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Micro-FASTᡆᖘ䗽ぁѣ⭫⍷ཝቅሯ仍㋈ᖘⲺᖧଃ 

Effect of electric current magnitude on particles’ deformation during the 

densification process of Micro-FAST 
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  㾷: 裁霰畧般䏮49沃へ32番ä充D禺爛耜澤艱┨(ばにMicro-FAST)策様芋 316LЩ嘍

倌塑巉 Cu 爛鰭煚棬┛褄弣芋62ê絡峅尹 316LЩ嘍倌塑巉 Cu 9┤灰ª板D禺汍ゆш潴

B紳澤A瀑騒┛禺∠と馭＄板62番┚持番塑├欸番A㐧崇凱49Ч＄渚├汍ゆ驤9┤灰ª

奬タ叚嫻充A挨≷汍ゆ┛58引62睦畧鐔櫂A瀑騒＄9┤灰ª板叚嫻充汍ゆшとタ査A髣

緫ゐ炒扱М驤潴BA睦畧紳澤┛62ê厷絡＄潴BA紳澤脽厷絡＄9┤灰ªA㮍菅巒尸麹

峅脽厷沃＄龜滾爛鰭D禺灰Aロ尹嫻欸伊厷絡┛ 

ީ䭤䈃:  Micro-FAST◆9┤爛耜澤◆62番◆潴B紳澤 

 

 

Abstract: In this paper, a novel micro multi-physic fields coupling method (“Micro-FAST” for 

short) is developed for the fabrication of micro gear with 316L stainless steel powders and pure 

copper powders. The effect of electric current magnitude on the particle deformation in 

sintering process of 316L stainless steel and pure copper systems was studied respectively. It 

was shown that the calefactive period which plays a key role for densification of powder system. 

A notable feature of the densification process is plastic deformation of particles which is due to 

electroplastic effect. With the increasing of electric current, the deformation amount of particles 

is bigger which result in the increase of axial reduction, and concequently improving the 

densification of samples. 

 

   Keywords: Micro-FAST; Powders micro forming; Electric field; Particle deformation 
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澀駅в85＄籂46MEMSA洯ゆ爾珥＄爛鰭蕝王A蝝|脽爾絡＄脊タ隠痛叀蔀┛例浸策様畧

幔家┚n欸'95┚M𠺕角49≷|A爛鰭蕝王A耜澤艱┨耜愛澀駅迫盫迫坑ぎ例J88[1,2]┛齰尹爛啦

瀀耜澤[3]┚爛睦畧耜澤[4]塑爛B睦耜鰭[5]4爛耜澤靜/塑 SPS
[6-8]4番槮辞D禺靜/A家88塑灰

88＄┥溱𤁋氈裁霰畧般岌沃へ32番㐧崇D禺洧М霰潤A番ä充D禺艱┨Ъ爛耜澤艱┨洯が│鐔

禺崇＄ぬ個岌沃へ32番㐧崇D禺艱┨櫂49引爛鰭蕝王A策様ш＄觸査芋МゕD禺├欸齣改┚耜

澤鐔ぬ齣'95┚策様泉┘齣テA爛鰭蕝王㳒閤耜澤Ъ珥濼策瀀A霰艱┨——沃へ32番ä充D禺爛

耜澤艱┨′Micro-forming Fields Activated Sintering Technology＄ばにMicro-FAST″┛檔艱┨驤䏮

49絡62ê′閻У壽勉″┚改62肖′10 何朿酢″A渦ê62㵤汍9┤/′佼灰ª＄咲49る筑J鐔櫂4

珥濼渚├＄槭㵤汍養爾持番A誤趨凱49＄板改├Ч奬タ9┤╉隶D禺叚嫻充塑爛鰭蕝王卧珥濼

耜澤AМゕ霰靜/┛檔爛耜澤艱┨A家蔀洦板引丞丐D禺9┤灰ªш頷蝝べ爾黄皆べ爾擦昌靭

D禺耜澤┛┥拖陷ш䏮49Micro-FAST耜治策様芋 316LЩ嘍倌爛鰭煚棬塑爛鰭 Cu煚棬[9]┛例ヹ

禺∠浸タ＄腩廝9┤灰ª板62番┚J番塑持番A㐧崇凱49Ч＄絡楷欸眹改芋D禺├欸＄槭а板

閻順くAD禺汍ゆш夐耜叚嫻充＄𣘸火聰9┤行腩靜/9┤灰ª鰹蹜D禺櫸澤耜Ъ櫸懜奬タ叚

嫻充A耜澤┳32[10]Щ趨＄Micro-FAST艱┨A叚嫻充汍ゆ挨≷繍蓴潴BA睦畧紳澤塑潴B浡85蹩

A六崇┛交ш＄9┤潴B板沃へ32番㐧崇凱49ЧA紳澤が愛驤9┤灰ª奬タ叚嫻充A晒觸⑮王

塑醐堦輩Î＄尹叚嫻充│46脬≷瀑騒┛┥陷嶬62ê絡峅尹 316LЩ嘍倌9┤塑巉 Cu9┤潴B紳

澤A瀑騒洯が褄弣┛ 

 

1 ᇔ僂 

 

䏮49巉欸 99.9%A 316LЩ嘍倌9┤塑巉欸 99.0%A洦丞巉厙9пゕ9┤＄再埼策様煚斎箱

ラ炬愛 1.6 mm＄煚閻愛 6＄'95欸愛 3 mmA┃浤楫爛鰭 316LЩ嘍倌煚棬塑煚斎箱ラ炬愛 1.6 mm＄

煚閻愛 8＄'95欸愛 3 mmA┃浤楫爛鰭厙煚棬┛ 

奬'1949擄様愛 Gleeble-1500DJ′蒿┳＄58爾Jª聰┚爾持ª聰遠心嶤ょ┳褞策ª聰 3絡瞟

再氈耜＄曝 1愛爾Jª聰〛竚曝＄趨餒伊驤Micro-FAST艱┨A耜澤丞32曝┛ 

 

 

曝 1 Micro-FAST艱┨A耜澤丞32曝 

Fig.1 Schematic of Gleeble-1500D apparatus and principles of Micro-FAST 

 

奬'19餒＄∆個岌び崇批拾A腩廝9┤に脽据ナ枕引′佼ш＄ケ据板楞擄渚├濼欸┚D禺13

ぁ欸j10
-2

 PaA⑮王Ч尹ナ│腩廝9┤A′佼ラ褓㵤62洯が畩濼爾J＄趨餒板′佼пス靨遠ロ

櫂A凱49持＄澀爾J咋 200 @餒尹9┤灰ª洯が観├＄ケ据板62番塑持番A薨褫凱49Ч遠趨М

渚├濼欸爾J厫楞擄├欸＄尹 316L9┤洯が観├ 4 min＄尹巉厙9┤洯がい浡62J腔沙＄龜据

霙62ぁ衡厫侫├┛佼灰朮庨尻閻苓と 1腑〛┛ 
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䏮4962坏再㊧酪樅＄咲49癅娩#牀袤t/\脽爛鰭栝逼A嫻欸＄洯澘嶤ょ査ロ尹嫻欸◆趨

餒䏮49與觴62帨′SEM″ㇵ它交髣爛氈漑禺㎎┛ 

 

㺞 1 ᇔ僂ᡶ䟽⭞Ⲻᐛ㢰৸ᮦ 

Table1 Processing parameters of the experiment 

Material/ 

Sample 

Heating 

Rate 

(Ԩ/s) 

Sintering 

Temperature 

(Ԩ) 

Pressure 

(MPa) 

Holding 

Time at 

200Ԩ 

(min) 

Holding 

Time at 

the End 

(min) 

Number of 

the heating 

cycle* 

316L-1# 50 900 250 2 4 — 

316L-2# 100 900 250 2 4 — 

Cu-1# 50 600 100 0.5 — 3 

Cu-2# 100 600 100 0.5 — 3 

* A heating cycle is defined as a cycle during which the temperature rises to the maximum value and 

then drops to about 400 C  

 

 

 

2 㔉᷒ф䇞䇰 

    

(a) 316LЩ嘍倌            (b) 巉 Cu 

曝 2 奬'19腑策様A爛鰭煚棬 

Fig.2 Fabricated 316L and copper micro-gears 

 

板┥奬'19⑮王Ч耜治策様査爛鰭 316LЩ嘍倌煚棬塑爛鰭厙煚棬＄交澤葰苓曝 2腑〛＄諺再

斝馭檔爛耜澤靜/A靭が畧┛ 

 

 

2.1  ᗤශ喵䖤Ⲻ㠪ᇼौ⢯ᖷ 

 

板┥奬'19⑮王Ч＄再埼漊神芋 316LЩ嘍倌A 1#栝逼塑巉 CuA 2#栝逼愛掛＄尹錘栝逼D禺

汍ゆA├欸┚㮍菅巒尸紳充脽Ъ餒浡A齒楫洯が再㊧┛閲曝 3 靭遠01査＄籂46├欸A渚'95＄9

┤灰ªA㮍菅巒尸麹峅脽迷絡＄趨餒пゕ9┤D禺灰とタ査𣘸愛ロ賀A㮍菅巒尸紳充ゐ炒＄腑

遠岌D禺汍ゆ絡叚再愛 4х痗鍗◇潴B溲畧紳澤痗鍗(I)┚ш浡観├痗鍗(II)┚潴B睦畧紳澤塑潴

B浡85蹩六崇痗鍗(III)┚'95├Č紳痗鍗(IV)┛ 

 

(I) 板D禺際┘′閲侫├~200 @朿酢″＄58引㌫ナ板′佼шA9┤板養持A凱49Чグい浡肖

奬＄腑遠㮍菅巒尸麹峅脽氶濼迷絡＄繒痗鍗愛楞D禺痗鍗┛ 

(II) 58引板D禺際┘＄9┤潴B浡A坡粺塑′佼ш郞98│瞟再T灰＄屎叚J′蒿┳A13ぁ

欸│腑Ч眹＄腑遠板渚├咋 200 @餒尹9┤灰ª䏮神ш浡観├М奘餒浡A朮庨褫靨＄遠干角郞

98T灰幔諺再ə査┛輩愛郞開T灰科尹潴B浡A褓ㇺ62瘌瀀耜瀑騒＄腑遠観├痗鍗 Cu-1#′苓

曝 3′b″腑〛″栝逼A├欸齒楫│М奘A<蒔┛趨逼秦郞開T灰A瀑騒＄板檔ш浡観├痗鍗＄

9┤灰A㮍菅巒尸麹峅脽j爛迷沃┛ 
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(III) 籂46爾J汍ゆA藕褫洯が＄板62番塑薨褫養持A凱49Ч9┤潴B∆個浸40溲畧紳澤＄

籂46渚├A洯が＄9┤灰ªA幔脽⑲勈引п靜蹩＄М靜蹩驤9┤潴B58引勈怤62瘌欝40Aる筑

J◆塵М靜蹩驤9┤潴B浡A褓ㇺ62瘌欝40Aる筑J┛籂46紳澤脽A迷絡＄潴B浡A褓ㇺ62瘌

紳絡＄閲澘板潴B浡85蹩擁澤耜帋瞟'95├＄繒餒養持A凱49Ч＄9┤潴B浸40芋睦畧紳澤┛澀

潴B浡A帋瞟├欸卧汍腩廝9┤A六88餒干│ゃロA40耜＄帋瞟ゃロ角煬潴B浡A85蹩グ六ㇸ＄

閲澘角9┤灰ª紳耜浠褫灰┛腑遠板潴B睦畧紳澤塑潴B浡85蹩六ㇸA痗鍗＄9┤灰ªA㮍菅

巒尸紳充脽齒楫浸40芋因澈え紳＄巒尸麹峅脽馭髣迷絡┛ 

 

 

(a) 316L-1 

 

(b) Cu-2# 

曝 3 栝逼D禺汍ゆшA├欸塑㮍菅巒尸紳充脽Ъ餒浡A齒楫 

Fig.3 The temperature and axial reduction of the micro gear as a function of time 

 

(IV) 澀├欸毚咋楞擄├欸餒＄尹 316L9┤D禺灰洯が 4 minA観├＄苓曝 3′a″腑〛＄

板檔観├痗鍗＄58引養持A薨褫凱49慣角潴B浡40耜Aゃロ菅杯泉Č蒔＄遠枕諺潴B浡A郞開

坡x＄腑遠板檔痗鍗9┤灰A㮍菅巒尸麹峅脽藕褫迷絡＄龜据叀引樅鷏┛尹 Cu9┤D禺灰板据

褫痗鍗細洯がA驤62J腔沙＄苓曝 3′b″腑〛＄62J腔沙朮庨褫靨靭遠尹9┤灰ª洯が沃澈絡

62ê爾J＄慣洯ゃロAČ蒔諺再枕諺潴B浡A郞開坡x＄58引 Cu9┤潴BA睦畧𣘸励＄板渚├

痗鍗潴BA睦畧紳澤脽𣘸絡＄9┤D禺灰шA郞開坡x𣘸峇＄腑遠板据褫AJ腔沙痗鍗9┤灰

ªA㮍菅巒尸麹峅脽𣘸峅＄龜据叀引樅鷏┛ 

 

閲遠Ц閻蟾ゐ炒靭遠01査＄Micro-FASTA渚├汍ゆ驤9┤灰ª奬タ叚嫻充A挨≷汍ゆ＄板

閻順くA渚├汍ゆш9┤灰ªとタ査A髣緫ゐ炒驤潴BA睦畧紳澤塑潴BAへ璋棤紳′潴B浡
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ゃロA40耜″┛潴B浡帋瞟ゃロA40耜驤9┤灰ª奬タ浠褫灰A脬≷澐炬＄澘潴BA睦畧紳澤驤

潴Bへ璋棤紳A晒觸⑮王塑醐堦痗鍗＄腑遠潴BA紳澤が愛岌尹9┤灰ªA叚嫻充┥𠂢欝40ラ

褓瀑騒┛ 

 

2.2  ⭫⍷ཝቅሯ仍㋈ᖘⲺᖧଃ 

 

Gleeble-1500DJ′蒿┳咲49嶤ょ┳褞策ª聰謬蟾腑楞擄A渚├濼欸⑲勈蒔奬餒潾弜㵤汍9

┤灰ªA62ê絡峅＄槭篊崇潾弜橺査62肖＄腑遠62ê絡峅顆┆璽引渚├濼欸塑D禺├欸寝新汍

⑲グ潾弜塑褞策＄62ê絡峅塑├欸扱浡垠板46滔ⅲA㐧崇凱49┛58る筑-⑻澈奘烙＄62ê㵤汍栝

逼餒欝40AJ脽 Q
[11]◇ 

2Q I Rt                             ′1″ 

淆ш◇Q-62ê㵤汍栝逼欝40AJ脽◆I-㵤汍栝逼A62ê絡峅◆R-栝逼A62瘌客◆t-㵤62餒浡┛ 

細′1″淆と〛㵤汍栝逼AJê嫻欸 q◇ 

Q dT
q CL

At dt
                      ′2″ 

昌 qןdT/dt┛ 

交ш◇A-栝逼‚肭蹩な◆ȡ-栝逼A嫻欸◆C-栝逼A魲J婪◆L-栝逼懜欸◆dT/dt-栝逼A楞擄

渚├濼欸┛ 

58淆′2″靭サ＄渚├濼欸厷絡＄9┤灰ª瑑煬AJê嫻欸厷絡┛ 

寝輩愛 Gleeble-1500D J-持堙′蒿┳橺査A62ê絡峅驤謬蟾楞擄渚├濼欸⑲褞策A＄аM

𠺕Ч淆◇ 

I C dT

A dt




                          ′3″ 

 

輩繒＄籂46栝逼楞擄渚├濼欸A渚'95＄㵤汍肖畢A62ê迷絡┛ 

 

316LЩ嘍倌爛鰭煚棬栝逼A髣爛氈漑㈩Ⓤ苓曝 4腑〛＄閲曝ш馭髣01査＄D禺灰A叚嫻欸

疽灰家巠＄316L9┤潴B板Х番A㐧崇凱49Ч浸40芋睦畧紳澤＄潴BЪ潴B扱浡禺崇Õ嫻＄潴

B浡85蹩浸40芋М奘ゆ欸A六ㇸ┛趨餒Щ耞01査＄籂46渚├濼欸A觸'95＄昌㵤汍9┤灰ªA62

ê厷絡＄潴B浸40睦畧紳澤脽厷絡＄潴BЪ潴B扱浡旅崇欸厷励＄苓曝 4′b″шA B擁潴B浡

A坡粺馭髣魲曝 4′a″шA A擁坡粺峅＄閲澘煬査絡62ê幔慣洯9┤潴BA睦畧紳澤＄觸'95紳

澤脽┛輩繒9┤潴B浡褓ㇺ蹩な厷絡＄㵤汍潴B浡A62ê嫻欸厷絡＄澀帋瞟├欸卧汍腩廝潴B

A六88餒＄潴BЪ潴BA85蹩査タゃロ＄叚角85蹩瞟再六ㇸ＄角20わA9┤潴B澤耜浠褫灰＄

閲曝 4靭遠01査＄絡62êЧA 316L-2#栝逼潴B浡85蹩A六ㇸ欸魲 316L-1#栝逼A'95＄閲澘洯М

罇斝奬潴B紳澤脽A絡峅尹9┤灰ª奬タ叚嫻充瀑騒髣緫＄絡62êЧAD禺齣幔觸'95潴BA紳

澤脽┛ 
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(a) 渚├濼欸愛 50@/s 

 

(b) 渚├濼欸愛 100@/s 

曝 4 316LЩ嘍倌爛鰭煚棬栝逼A SEM㈩Ⓤ 

Fig.4 SEM micrographs of the formed micro 316L samples 

 

(a) 渚├濼欸愛 50@/s  

 

(b) 渚├濼欸愛 100@/s 

曝 5 爛鰭 Cu煚棬栝逼A SEM㈩Ⓤ 

Fig.5 SEM micrographs of the formed micro copper samples 

 

閲曝 5爛鰭 Cu煚棬栝逼A髣爛氈漑㈩Ⓤ靭遠01咋Ъ 316LЩ嘍倌D禺趨逼Aㇷ烙◇澀62ê

厷絡＄Cu潴BA紳澤脽齣絡＄坡粺欸厷峅＄潴B浡澤耜Aゃロ脽伊厷沃＄屎叚潴B浡85蹩A六

ㇸ欸伊厷絡┛ 

 
(a) 316L 
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(b) Cu 

曝 6 栝逼渚├汍ゆA㮍菅巒尸紳充脽Ъ餒浡A齒楫 

Fig.6 The axial reduction of the micro sample as a function of time during heating process 

 

員奬Ц＄閲曝 6栝逼渚├汍ゆA㮍菅巒尸紳充脽Ъ餒浡A齒楫靭遠01査＄濶х渚├汍ゆш＄

316L-1#栝逼A巒尸麹峅脽喩愛 0.183 mm＄316L-2#栝逼A巒尸麹峅脽喩愛 0.211 mm◆Cu-1#栝

逼A巒尸麹峅脽喩愛 0.619 mm＄Cu-2#栝逼A巒尸麹峅脽喩愛 0.804 mm┛巫ゑ9┤潴BAゕ+

Щ趨＄潴B┥怤A睦畧Щ趨＄廻驤閲奬'19禺∠⑲01＄絡62êЧ9┤灰ªA㮍菅巒尸麹峅脽批絡

引峅62ê＄閲澘洯М罇'19斝芋62ê絡峅尹潴B睦畧紳澤瀑騒髣緫＄絡62ê齣幔慣角腩廝潴BA

睦畧紳澤┛ 

 

㺞 2 䈋ṭⲺሯᇼᓜ 

Table 2 Relative density of samples 

Material-Sample Relative density % 

316L-1# 91.50 

316L-2# 95.80 

Cu-1# 95.20 

Cu-2# 96.30 

閲と 2 錘栝逼Aロ尹嫻欸靭遠01査＄絡62êЧ＄9┤潴B紳澤脽厷絡＄龜滾栝逼Aロ尹嫻

欸𣘸'95＄昌潴B紳澤脽ラ褓瀑騒46栝逼A𠂢脽┛ 

 

2.3  ⭫⍷ሯ仍㋈ᖘⲺᵰ⨼ᙝ᷆࠼ 

板奬'19閻蟾塑32拖再㊧A娩㌌Ц洵わ芋潴B紳澤A込皆′鰭＄苓曝 9 腑〛┛曝ш《⑷般髣

〛芋62番┚├欸番塑持番尹9┤潴B浸40睦畧紳澤A凱49┳32＄崘交驤62番尹潴B紳澤A𠂉86┛

板D禺A汍ゆш＄潴B58引勈怤A62瘌欝40る筑J＄叚角潴Bと蹩├欸渚'95＄趨餒板養持A凱

49Ч＄潴B浡A褓ㇺ㊉璋閲88褓ㇺ咋楫褓ㇺ＄58引潴B浡褓ㇺ62瘌欝40Aる筑J叚角帋瞟'95├＄

龜据潴B浸40睦畧紳澤据昌愛蹩褓ㇺ┛洧驤輩愛秦62睦畧鐔櫂A瀑騒＄9┤潴B板泂蒔62坏′崘

交驤渦ê62″凱49Ч＄紳澤苜持畩刺Ч眹＄睦畧幔煬咋馭髣A觸'95┛趨餒 Hans Conrad4曳[12-14]

甌例ヹ浸タ＄板侫├Ч＄澀62番滔欸毚咋 1 kV/cm心遠Ц餒幔髣緫麹峇腩廝A霙デ櫂持＄觸'95

睦畧ê蒔幔持◆繒養＄板М奘├欸Ч＄62番洦幔絡楷欸麹峇ê蒔櫂持＄眹改𦦙畧菅餕畧棤紳A

├欸＄洯澘觸'95腩廝A霙デ洫画ぬ┛ 
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曝 9 沃へ32番㐧崇凱49Ч潴B紳澤A込皆′鰭 

Fig.9 The theoretical principle of particles deformation under the action of the coupled multi-physical 

fields 

 

腑遠＄┥奬'19板𣘸改A├欸⑮王Ч＄持番塑62番Aロ蔭㐧崇凱49幔板閻く坑角腩廝潴B浸

40睦畧紳澤＄槭а角潴BЪ潴BA85蹩奬タÕ嫻旅崇＄尹9┤灰ª龜滾奬タ叚嫻充A𠂉86脽杁

絡┛ 

 

3 㔉䇰 

 

1) 䏮49沃へ32番㐧崇9┤爛耜澤A靜/策様爛鰭蕝王佼│靭が畧┛┥奬'19⑮王Ч＄耜治策

様芋 316LЩ嘍倌塑巉 Cu爛鰭煚棬＄栝逼𠂢脽家巠┛檔爛耜澤靜/佼│珥濼┚'95鐔┚弜幔ソ観

4ゐ88┛ 

2) 檔爛耜澤靜/A渚├汍ゆ驤9┤灰ª奬タ叚嫻充A挨≷汍ゆ＄板閻順くA渚├汍ゆш9

┤灰ªとタ査A髣緫ゐ炒驤潴BA睦畧紳澤塑潴BAへ璋棤紳′潴B浡ゃロA40耜″＄澘潴BA

睦畧紳澤驤潴Bへ璋棤紳A晒觸⑮王塑醐堦痗鍗┛ 

3) 62ê絡峅尹潴BA睦畧紳澤瀑騒髣緫＄昌籂62ê迷絡＄渚├汍ゆш9┤灰ªA㮍菅巒尸

麹峅脽厷絡＄316L爛栝逼板峅62êЧ巒尸麹峅脽喩愛 0.183 mm＄絡62êЧ喩愛 0.211 mm◆Cu

爛栝逼板峅62êЧ巒尸麹峅脽喩愛 0.619 mm＄絡62êЧ喩愛 0.804 mm┛ 

4) 籂62ê迷絡＄潴BA紳澤脽厷絡＄灰ª齣駝奬タ叚嫻充＄316L爛煚棬板峅62êЧロ尹嫻

欸愛91.50%＄絡62êЧ愛95.80%◆Cu爛煚棬板峅62êЧロ尹嫻欸愛95.20%＄絡62êЧ愛96.30%┛ 
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