klZ\e_gh gZ jbk. 1.

Jbk. 1. Wg_j]by =b[[kZ j_Zdpbc \aZbfh^_ckl\by hdkb^Z f_^b k oehjb^Zfb pbjdhgby b Zexfbgby

JZkq_lgu_ ^Zggu_ ihdZau\Zxl, qlh j_Zdpbb (1-3) l_jfh^bgZfbq_kdb  g_\hafh`gu

\ bgl_j\Ze_ l_fi_jZlmju hl 298 ^h 900 D.

L_jfh^bgZfbq_kdb_ jZkq_lu dhjjhabb f_^b

F_`^m oehjb^hf pbjdhgby b f_^vx \hafh`gu j_Zdpbb:
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0,5 Cu + ZrCl4 = ZrCl3 + 0,5 CuCl2 (4)

Cu + ZrCl4 = ZrCl2 + CuCl2 (5)

1,5 Cu + ZrCl4 = ZrCl + 1,5 CuCl2 (6)

Cu + ZrCl4 = ZrCl3 + CuCl (7)

2Cu + ZrCl4 = ZrCl2 + 2CuCl (8)

3Cu + ZrCl4 = ZrCl + 3CuCl (9)

L_jfh^bgZfbq_kdb_ ^Zggu_ j_Z]_glh\ \ j_Zdpbyo f_`^m f_^vx b oehjb^hf

pbjdhgby ij_^klZ\e_gu \ lZ[e. 2 [6].

LZ[ebpZ 2

L_jfh^bgZfbq_kdb_ ^Zggu_ j_Z]_glh\

NhjfmeZ Cu CuCl CuCl2 ZrO2 ZrCl ZrCl3 ZrCl4

ûH0 298,

d>`/fhev
0 -131,2 -218 -1100,6 -303,2 -701,238 -980,52

S0 298

>`/(fhev*D)
33,2 93,8 108 50,4 60,9 138,072 181,41

K0 p,

>`/(fhev*D)
20,53 66,94 78,87 70,12 47,26 98,32 125,38

JZkq_l wg_j]bb =b[[kZ j_Zdpbc (4-9) ij_^klZ\e_g gZ jbk. 2.

Jbk. 2. Wg_j]by =b[[kZ j_Zdpbc f_`^m oehjb^hf pbjdhgby b f_^vx

JZkq_lgu_ ^Zggu_ ihdZau\Zxl, qlh j_Zdpbb (4-9) l_jfh^bgZfbq_kdb g_\hafh`gu

\ bgl_j\Ze_ l_fi_jZlmju hl 298 ^h 900 D.
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J_Zdpbb f_`^m oehjb^Zfb pbjdhgby b Zexfbgby b hdkb^hf f_^b hibku\Zxlky

mjZ\g_gbyfb:

Cu + AlCl3 = AlCl g + CuCl2 (10)

2Cu + AlCl3 = AlCl g + 2CuCl (11)

L_jfh^bgZfbq_kdb_ ^Zggu_ j_Z]_glh\ \ j_Zdpbyo f_`^m f_^vx b oehjb^hf

Zexfbgby ij_^klZ\e_gu \ lZ[e. 3 [6].

LZ[ebpZ 3

L_jfh^bgZfbq_kdb_ ^Zggu_ j_Z]_glh\ \ j_Zdpbyo f_`^m f_^vx b oehjb^hf Zexfbgby

NhjfmeZ Cu CuCl CuCl2 AlCl g AlCl3 s

ûH0 298,

d>`/fhev
0 -131,2 -218 -51,46 -705,63

S0 298

>`/(fhev*D)
33,2 93,8 108 227,95 109,29

K0 p,

>`/(fhev*D)
20,53 66,94 78,87 34,685 64,95

JZkq_l j_Zdpbc oehjb^Z Zexfbgby k f_^vx ihdZaZg gZ jbk. 3.

Jbk. 3. Wg_j]by =b[[kZ j_Zdpbc f_`^m oehjb^hf Zexfbgby b f_^vx

JZkq_lgu_ ^Zggu_ ihdZau\Zxl, qlh j_Zdpbb (10-11) l_jfh^bgZfbq_kdb

g_\hafh`gu \ bgl_j\Ze_ l_fi_jZlmju hl 298 ^h 900 D.

Ba ij_^klZ\e_gguo jZkq_lh\ ke_^m_l, qlh h`b^Z_lky jZkl\hj_gb_ hdkb^Z f_^b \

jZkieZ\_ oehjZexfbgZlZ dZeby k l_ljZoehjb^hf pbjdhgby b hlkmlkl\b_ obfbq_kdh]h

\aZbfh^_ckl\by f_^b k jZkieZ\hf.

FZl_jbZeu b f_lh^u bkke_^h\Zgby

JZkieZ\ oehjZexfbgZlZ dZeby k l_ljZoehjb^hf pbjdhgby [ue ijb]hlh\e_g

kieZ\e_gb_f KCl, AlCl3 (1/1 fhev/fhev) b l_ljZoehjb^Z pbjdhgby, ihemq_ggh]h

\ :H QFA gZ mklZgh\d_ j_dlbnbdZpbb. Fhevgh_ khhlghr_gb_ l_ljZoehjb^Z pbjdhgby

d oehjZexfbgZlm dZeby jZ\gh 0,12.
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>ey hp_gdb obfbq_kdh]h \aZbfh^_ckl\by f_^b b _z hdkb^Z k ijb]hlh\e_gguf

jZkieZ\hf bkihevah\Zeb ]jZ\bf_ljbq_kdbc b \bamZevguc f_lh^u.

=jZ\bf_ljbq_kdbc ZgZeba

Kmsghklv ]jZ\bf_ljbq_kdh]h f_lh^Z aZdexqZ_lky \ hij_^_e_gbb baf_g_gby

fZkku h[jZapZ bkke_^m_fh]h f_lZeeZ, ih^\_j]Z_fh]h \ha^_ckl\bx dZdhc-eb[h

jZkieZ\e_gghc khe_\hc kj_^u \ hij_^_e_gguo mkeh\byo. Ijb wlhf nbdkbjmxl

bkoh^gmx b dhg_qgmx fZkkm h[jZapZ, iehsZ^v _]h ih\_joghklb b \j_fy dhglZdlZ k

jZkieZ\e_gghc khevx. Dh]^Z ijh^mdlu dhjjhabb iheghklvx jZkl\hjbfu \ khe_\hc

kj_^_, m[uev fZkku h[jZapZ oZjZdl_jbam_l g_ihkj_^kl\_ggmx kdhjhklv dhjjhabhggh]h

jZajmr_gby f_lZeeZ.

F_^gZy rZc[Z \u^_j`ZgZ ^\Z qZkZ ijb l_fi_jZlmj_ 800 °C \ fmn_evghc i_qb

k ^hklmihf \ha^moZ ^ey ihemq_gby ih\_joghklgh]h kehy ^\mkehcghc hdZebgu

(CuO + CuO2). Ihemq_gguc h[jZa_p \_khf 200,48 ] b h[s_c iehsZ^vx ih\_joghklb

0,01 f2 ihf_s_g \ d\Zjp_\mx yq_cdm k jZkieZ\hf oehjZexfbgZlZ dZeby k

l_ljZoehjb^hf pbjdhgby b \u^_j`Zg h^bg qZk ijb l_fi_jZlmj_ 350 °C. D\Zjp_\Zy

yq_cdZ [ueZ ba\e_q_gZ ba i_qb b ijh\_^_gZ \bamZevgZy hp_gdZ dZq_kl\Z jZkieZ\Z gZ

baf_g_gb_ p\_lZ, ijhajZqghklv, fmlghklv (klZg^ZjlgZy hi_jZpby \bamZevghc hp_gdb

dZq_kl\Z jZkieZ\Z gZ :H QFA). ;ueh h[gZjm`_gh, qlh jZkieZ\ g_ baf_gbeky ihke_

h^gh]h qZkZ \u^_j`db \ g_f f_^ghc rZc[u kh keh_f hdkb^h\, f_^gZy rZc[Z g_

jZkl\hjbeZkv. Ihwlhfm [ueh ijbgylh j_r_gb_ ih^gylv l_fi_jZlmjm ^h 560 °C

b \u^_j`Zlv _sz h^bg qZk. :gZeh]bqgh, ihke_ \u^_j`db ijb 560 °C ih \bamZevguf

ijbagZdZf jZkieZ\ g_ baf_gbeky, rZc[Z f_^gZy g_ jZkl\hjbeZkv. Ihke_ hoeZ`^_gby

b hlfu\db \ ]hjyq_c \h^_ f_^gmx rZc[m \ukmrbeb \ kmrbevghf rdZnm. FZkkZ rZc[u

ihke_ wlbo ^_ckl\bc khklZ\beZ 200.08 ].

Kdhjhklb dhjjhabb f_^b hij_^_eyeb k ihfhsvx ]jZ\bf_ljbq_kdh]h f_lh^Z ih

mjZ\g_gbyf 13 b 14, baf_jyy fZkkm h[jZapZ ^h b ihke_ \u^_j`db \ jZkieZ\_.

-I = (I4 ®I5
) (O ® P)¤ (13)

]^_ Km – fZkkhf_ljbq_kdbc ihdZaZl_ev, ]/(f2·q);

m0 – fZkkZ h[jZapZ ^h wdki_jbf_glZ, ];

m1 – fZkkZ h[jZapZ ihke_ wdki_jbf_glZ, ];

s – iehsZ^v ih\_joghklb h[jZapZ, f2;

t – \j_fy ijh\_^_gby wdki_jbf_glZ, q.

+ = -I � 8,76/é, ff/]h^, ]^_: (14)

]^_ Km – fZkkhf_ljbq_kdbc ihdZaZl_ev, ]/(f2·q);
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! – iehlghklv h[jZapZ, ]/kf2.

Ihemq_ggZy kdhjhklv dhjjhabb khklZ\beZ g_ f_g__ 19,55 ff/]h^.

Ih^h[guf h[jZahf ijhZgZebabjh\ZgZ f_^gZy ieZklbgZ, ij_^\Zjbl_evgh

ijhfulZy ^bklbeebjh\Zgghc \h^hc b Zp_lhghf fZjdb OQ, \ukmr_ggZy b baf_j_ggZy ih

jZaf_jZf b fZkk_. IeZklbgZ \_khf 29.39 ] b h[s_c iehsZ^vx ih\_joghklb 0,0037 f2

ihf_s_gZ \ d\Zjp_\mx yq_cdm kh kf_kvx we_dljheblZ b \u^_j`ZgZ 1 qZk ijb

l_fi_jZlmj_ 350 °C b 1 qZk ijb l_fi_jZlmj_ 560 °C. <bamZevguo baf_g_gbc jZkieZ\Z

lZd`_ g_ [ueh h[gZjm`_gh. FZkkZ ieZklbgu ihke_ \u^_j`db ijZdlbq_kdb g_

baf_gbeZkv, qlh k mq_lhf ih]j_rghklb baf_j_gby ^Z_l kdhjhklv dhjjhabb f_^b f_g__

1,32 ff/]h^.

<u\h^u

1. JZkieZ\ we_dljheblZ gZ hkgh\_ KCl, AlCl3 b ZrCl4 Zdlb\gh j_Z]bjm_l k hdkb^hf

f_^b, agZqbl, hdkb^gZy ie_gdZ g_ aZsbsZ_l f_^v hl \aZbfh^_ckl\by k jZkieZ\hf.

2. F_^v obfbq_kdb mklhcqb\Z ijb \aZbfh^_ckl\bb k jZkieZ\hf we_dljheblZ, ohly

b ih^\_j`_gZ hq_gv keZ[hc dhjjhabb.

3. L_jfh^bgZfbq_kdb_ jZkq_lu ohjhrh kh\iZ^Zxl k wdki_jbf_glhf.

4. <hafh`gh bkihevah\Zlv f_^guc bg^mdlhj ^ey mklZgh\db gZ]j_\Z jZkieZ\Z

oehjZexfbgZlZ dZeby k l_ljZoehjb^hf pbjdhgby.
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