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                                    Abstract

   
A
 Y7ight Process of .fitsed metal  in aro  sprqJ/ing is divided into .fbur Stages, ie., 1) JLIsion fiom tvire, 2)

Y!ving in arc  ptasrna, 3) nving in the air,  and  4) acthesion  on  substrate, Zbejused  metat  temperatttre is estimated  at  twb
Points of'ihe.fli.ghtProcess. One of them,  ( 7t), is esti,nated  at  tfie adhesion  stage  with  a  silicone  oil  c'alorimeter,  and  the other,
(7V), at  the.jusion stage  fp' the calcuiation  qt'heat ioput.

    ZhefoUewing  resutts  are  obtainedjlom  tfie estimations,

(1) (Tlr) 
and

 (7'i) d4Pend on  a Lvzre.foed  speed Parameter v+1(vg.  +v.), and  the (Tic) versus  v+1(v+ ÷ v.)  ettrves sfiozevs
a simitar  shape  to the (7V) surve,  zvhere  (v+) is the f)esitive eleatrode  side  and  (vH) the nagatiwe.

(2) ne
 
teniperature

 (7b) at tlte adhesien  siage  
･is
 higher than the tefmperature C7V) at theYitsion stage.for  all  the erperimental

values  of'v+/(vL +v.).
(3) 7)ie

 
neating

 cffbct of thejused  metal  in the arc Plasma is theugt･t to be greater than the cooting  aj7bct ofthe.fused metat

in
 
the

 
eir.

 
T)fiis

 
accmtnts

 for the higher teniperaktre  attained  at  athesion  stage  than  the temperature  at  the ju$ien sta.a,e.

1. Introduction

  Arc spraying  is a  spraying  method  in which  an

electric  arc  is employed  as  the  heat source  to  fuse the
metal  wire  and  to  spray  it onto  the  steel  plate, or

other  surfaces  to form a  coating.  It is believcd that
the  tempcraturc  of  the  fused metal  will  largely influ-
ence  the  coating  performance. Up  to date, only  the
tcmperature  of  fused particles of  other  spra},ing

metheds  such  as  plasma  spraying  has been meas-

ured,i)'2)  but, the  temperature  of  fuscd metal  in arc

spraying  method  has not  been  determined.
  In  the  previous report,3)  the  authors  divided  thc

process into four stagcs  fiom the  fusion of  wire  to the

adhesion  oC  fused particles in the  arc  spraying  as  shown

in Figure l (namely, Stage I ; wire  fusion process, Stage
J;fused metal  flying process in the  arc,  Stage  M;
fused metal  flying process in the  air,  Stage IV; fused
metal  adhesion  process). Thc  authors  also  bclievcd
that  tcmperature  of  fused metal  varies  in each  stage.

  In thc  first rcport4)  of  this  series,  thc  authors  re-

ported that both the  sprayed  coating  adhesive  strength

and  the arc  stability  are  largely influenced by the

feeding speed  condition  of  positive and  negativc  wires.

  In the  current  study,  the tcmperature  of  fused metaL

when  the  wire  feed spced  is changed  is examined,

cmploying  aluminium  wirc  and  stainless  steel  wire  as

tha  spraying  materials.  The  estimation  of  the  fused
mctal  temperature  was  made  at  two  points; namely,

at  a  point .iust before the  adhesion  of  the  fused metal

onto  the  steel plate (namely, Stage IV) and  at a

point just after  wirc  fusion (namely, StageI).  The
temperature  in the  former case  (hereinafter referred  to

as  
"Tc")

 was  measured  by a  special  calorimeter

employing  sMcone  oil  as  the  heat absorbing  material,

The  temperature  in the  Iatter case  (hereinafter re-

ferred to as  
`[Ti'i)

 was  estimated  from the  heat input
conditions.  These two  temperatures  wcre  compared,

and  it was  confirmed  that  the  temperature  varies  from
the  mement  just after  fusion of  wire  to the  moment

just before adhesion.
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            Fig. 1 Arc  spraying  process.
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2. Spraying  Materials,  Spraying  Equipment

   and  Spraying  Conditiens

  Table 1 shows  the  spraying  materials  used  for the
experiment.  For each  material,  a  wire  with  a  dia-
meter  of  1.6 mm  was  used,

Table  l Spraymg  materials.

Material Composition
..t ..ttt

Aluminium(AL)PureA[(over99.701o}
r'

Stainlesssteel(SUS508)IOiv1paleNi,19rw2ie/eCr

[82]
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  The  arc  spraying  equipment  used  for the  experi-

ments  included  a constant  voltage  characteristic  DC

power  source,  and  two  electric  motors  for the separate

feeding of  positive and  negative  wires.

  The  arc  current  and  arc  voltage  were  measured  by
the  pen-writing  oscillograph;  each  average  value  was

taken  as average  arc  current  (Iav) and  avcrage  arc

voltage  CVav).
  Table  2 shows  the  arc  spraying  conditions.  Em-

ploying aluminium  and  stainless  steel (SUS 308) as

the  spraying  matcrials,  the  negative  wire  feed speed

(v-) was  varied,  keeping  the  average  arc  voltage

(Vav) and  positive wire  feed speed  (v+) constant.

           Table  2 Arcspraying  cond{tiDn.

Ternperatuein  Arc  Spraying

compresged  alr

    M
      e  metd  wire

T"'
1

  !ofl3Cl-

 cooling water

,'

 arc
,,,e

fused meta[
,'

 
e.

 .. she[ter
,
 (copper)
,

SprayingmoterialAL SUS508

Vav(V) 50 50

V/+(M!min) 8 6

IJr-(M!min)5,6,8,12,[64r6･8,10

(83)

thermo-

3. Estirnation  Method  of  Fused  Metal  Tern-

   perature  (Tc) just before Adhesion  onto

   Steel Plate

  The  temperature  increase in the  calorimeter  caused

by thc  heat quantity  of  fused metaljust  before the

adhesion  was  measured,  and  (Tt) was  estimated  frem

the  rneasured  value.  Generally watcr  is used  as  the

heat absorbing  material  for the  calorimetcr.5)'6)

However, in the  current  study,  silicone  oil  was  used

because cf  adoption  of  the  measurement  method

described below.

(1) Calorimeter

  Figure 2 shows  a  schematic  diagrarn of  the  calorimeter

for used  the  estimation  of  the  fused metal  temperature

(Tic). The  main  unit  of  the  calorimeter  consists  of

a  cylindrical  container  (outer diameter:I40rnm,
height: 120 mm)  rnade  of  vinyl  chloride  and  a  copper

inncr case  (wall thickness:  1 mm,  diameter: 94rnm,

height: 80mm)  installed with  a  thermal  insulating

material.  For  the  cap,  a  cork  with  a  wall  thickness

of  20mm  was  used,  In this  cap,  an  opening  (dia-
meter:  about  40mm)  was  made.  350g  of  si]icone

oil  was  poured  into this  container  as  the  hcat absorb-

ing material.  A  copper  cylindrical  container,  (thick-
ness:1mm,  diameter: 40  mm,  height: 70mm)  was

dipped into the  silicone  eil  to catch  the fused metal

by  hanging it through  an  opening  in the  cap.  In

addition,  in the  silicone  oil,  an  agitator  and  a  copper-

constantan  thermocouple  (A) for liquid temperature

mcasurement  were  instal]ed, Between the  above-

mentioned  container  and  the  spray  gun, a  "rater-

coolcd  conical  copper  shelter  (diameter of  top-opening:

20 mm)  and  a shelter  made  of  mild  steel  (diameter of

opening:  30rnm)  were  previded.  Bctween  the  cep-

pcr  shelter  and  the  mild  steel  shelter,  a  copper-con-

sheltermildsteel','agitator
tttttttttt

tt/tt.tt
fiJ-1:.

,,:1l'J{'

couple@thermo-

corkCOuple@

fusedmeta]basin

(copoer)
siliconeoH

(550g)
..Lr'kg.-ttt-

tt''

''

""'coHecting

---.lnsidecase...
Ccopper) ]94

140

        Fig. 2 Schcmatic  diagrarn ofcalorimeter.

stantan  thermocouple  (B), to measure  the  temperature

of  compressed  air  flow heated by  the  arc,  (hereinafter
referred  to as  the  

`"hot
 air")  was  installed in a  pcsition

where  no  fused metal  can  come  into contact  with  it.

  Above  the  calorirncter,  spraying  was  done  for 5

seconds,  with  a  spraying  distance (ls) of300  mm.  The

fused particles passing through  the  two  shelters  were

collected  in the  cylindrical  copper  container.  The
heat conveyed  by  fused metal  and  the  hot  air  was

transmitted  to the  silicone  oil  through  the  copper

container.  While sufficiently  agitating  the  silicone

oil,  the  change  in silicone  cil  temperature  (7b) was

measurcd  against  thc  time  and  the  increase in silicone

oil  temperature  (tiT) was  determined.

(2) Fused  metal  temperature

  When  the  spraying  is done for a  certain  period of

time  with  the  equipment  shown  in Fig. 2, the  total

transrnitted  amount  of  heat (Ut) can  be obtained

from the fo11owing equatien.

    Ht=Hb+Hf,  
-･-･･-･･･-････--------･(l)

where  (Hb) is the  heat transmitted  by fuscd metal  and

    (Hf) is the  heat transmitted  by the  hot air.

If (Hic) can  be detcrmined separately,  the  fused metal
temperature  (7-b) can  be obtained.  However, in arc

spraying,  both (Hb) and  (H]) cannot  be  measured

scparately.  Therefore, the  authors  proposed to lower

(H}) value  to zero  in order  to obtain  (Hic). Now,
in the  case  of  aluminium  spraying,  the  fused metal

temperature  is higher than  the melting  point (6600C),
and  the  hot air  temperature  (71f) is considered  to be

relatively  low  duc  to the  use  of  a  ]arge amount  of

compressed  air,  thus

(83)
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     Fig. 3 Cooling-rate of  calorimeter  after  arc  spraying,

     Tb>  Tf

 is bclieved  to held. An  experiment  was  conducted

 by changing  the  silicone  oil  temperature  in the  calori-

 meter  from (Tbi) to (Tlf) in scveral  steps  before

 spraying.  This  was  done so  that  as  the  silicone  oil

 tempcrature  approaches  (71f), (h(}) would  become

 nearly  zero.  Hence,  in equation  (1), (Ht) comes

 closc  to  (Hb) jf (H)) becomes nearly  zero.  The
 experimental  procedure  and  data arc  shown  as  fo]lows.

   Figure 3 i]lustrates the  change  in temp
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fellowing equation:

    Qi=Q,+Q,+Q,,･-･----･･-･--･---･･-･･･(4)

where,  Qi: Amount  of  heat generated  by  anode  and

           cathode  (Jlg),
      Q2: Heat  generation  by electric  resistance

           between (A) and  (B), and  (C) and  (D)
           (Jlg) (Joule heating) and

      Q3: Arnount of  heat transmitted  from arc

           (Jig)･
Wben  the  wire  feed speed  is much  faster than  the

heat transmitting  specd  from  the  arc  as  was  the  case

in this experiment,  (Q.3) can  be neglected.7)  There-

fore, equation  (4) becomes

    Qi -  Q.,+Q,
       ==  V},i･lavlMw÷2R･Iav2IA4iv, ･･･････････････(5)

where,  J7}n: Equivalent  voltage  for fusion (V),
      Mw:  Amountafwire  fed (g/s) and

        R: Electric resistance  due  to wire  extension

            (2).
The  fuscd metal  temperature  CTi) can  be obtained

by the fo]lewing equation,

    n  --  7}n+{oj-C,(Thi-7Y)-pa}r"C2,  
''''''(6>

whcre,  7}': Wire  temperature  before spraying  (OC).
In the  fo11owing, the  cstimation  method  to obtain

(71) is explained  in both aluminium  and  stainless

steel  (SUS 30S) spraying.  Table  3 shows  the  ph}rs-
ical properties of  the spraying  materials  used  for the

calculation.

Table  3 Physical properties ofspraytng  maicrials.

SprayingmaterialA[ SUS508

vmxi){v)1LO 17.25

RxLi(a)L5x[o'4'5,5xioJ5

Tm(oc)660/t[400

Qm(Jlg)
'598

272

Tr(oc) 20 20

C,(Jlg･deg)'L05 O.65

C2(Jfg･deg)L15 O.65

P(glcms)2.7 8.0

*i)
 Estirnation -vas  done  by  the  method  shown  in

   APPENDIX.

in Arc Spraying [85)

(1) With  aluminium  spraying

  Since with  aluminium  sprayin.cr,  tbe Joule hcat

generation  in the wire  extension  is very  small  as  
can

be seen  from thc  physical propertics shown  in Table

3, equation  (5) becomes

    Qi i-';- 122 lavf(v. +v-) .

Hence, by measuring  the  average  arc  current  (lav)
undcr  given  positive wire  feed speed  (v+), and  negaLive

wire  feed speed  (v-), (<2i) under  that  spraying  condi-

tion  can  be  determined, and  (7V) can  be obtained

from  equation  (6).

(2) W'ith stainicss  steel  (SUS S08) spraying

  In  stainless  steel  spraying,  the  generation  of  Joule
heat at  thc  wire  extension  has to be taken  into cen-

sideration.  Thus,  from the  physical  properties as

shown  in Table  3, equation  (5) becomes

    CZi =  (63.9 lav+O.04lav2)i(v. +v-) .

Thereforc, as in the  case  of  stainless  steel  spraying,

((2i) and  (7I) can  be cbtained  from  (v+), (v-) and

(lav).

5. Comparison  of  (Tc) and  (Ti)

  Comparison  is made  as fo11ows between  the  fused

metal  temperaturc  (Tt) in Stage IV, as  estimated  in

section  3, and  the  fused metal  tcmpcrature  (71) in

StageI, as  estirnatcd  in scction  4.

(1) Aluminiumspraying

  Figure 7 shows  the  fused rnetal  temperaturc  (7t)'
 (solid Iine) just before adhesion  onto  the  steel  plate,

and  the  fused metal  temperature  CTi) (broken line)

just after  thc  wire  fusion, with  wire  feed speed  condi-

tions v+1(v++v.)  as  the  abscissa.  As can  be  seen,

nyve

 26HO

929ptaE9

 1;.

 oE-o

 

Oc,,di

     o

Fig. 7

                   05 I.O

    Condltlon of wire  feed speed th1(2za+V:.)

Relation  betwecn condition  cf  sdre  feed speed  and  t'used

rnetal  tcrnperature  (Al).

(85)
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 (S6) Transactions

(TZr) and  CTi) vary  between the  melting  point (M.P.)
(6600C) and  vapourisation  point (V.P.) (2,5000C)
depending on  thc  wire  feed speed  conditions.  (7lr)
becomes  generally higher than  (Ti), and  both (71r)･
and  CTi) are  maximum  when  u+/(v++v-)=O.4rvO.5.

  From  thc  abovc,  the  thermal  change  mechanism  of

fused mctal  during flying is considcred  as  foIlow.
The  fused metal  temperature  is influenced by the
wire  feed speed  condition,  just after  wire  fusion,
namely,  in Stage I. It is considered.that  the infiuence
remains  unchangcd,  even  when  the  fused metal  is
heated by  an  arc  in Stage  ll er  cooled  by air  in Stagc

 M. In Stage g, the fused mctal  flies in the  high
temperature  arc  with  a rclative]y  Iow  speed,3)  and

iater flies in the  low temperature  air at  a  high speed,8)
It is believed that  the  incrcase in the fused metal

temperature  as  a  result  of  being heated  in the  arc  is
slightly  greater compared  with  the  temperature
decreasc  through  cooling  in the  air, As  secn  from
Fig, 7, the  terriperatuTe  difference betwecn  (71:) and

(7I) varics  and  depends  on  thc  wire  feed speed  condi-

tions. This is thcught  to be due to the  fact that

when  the  wire  feed speed  conditiens  aie  varied,  not

only  the  fused  metal  temperature,  but  also  the  shape

and  speed  of  the  fused metal  vary.3)'4)  It is also

thought  that the  amount  ef  heat-absorption and

amount  of  heat-radiation are  also  changcd.9}

(2) Stainless stecl  spraying  (SUS 308)

  Figure  8 j]Iustrates the  relationship  between  thc
wire  feed speed  cenditions  v+!(v++v-)  and  (7le) and

(71), (7}:) and  (7V) vary  between the  melting  point
(M.P.) (1,4000C) and  vapourisation  point (V.P.)
(2,9000C) depending on  the wire  feed speed  condi-
tions. Generally  (72r) is higher than  (7V) and  both
(71:) and  (Ti) are  maximum  when  v.1(v++vh)=O.4
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         Condition of wire  feed speed  eq!(1"+?,t.)
Fig. 8 Relation  between conditionofwire  feed speed  and  fused
     m.ttal  tcmperature  (SUS 308).

     
*2)

 In addition  to  the  spraying  conditions  shown  in
        Table  2, thc  experimental  value  under  thc  condi-

        tions  of  v+=6mlmin,  v =2  and  12mtmin  xvere

        added.
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 approximately.  This  trend  is just the  same  as in
 aluminium  spraying.  Therefore, it is believed that

 the  changing  mechanism  of  the  fused rnetal  tempera-

 ture  is the  same  as  in aluminium  spraying.  Name]y,

 it is considered  that  the  changing  mechanism  of  the

 fuscd mctal  temperature  remains  unchanged,  even  if
 the  spraying  material  is varied,

   Thus,  as  can  be seen  above,  thc fused metel  tem-

 perature  in two  diflerent stages  was  cstimated  by

 employing  the  calorimeter  and  calculating  the  heat

 input, and  by  comparing  the  two  tempcrature  values,

 the  changing  mechanism  of  the  fused metal  tempera-

 ture  during  the period just after  the  wire  fusion to

 adhesien  onto  the  stecl  piate of  the  fused metal  was

 estimated.

 6, Conalusions

   The  fu:ed metal  temperature  in a]uminium  and

 stainless  stecl  arc  spraying  was  estimated.  The  esti-

 mation  of  the  fused metal  ternperaturc  was  made  at

 two  points, namely,  just befbre the  aclhesion  of  fused

 rnetal  onto  the  stccl  plate (Stage IV) and  just after

 the  fusion ef  wire  (Stage I). Tbe  ternperaturc cf

 former (71) was  estimated  by employing  a  special

 calorimcter,  and  the  temperature  of  the  latter (7i)
 was  estimated  by calculating  the  heat input. The
 fo11owing N-ras  obtained  by the  comparison  of  these

 twc  temperature  valucs.

 (1) 7t and  7'V are  largely influenced by the feeding
 speed  (v+, v-)  of  the  positive and  negativc  wires.  The

 graphs of  ( Iic) and  (7I), when  plotted against  wire

 feed speed  parameters v+f(v.+v"),  show  similar

 trend.

 (2) Considering the  fact that(7t)  is genera]ly higher

 than  (Ti), it is likely that  the  fused metal  temperature

 rises  during the  flying period from just after  Nvire

 fusion to  just befbre adhesion  onto  the  steel  plate of

 the  fused metal.

   From  the  above  results,  it is believed that  the

 changing  mechanism  of  the  fused metal  tcmperature

 during the  period  of  fiying from  the  fusion of  wirc  to

 the  adhesion  onto  the  steel  plate of  fused metal  in the

 arc  spraying  is as  fo11ows.

  Just after  the  fusion of  wire,  the fuscd metal  tcm-

 perature is influenced  by  the  wire  feed speed  condi-

 tions. That  infiuence remains  virtually  unchanged

 while  the  fused metal  is cooled  by ]ow temperature  air,

 aftcr  being  hcated by the  arc.  Since the  increasc

 in the  fused metal  temperature  by heating in the  arc

 is largc compared  with  the temperature  decrease  by

 the  cooling  in the  air,  the  fused metal  temperature

becomes higher just before the adhe:ion  onto  the

steel  plate than  just after  wire  fusion.

APPENDIX

 (l) Estimation  of  resistance  (R) and  equivalent

     veltage  for fusion (Vin) in aluminium  spraying

   (a) Estimation of(R)

(86)
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