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摘  要：以板状刚玉、氧化铝微粉、金属铝粉、金属锌粉为主要原料，以酚醛树脂为结合剂，制备Al2O3-Al-C滑板样品。研究了金属锌粉的引入对

Al2O3-Al-C滑板显微结构和性能的影响。结果表明：在 450～1050  ℃热处理温度条件下，锌粉的引入改变了滑板中金属铝粉的反应进程，金属锌粉

氧化后形成的氧化锌沉积在金属铝粉表面，改变了金属铝粉熔化、扩散和反应的进程，有利于材料在较低温度下形成金属结合，提高中温（600～1100

℃）性能。锌粉的引入对材料显微结构有较大影响，900℃热处理3 h后材料内部形成大量颗粒状、柱状和针状氮氧化物，1 050℃热处理3 h后材料
内部形成大量碳化铝纤维，有利于材料性能的提高。
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    EFFECT oF ADDING ZINC ON INTERMEDIATE.TEMPERATURE PROPERTIES AND

    MICROSTRUCTURE OF Al203一Al—C SLIDE GATE PLATE
    .一    ‘    一    一
    刀疆N蜀iaD，f1，2，爿UE 9甜甩办“1，盖UE  Cho聍gbD2，咒Z_D G”ogfng1
    （1.School of  Material Science and Engineering，Xi'an University of  Architecture and Technology，Xi'an 710055；
    2.Puyang Refractories Group Co.Ltd，Puyang 457100，Henan，China）

    AbStraCt：A1203一Al—C Slide gate plate SampleS were prepared USing tabUlar alumina，alUmina pOWder，alUminUm pOWder，ZinC pOWt

    der aS main Starting materialS and phenoliC reSin aS a binder.The e￡蚤eCtS Of zinC COntent on prOperty and miCroStrUCtUre Of

    Al203一Al—C slide gate plate heat treated at 450 t0 1 050  ℃ were investigated.The results show that the addition of zinc changes the

    reaCtiOn proCeSS Of alUminUm.ZinC reaCtS with Oxygen tO矗Orm zinC 0xide，then depOSitS On the SUr矗aCe of alUminUm，WhiCh Can

    Change the melting，di行uSion and reaCtiOn rate of  alUminUm.ThiS prOCeSS iS bene6Cial tO A1203一Al—C Slide gate plate蠡Orming a metal

    bond at a low temperature and increasing the property at intermediate temperature（600 to l 100  ℃）.Zinc has a great impact on the

    microStructure Of the materialS.A large number of granular，c01umnar，needle一1ike nitride—oxides五ormed at 900  ℃ 蠡or 3 h，and many

    丘brous aluminum carbideS矗ormed at l 050  ℃ 矗or 3 h，which is矗avorable五or the improvement of  matefial per矗ormance.

    Key WOrdS：  zinC；  alUmina—alUminUm—carbOn Slide gate plate；intermediatettemperatUre property；  miCroStruCture

    S1ide gate plate iS a蚤UnCtiOnal refraCtOry material USed to inVeStigate the per氨OrmanCe Of Slide gate plate and the
    in COntinUOUS CaSting Of Steelmaking indUStry due to the enhanCement Of the ServiCe life.
    speci丘c switch  function on controlling liquid steel now.【1】    Considerable ef五orts have been made to develop and

    Its selViCe li矗e is closely correlated to the e伍ciency of improve the performance of Slide gate plate.It is always

    Steelmaking.AS a COmpOnent C0ntrOlling liqUid Steel nOW， attraCtiVefor re￡raCtOrieS tO intrOdUCe metal element into
    Slide gate plate iS primarily afeCted by waShing OUt Of    Slide gate plate.In the COnventiOnal Slide gate plate，

    liqUid Steel，CorroSion Of Slag，thermal StreSS CaUSed by metal，SUCh aS aluminUm，magneSiUm，SilicOn and manI
    temperature gfadient，high—temperatUre abraSiOn dUring    ganeSe，iS USUally introdUCed aS an antioXidant tO preVent

    sliding process，【2—5】  and so on.Therefore，it is necessary    carbon oxidation.【6—8】  Recently，however，the metal is
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repOrted tO imprOVe the hOt meChaniCal prOpertieS of    CaUSed by the melting Of alUminUm and the deCOmpoSiI

slide gate plate.【9—̈】  As reported，aluminum and magne. tion of phenolic resin.This could not  favor the perform—
sium-aluminum alloy are introduced into Slide gate plate ance of the slide gate plate in intermediateltemperature

tO氨Orm an efeCtiVe metal bonded phaSe at an apprOpriate range.ThUS，it iS neCeSSary tO imprOVe the bonding
temperatUre矗Or the improVement Of the hOt meChaniCal    Strength in the intermediate-temperatUre range.

properties.    Zinc has a lower melting point  （419.C），compared to

    The metal bonded slide gate plate has superior properI aluminum（660  .C）.n91 It melts before aluminum during
tieS，SUCh as the g00d theImal ShoCk reSistanCe，exCellent the heat treatment proceSS.Therefore，it is possible tO

 corrosion resistance and spalling resistance.【12—13】  In the 五orm a metal bonding phase before aluminum melting，
literatures，metal disperses in the matrix and presentS a whiCh will be supposed to improve the intermediate-

liquid phase，which is蠡avorable to releaSe the thermal temperature bonding strength of slide gate plate.
StreSS，redUCe the abraSiOn dUring Sliding prOCeSS，and    ThiS paper mainly inVeStigated the ef五eCts of addjng

imprOve the Oxidation reSiStanCe.    ZinC On the prOpertieS and miCroStrUCture Of Al203一Al—C
    SOme WorkS repOrted the high-temperatUre prOpertieS    Slide gate plate.

of the metal bonded slide gate plate.Itoh，Pf  口，.【H—15】  in.
vestigated the influence of chromium and molybdenum    l    Experimental procedure

 on high-temperatUre properties of metal—bonded Slide
gate plate.They summarized that chromium and molyb.    1.1  Fabricati0Ⅱ

denum could improve the strength and oxidation resis. Tabular coIundum （99.50%，in mass，the same below，

tance of slide gate plate.Bo，ef  口，.【161 studied the influ. O—2 mm in particle size），alumina powder，（99.50%，44
 ence of aluminum on high-temperature properties of  um in aVerage particle size），aluminum （99.50%，44 lⅡn

metal-bonded slide gate plate.Their results showed that in aVerage parCicle size），thermosetting phenolic fesin
aluminum could improve the thermal shock resistance.    （carbon yield>40%）and zinc（95.50%，44pm in aVerage
Leitzel，Pf  口，.u’刀discussed the efect of metal type，con.    particle size）were used as the starting materials.

tent，heating temperature on the mechanical properties of Table l shows the composition of starting materials
 slide gate plate. 矗or Al203一Al—C slide gate platetThe mixtures were

    However，only a few studies on intermediateItem.    pressed into the bricks with a size of 230 mm×l 1 5 mm  ×

perature properties of slide gate plate have been reported.    65 mm by五riction brick pressing under 240 MPatthen，
Tian，  ef  口，.[18】an  alyzed the intermediate—temperature dried at 200.C 氨or 24 h.Finallytthe bricks were cut and

properties of aluminumlbonded Al203一Al—C slide gate ground into the smaller samples with a size of 25 mm  X
plate.As reported，this slide gate plate has a low bonding    25 mm×1 30 mm.

strength at a speci6c intermediate temperature that is Various samples were then placed in a re矗factory block

    Table l  COmpOsitiOn Of Starting materialSfor Al20rAl—C slide gate pIate w/%

    Samples Tabular corundum（particles）  Tabular corundnm（powder）  Alumina powder Aluminum Phenolic resin Zinc

    Al    60 24    10    6    5    0

    A2 60    23.4    10    6    5    0.6

    A3    60    22.8    10    6    5    1.2

    A4    60    22.2    10    6    5    1.8

    A5    60    21.5    10    6    5    2.5

covered with carbon powder to prevent the surface oxi一 modulus of rupture（HMOR，at 700  .C）  were measured

dation.The samples were heat treated  from room tem— by the high—temperature bending testing machine（model
perature to a higher temperature（450，600，750，900  .C HMOR—03A，Luoyang，China）  according to the GB/T

and 1 050.C）五or 3 h.    3002— 2004.The microstructure of the samples was
1.2  Characterization    characterized by a scanning electron microscope（SEM，

  The apparent porosity（AP）and bulk density（BD） model JSM6360，Japan）  with an energy dispersiVe X_ray

were examined by Archimedes method according to the spectroscope（EDS，model EX250，Japan）.
GB/T 2997—2000.The cold crushing strength  （C

 and the modulus of rupture（MoR）were determinedcbs2y  2 Results and discussion
 electro_hydraulic pressure testing machine（model Y
 shanghai，china）and hydraulic universal testing machin；    2.1  Effect of zinc content on AP and BD

（model WE一50B，Changchun，ChinaJaccording to the    Figure l shows the AP and the BD of the samples heat
GB/T 5072—2008 and the GB/T 3001—2007，and the hot treated at dif五erent temperatures氨or 3 h.The AP of
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  Fig.l  The AP and BD Of Samples at diferent heat treatment    Fig.2 The CCS and MOR Of Samples with variOuS zinc content

    temperatureS五Or 3 h at dif五erent heat treatment temperatureS矗or 3 h

zinc一矗ree sample Al heat treated at 600  .C iS higher and    sample Al.This indiCateS that zinc addition Of 0.6%  can
the BD is lOWer than other sampleS at the same tempera—    signifiCantly imprOve the Strength Of Al203一Al—C Slide

tUre.Its AP reducesfrom 1 2.34%  t0 7.28%  and the BD    gate plate at 600  .C.FrOm 750  .C t0 1 050  .C，the CCS
improved  蠡rom 3.12 g/cm3 t0 3.23 g/cm3.From 750 6C and the MOR of the矗ive samples increase with increas—

t0 1 050  .C，the AP of samples A3，A4 and A5 increases    ing the temperature（except  for the sample Al heat
while their BD decreases with increasing of the zinc con— treated at 1 050  .C），but decrease with increasing zinc

tent.Especially，the AP of sample A5 with 2.5%  （in mass，    content in the specific temperature tested.Thus，it can be

the same below）  of zinc is the highest and the BD is the    seen that the strength would decrease when excessive
loweSt in the矗1ve samples at the heat treatment tempera- amount Of zinC waS added in the materials.This COuld be

ture range.  Meanwhile，in each specinc temperature    correlated to the low boiling point  （906 4C）‘191 and the
teSted，the AP Of Sample A2 with 0.6%  Of zinc is the    gasi6cation of zinc.The vapor preSSure Of zinc is low at

10west and the BD is the highest among the￡ive samples. the melting point  （4 1 9  .C），but it increases rapidly with
This meanS that the addition of an apprOpriate amount of the temperature increasing.  It is Suggested that there
zinC can improve the densi6cation.HOwever，the exCes—    wOuld be more and more zinc vapOr in the SyStem aS the

siVe additiOn of zinc impairs the denSi6cation Of slide    temperature increases，whiCh in tum leads tO the mOre

gate plate sample. and more pores within the material a￡Cer cOoling.The
2.2  EffeCt Of ZinC COntent On CCS and MOR    pOrous struCture is diSadvantageOuS tO the prOperties of

    Figure 2 shows the CCS and MOR of the samples the material.Thus，the appropriate addition of zinc in the
with various zinC COntent at di酋五erent heat treatment    material ShOUld be cOnSidered.

temperatures for 3 h.At 600  .C，the MOR of the sample    2.3  Effect of zinc content on HMOR at 700  .C

A l appears a minimum Value，and the CCS is relatiVely    Figure 3 shows the HMOR of the samples heat treated

lOW.HOWeVer，the Sample A2 appearS a superiOr per— at 700  .C.It Can be Seen that the HMOR of sample A2
矗ormance，of which the CCS is increased by 22.4%  and    with 0.6%  of zinc is the highest among the矗ive samples.

the MOR is inCreased by 26.5%，C0mpared to thOSe矗Or the    Meanwhile，the HMOR Of Other Samples decreases with
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    melting—oxidation process of metal，and  矗aVor the mate'    23A1  （1）  +  13.502（g）+  2.5N2（g）  =Al23027N5（s）    （5）

    rials氨orming a metal—ceramic bond.This would reduce    AG50=一1 6 467 302+3 324.1 l r  （kJ.m01—1）
    the de五eCtS CaUSed by the OxidatiOn and deCOmpOSition Of
    =660  .C一2 520  .C  （T<4 68  1 4C），△G50<0
    phenolic resin，which in tum improves the densi丘cation    T

    and strengttof  slide gate plate.    13.5lg po+2.51g pN2—一860 046+173.61
    F0r this syStem，the reaCtiOnS Can be deSCribed aS the    p”    p一    丁

    equations below，and the reaction temperatures can be where p02 is the partial pressure of oxygen，Z珠‘2 is the
    calculatedErom the Gibbs五ree energy（△G）of reactions    nitrogen partial pressure and the po is the standard at-
    based on the chemical thermodynamics theory.【19】
    m o S p h e r i C p r e S S U r e . T h e S e r e a C t i O n S w i l l b e S e l f - S U S t a i I

    Zn（1）+  0.502（g）  2 ZnO（s）    （1）    ning when r is at 900  .C.At the same time，the partial

    AGlo=一348 360+103.28  丁  （kJ.m01—1）  pressure of  oxygen and nitrogen should be considered.In

    丁=4 1 9 4C一907  .C（Z<3 1 00  .C），△Glo<0 this system，the Al23027N5 began to generate with de-
    e partial preSSUre of oxygen and inCreaSing the

    2A1（1）+1.50：（gJ=Alzos（s） 。一  一，、    （2） .ut，oasgeg‘：盯芸al'p，e。。u。e.The Al：。o：，N，i。the。pinel
    AG20=一l 682 900+323.24  丁  （kJ'mol一1）    solid solution of  AlN and'Al203，but the Al23027N5 is un一

    丁=660  .C一2 042  .C  （Z<4 933  .C），△G20<0 stable in thermodynamic process when the tempefature is

    2Al  （1）+  3ZnO（s）：Al203（s）+3Zn（1）    （3）    below 1 640  'C.n91 Thus，the nitride—oxides in the system

    △G30：△G20一3△G10：—637 820+13.4r  （kJ.mol一1） at this temperature may be mix'ures of AIN，Al203 and
    027N5.

    丁：750.c（z<47 325.c），△G30<o    A12【盏ue to the presence of these nitride—oxides，the bond

    where r is the thermodynamics temperature.The reactions    strength and properties of materials were improved.This
    （1）  to（3）  will be seIf-sustaining when丁  is五rom 600  t0 750 means that zinc has a dominant efect on the五ormation of

    .C.The liquid—gas reaction and the solid—liquid reaction the nonoxide—cermet bond phase in the intermediate—

    should occur in this由emperature range，which is con6rmed    temperature range.
    by Fig.4（a），which shows there are zinc oxide and alumina.

    Figure 4（c）  shows the microstructure of the material Table 2  EDS results of points in Fig.4 w，%
    heat treated at 900  .C  五Or 3 h，in WhiCh SOme C01Umnar， —

    needleIlike（such as“3”and“4"），granular（such as“5"）    Po'n's    c    N    o    Al zn
    and massive（such as“6”）substance can be obseIved.The    l    21.15    62.09    16.76
    EDS analySiS indiCated that the C01Umnar，need-like and    2    0.86    15.43    66.72    16.99

    granUlar phaSeS are mainly nitride-OXideS，and the maSSive    3    0.88    26.15    27.31    45.66

    phase iS zinc oxide and alumina.It is reasonable to conl    4    0.55    10.80    52.87    35.79

    sider that the reactions undergo two processes.The first    5    17.48    30.97    51.55
    WaS the reaCtion Of OXygen and zinC，whiCh reSUltS in the
    6    28.29    65.04    6.67

    OWer OXygen COntent within the SyStem in thiS tempera_
    7    10.91    0.91    48.27    39.91
    tUre range.The generated zinC OXide depoSitS On the SUr-

    矗aCe Of alUmina.The SeCOnd iS the gaSi6catiOn Of zinC，    8    0.73    28.40    68.04    2.83
    whiCh would aCCelerate the Oxidation Of zinC and the

    oxidation—nitride reaction of aluminum.Consequently，    In Fig.4（d），there are many 6brous aluminum carbides
    the partial pressure of oxygen decreases and the nitrogen （ALIC3）  （such as“7”）  and some zinc oxide in materials

    partial pressure increases，then a large number of granular，    （such as“8”），which were approved by the EDS results.
    columnar and needle-like  nitride-oxides form in the TheSe 6bers connect with each other and  氨orm a network

    structure，which can be described as五ollowing：[19】
    S t r U C t U r e . T h e e 妇 五 e C t O f  矗 i b e r b r i d g i n g a n d p u l l i n g C O U l d

    2Al  （1）  +  1.502（g）  =Al203（s）  （2）  矗avor the improvement of the materials strength and

    AG20=一1 682 900+323.24  丁  （kJ.m01—1） ‘oughness.‘201 Thus，the serVice performances would be
    enhanCed.
    丁=660—2 042  （Z<4 933  .C），△G20<0
    For this system，the Oxygen pressure reduces and the

    carbon monoxide pressure increases due to the oxidation
    lg p o： ： 一 5 8 5 7 9  + 1 1 .2 5

    p一    丁    of zinC.Thus，theformation reaCtiOn Of alUminUm Car—

    Al  （1）  +  0.5 N2（g）：A1N  （s）  （4）    bide could be possibly described by three steps'211 ac-

    △G40：一326477+116.4  丁  （kJ.mol一1）    7    cording  'o the  thermodynamic theory：678tly，aluminum
    reacts with carbon monoxide（CO）  to 五orm Al20 （gas），

’    丁=660  .c一2 000  .c  （F<2 532.c），△G40<0    secondly，Al20  （gas）  reacts with carbon monoxide（cO）

  -g pp。=一34半 08+.2.，6    'o五orm aluminum ca'blde on'he sur蠡ace of s01id or 11q'    u id p h a S e ， th ir d ly ， th e a lu m in u m c a rb id e d is s o lv e S in to
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