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ABSTRAKT

Diplomova pace je zaméfena na vyvoj, vyrobu a testovani specialni vlozky pro
sendvi¢ové panely. Struktura druzice musi pfezit dvé velmi odliSna prostiedi béhem své
mise. Nejdiive je béhem startu vystavena velkym zrychlenim a obecné zna¢nému
mechanickému namahani. Poté je vystavena vesmirnému prostiedi, kde dochazi ke
znaénym tepelnym vykyvim, zptisobenym sluneénim zafenim, albedem, atd. Tyto tepelne
vychylky nasledné zptisobuji nezanedbatelné mechanické zatizeni na strukturalni spoje,
zejména v piipad¢ velkych struktur.

Cilem této prace je navrhnout pruznou vlozku se specifickymi mechanickymi
vlastnostmi, ptizptisobenymi unést zatiZeni pii startu i pfi ¢innosti ve vesmiru. Tento navrh
bude analyticky ovéfen pomoci metody kone¢nych prvki. Dalsim cilem je navrhnout
vyrobni proces, ktery by upfednostioval konvencni obrdbéni. Poslednim cilem je
navrhnout testovaci metodologii k ovéfeni navrhu mechanickou zkouskou.

Nové navrzend vlozka by méla byt ndhradou za soucasné feseni, které je provedeno
pomoci nékolika valcovych vlozek a vhodné konzoly.

Tato diplomova prace byla sepsédna ve spoluprédci s primyslovym partnerem,
firmou OHB Czechspace s.r.0. sidlici v Brné. Jedna se o spole¢nost poskytujici inzenyrské
sluzby, zaméfenou na vyvoj, zajisténi vyroby, integrace a zprostiedkovani a dohled nad
testovanim druzicovych struktur a dalSich zafizeni pro vesmirnou aplikaci. Je ¢lenem
skupiny OHB SE se sidlem v Brémdch, kterd je jednim z hlavnich hra¢t na poli
evropského kosmického primyslu. Navic se jedna o jednu ze tii evropskych spolec¢nosti se
statutem LSI (Large System Intergrator), tedy se schopnosti sestavovat velké druzicové
systémy.

DruzZicové podsystémy

Velké druzice, v kategorii 3 az 5 tun, jsou slozité systémy slozené z dalSich
podsystému. Pro tuto roli jsou nejzasadnéjsi strukturni a termalni podsystéemy.

Strukturni podsystém je dale rozdélen na primarni, sekundarni a tercialni. Primarni
prenasi hlavni zatizeni nosné rakety, na sekundarni je namontovan naklad a tercialni
predstavuji predev§im konzoly a spojovaci prvky. Na tyto ¢asti je kladena celd tfada
ruznych pozadavkil. Ke splnéni téchto pozadavkil se vyuzivaji monolitni, nebo sendvicové
struktury standardné z uhlikovych kompoziti. Tyto materialy dosahuji vysokych mérnych
pevnosti a mérnych tuhosti [4], [5], [6], [8].

Jelikoz druzice je vystavovana prostiedim, kterA mohou byt do ur¢ité miry
nepiedvidatelna, je tedy tieba navrhnout strukturu s dostatecnymi koeficienty bezpecnosti.
Celkové je ptistup k vypoctovému modelovani zpravidla konzervativni, aby se ptfedeslo
kritickym selhanim struktury, které by mohly ohrozit misi [4].

Bé&hem své ¢innosti na ob&zné draze neni druzice chranéna atmosférou a jeji teplota
tedy mize znacné vzrist, kdyZ je vystavena slunecnimu zateni, ale také mize vyznamné
klesnout, pokud je ve stinu Zemé. Pfistroje tvofici funkéni nédklad druzice jsou casto
nachylné na velké tepelné vykyvy a mivaji pouze omezené pasmo funkc¢nich teplot.
Z téchto diivod musi byt druzice vybaveny termalnim podsystémem [9].

Termalni podsystém muze byt koncipovan jako pasivni, nebo aktivni. Pasivni
podsystémy vyuzivaji natéry, povlaky, teplovodni trubice nebo izolace. Aktivni systémy
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vyuzivaji radiatory, tepelné zdroje, chladiCe apod. Prestoze jsou aktivni systémy

efektivngjsi, jsou vyuzivany pouze v nutnych piipadech, jelikoz jsou ¢asto mnohem tézsi a
finanéné nakladnéjsi nez systémy pasivni [6], [9].

Operacni prostiredi druZice

Druzice je vystavena béhem svého zivotniho cyklu riznym prosttedim, ktera kladou
rizné pozadavky na jeji strukturu.

Pozemni piipravy

Je nutné zvazovat i pozemni piipravy, i kdyz ve vétSin€ piipadi neptfedstavuji
Kritické zatézné stavy pro druzici. Tato faze se oznacuje jako AIV (Assembly, Intergration
and Verification), nebo AIT (Assembly, Integration and Test). Béhem této faze je
finalizovana hlavni sestava. VSechny podsystémy jsou propojeny a jejich funkénost je
ovéfena. Kontroluje se napiiklad spravné napéti na rozhranich nebo funk&nost
mechanismt. Béhem sestavovani je druZice pfesouvana na jefabech, nebo na speciélnich
ptipravcich. Také mize byt pfepravovana po zemi, vodé€, nebo vzdusné na misto startu. Je
tedy nutné zvazovat zatizeni, kterd vznikaji [4], [9].

Start

Piedstartovni piiprava je fizena postupy poskytovatele raketového nosice a tyto
informace jsou zahrnuty v uzivatelskych priruckach, které kazda agentura poskytuje pro
svoje nosice [1], [12], [13].

Pfipravy zahrnuji posledni kontroly vSech podsystémi, tankovani, nabijeni baterii,
umistovani pyrotechniky atd. V posledni fadé¢ jsou odstranény vSechny kryty a
bezpecnostni koliky oznaCované ¢ervenymi visackami ,,Remove Before Flight™. Na druhé
strané jsou zapojeny spinace nebezpecnych podsystémi jako pohonu, nebo pyrotechniky,
oznacené zelenymi §titky [6].

Béhem startu je druzice vystavena riznym typim zatizeni. Za prvé, podélnému a
pficnému  kvazi statické zatizeni, zplUsobenému zrychlenim nosi¢e. Za druhé,
harmonickému kmitani od motori nebo aerodynamickych jevi. Za tieti, ndhodnym
vibracim od akustického buzeni a v neposledni fad¢ razim od vybu$nych Sroubid pii
separaci stupiiti, nebo separaci samotné druzice [4].

Obézna draha

Obézna dréha je elipticka trajektorie druzice kolem centrdlniho télesa, vétSinou
Zemé¢. Tyto obézné drahy jsou fizeny Newtonovy a Keplerovy zakony. RozliSuje se
nékolik hlavnich typli obéznych drah. Mezi nejbézné&jsi patii nizka obézna draha (LEO),
stfedni obézna draha (MEO), geostacionarni obézna draha (GEO) a vysoka obézna dréha
(HEO) [11].

Je nezbytné znat parametry obézné drahy, jelikoz mimo jiné urcuji, jak bude duZice
vystavena slune¢nimu zafeni [9].

Sendvicové kompozity

Sendvi¢ové kompozity jsou sloZzeny ze dvou vné&jSich vrstev, mezi kterymi je
vlozeno jadro s nizkou hustotou. V podstaté se chovani sendvicového panelu podoba
nosniku sT profilem. Vngjsi vrstvy pienaSeji tahova a tlakova zatizeni, zatimco jadro
prenasi zatizeni smykova. Jejich hlavni vyhodou je vysoka specificka tuhost a specificka
pevnost [5].
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Potahové vrstvy vyuzivané vesmirnym primyslem jsou nejcastéji hlinikové, nebo
z uhlikovych kompozitd (CFRP). Uhlikové kompozity vyuZzivaji uhlikova vlakna spojena
polymerni pryskyfici. Bézn¢ jsou dodavany v podobé piredimpregnovanych vldken
nazyvanych prepregy. Ty mohou byt jednosmérné, nebo v podobé tkanin. Vysledny
kompozit je vytvoien sesklddanim nékolika vrstev prepregl. Jelikoz se Casto vyuzivaji
jednosmérné prepregy, je tieba je béhem skladani vici sobé natocit, aby bylo dosazeno
zadouciho usporadani, naptiklad kvazi izotropniho [22], [24].

Jadra sendvicd jsou tvotfena piedev§im hlinikovymi vostinami, nebo specialnimi
pénami. Pro druZice se vyuZzivaji pfednostné prvné¢ zminované vyrobené z hlinikove slitiny
5056. Vostinova jadra jsou vyrabéna slepovanim hlinikovych past a naslednou expanzi,
nebo lepenim piedem zvInénych pasi. Toto zpusobuje rozdilné vlastnosti v podélném a
pti¢ném sméru pasu [29].

Spojovani sendvi¢ovych panelu

Sendvicové panely vyzaduji vyuziti vloZzek k pienaseni lokalnich zatizeni, kvili malé
hustoté a tuhosti jadra. Vlozky byvaji do panelu uchyceny pomoci pryskyfice, kterd ma
zajistit prenos zatizeni mezi vlozkou a jadrem panelu. K témto vlozkam je nasledné
pomoci Sroubt pfichycen naklad, nebo strukturni konzoly [26].

Vlozky se fadi do né&kolika Kkategorii podle zplisobu montaze do panelu.
Nejpouzivangj§i jsou ty, které se montuji do jiz vyrobenych paneli a jsou vlepeny
pryskyfici, ktera se vytvrzuje za studena. Ty se dile mohou dé€lit v z4vislosti na zpisobu
uchyceni v panelu. Za prvé existuji vlozky prochazejici skrz cely panel. Za druhé jsou
vlozky s celkovym lepenim, kdy pryskyfice vyplni cely prostor kolem vlozky i pod ni, a
také se vyskytuji castecné lepené vlozky, kdy pryskyfice vypliluje pouze prostor
Vv nejbliz$im okoli vliozky [26].

Specifické obrabéci operace

Tvareni vnitinich zaviti

Tvafeni vnitinich zavitl je technologickd operace, ktera vyuziva k vytvofeni zavitu
deformaci nikoli fezanim, jak je béznym postupem. Tento pfistup umoziuje vytvorit
odolngjsi zavity a také prodlouzit Zivotnost zavitniku [55].

Tento piistup ma ur¢ita specifika. Hlavnim je, ze vysledny zavit nema dokonaly tvar,
ale vjeho vrcholu se nachazi drazka, ktera ovSem nema vliv na mechanické vlastnosti

zavitu. Velikost a tvar drazky jsou fizeny prumérem predvrtané diry a také materidlem
obrobku [55], [56].

Aby byl zavit vytvarovan spravné, je tieba zajistit synchronizaci rotace vietena a
jeho axidlni posuv, nebo je tieba vyuzit vhodny pruzny upinac¢. Dale je tfeba dbat na volbu
procesni kapaliny, jelikoz vyznamné ovliviiuje integritu povrchu, jeho vyslednou tvrdost a
také potfebny moment. V neposledni fad€ je nutné zvazit, zda tuto metodu neni mozné
aplikovat na materialy s tvrdosti vyssi nez 60 HRC a také na materialy s nizkou taznosti
[56], [57].

Frézovani tenkych stén

Frézovani tenkosténnych kapes je béznou praxi v leteckém a kosmickém primyslu,
jelikoz umoznuje vyrobu lehkych monolitickych soucasti. Aby bylo dosazeno
pozadovanych geometrickych piesnosti, a drsnosti povrchu je tieba zvolit spravny piistup,
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vzhledem Kkriziku vzniku vibraci. Tento problém mize byt analyticky, nebo
experimentalné prozkouman, aby bylo mozné zvolit fezné podminky s ohledem na limitace
procesu. Tyto data mohou byt vynesena do diagramu, ktery spojuje vétSinou feznou
rychlost a hloubku fezu, nebo radialni zabér. Kiivka v diagramu vytyCuje hranici mezi
stabilnimi a nestabilnimi podminkami, pficemz stabilni jsou pod kiivkou a nestabilni nad

ni [58], [61], [62], [63].

PiredbéZny navrh

Jako zaklad pro ptredbézny navrh slouzil model stojiny ze sendvicového panelu
s uhlikovymi potahy (SW) a radiatoru ptedstavovaného panelem s hlinikovymi potahy
(RAD), které byly spojené do T pomoci péti konzol, zjednodusenych na line&rni pruziny.

Radiatoru byla p¥ifazena hmotnost 200 kg a tepelna roztaznost 2,25-10° K. Tepelna
roztaznost stojiny byla uvazovana 0 K7 a jeji hmotnost byla zanedbana. Analytické
vypoéty uvazovaly dva zatézné stavy. Prvni zatizeni bylo zrychlenim 10 g (98,1 m-s?)
Vv ose z, druhé zvySenim teploty celé sestavy o 30 °C.

Prvnim cilem bylo vypocitat tuhosti vlozky. Toto bylo nezbytné k vypocteni napéti,
které je vyvolané deformaci vlozky, aby nebylo piekroceno povolené zatizeni vlozky pro
oba zatézné stavy. Pro kazdy stav by byla vhodna jina tuhost. V ptipadé mechanického
zatizeni je zadouci nejvys$si mozna tuhost, zatimco tepelna zatizeni vyzaduji poddajnou
soucast. V této fazi se predpoklada, ze radidtor 1 stojina jsou vyznamné tuzsi nez vlozka.

Sila pusobici na jednotlivé pruziny v dasledku zrychleni byla vypoctena pomoci 2.
Newtonova zakona, rovnice (1), za ptredpokladu, Ze se zatizeni rovnomérné rozlozi.
V piipad¢ teplotni roztaznosti bylo ptfedpokladéno, ze se radiator bude rovnomérné
roztahovat smérem od stiedu. Tim padem vyslo, Ze nejzatizenéjsi budou pruziny nejdale od
stitedu. Na téchto pruzinach byl vypocitan relativni posuv pomoci rovnice (3). Plsobici sila
je poté zavisla na tuhosti pruziny, jak ukazuje rovnice (4).

Je nutné poznamenat, Ze 1 kdyZ zatiZeni vyvolané rozdilnymi tepelnymi roztaZznostmi
komponent je deformace, tedy mechanické zatizeni, je dale v této praci pro piehlednost
Casto oznacovano jako tepelné.

Dale byly v ramci pfedbézného navrhu vypocteny teoretické parametry pro pruziny,
které byly ve vypoétech reprezentovany pruty. Pro vypocet byl sestaven model prutu
s vetknutim na jednom konci a posuvnou vazbou na druhém. Tento staticky neurcity
problém byl vyfeSen pomoci Castiglidnovy véty. Jeji aplikaci bylo mozné vypocitat
teoretickou tuhost prutu v zavislosti na jeho geometrii a materialu a také teoretické
maximalni napéti v zavislosti na aplikovane sile, geometrii a materialu prutu.

Diky témto vypoctim bylo mozné sestavit tabulky ukazujici maximalni napéti
v zavislosti na délce a Sifce prutu a porovnat tato napéti s mezi kluzu zvoleného materialu.

PtredbéZny navrh a analyzy pomohly sestavit pozadavky na navrh vlozky. Nekteré
pozadavky vychazeji ze standardi kosmického pramyslu, dalsi jsou zaloZzeny na zvolené
aplikaci. Tyto pozadavky jsou shrnuty v tabulce 6.5. U kazdého pozadavku je
specifikovano, zdali bude verifikovan kontrolou, analyzou, nebo testem.
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Aplikace
Geometrie

Aplikace, pro kterou byla vlozka navrhovana, se v rozmérech 1isi od predbézného
navrhu. Vysledna délka radiatoru je 1,8 m, $itka 2,3 m a vaha 180 kg. Radiator je
ptipevnény ke stojing, s délkou 1,8 m a Sitkou 0,35 m, pfimontovan pomoci dvanacti
vlozek rovnomérné rozmisténych po 0,15 m.

Jako nosi¢ pro tento projekt slouzi evropska raketa Ariane 5, mechanicka zatiZeni
jsou tedy specifikovana jeji uzivatelskou piiruckou [1]. Pro prvni analyzy bylo uvazovano
pouze kvazi statické zatizeni, které prirucka specifikuje v ndsobcich gravita¢niho zrychleni
pro kritickeé faze letu, jako vzlet, acrodynamicka faze atd. Tato zatizeni jsou prendsobena
bezpecnostnimi faktory, které jsou urceny béznymi pozadavky v kosmickém priimyslu. Po
zvazeni vSech faktorti je vysledny faktor 1,65. Zatizeni povySend o tento faktor byla
nasledné vyuzita pro vytvoreni letové obalky.

Po ptedbéznych navrzich byl sestaven model pro vypocty pomoci metody koneénych
prvki (MKP). Model tvotily 2 desky z2D prvkd, jimz byla pfifazena vlastnost
kompozitnich panelii. Vlozky byly v tomto modelu nahrazeny 1D prvKy s ur¢enou tuhosti.
Jednotlivym komponentam byly pfifazeny materidlové vlastnosti. Pro potah radiatoru byva
vyuzivana hlinikova slitina Alclad 2024-T81, jejiz vlastnosti byly pievzaty z normy
MMPDS [2]. Potah stojiny je laminat z uhlikovych vldken M55J a pojici pryskytice EX-
1515. Oba sendvi¢ové panely pouzivaji stejné jadro v podobé hlinikové vostiny Y4-5056-
0.001p.

Kontroly modelu

Standardni metodologie doporu¢ena normou ECSS [21] fika, Ze pfed provedenim
jakékoliv analyzy musi byt kone¢né prvkovy model ovéien. Tyto kontroly zejména
ovetuji, zdali vypoctovy model reprezentuje fyzikalni realitu o¢ekédvanym zplisobem.

Prvni kontrole je provedena zavedenim jednotkového gravitaéniho zrychleni (UG
check). Timto se ové&ii silovd rovnovaha modelu. Jsou aplikovany tfi zatéZné stavy,
jednotkové zrychleni v ose x, y a z. Je vypocitana vyslednice pusobici ve vetknuti a ta by
méla byt rovna hmotnosti modelu krat zrychleni. Jelikoz tento typ vypoctového
modelovani je zalozen na numerickych metodach, nikdy nedojde k pfesnému vynulovani.
Norma stanovuje kritérium, které musi vypocet splnit [21].

Dalsi kontrola je ,,free-free check* (FF check). Tato ovéfuje spojitost modelu. Jedna
se 0 jednoduchou modalni analyzu. Provadi se na volném modelu a prvnich 6 vlastnich
frekvenci nesmi opét piekrodit normou stanovenou mez.

Nakonec byla provedena kontrola volné termo-elastické deformace (TED check).
Cilem je ovéfit, ze v modelu nevznikaji pfi termo-elastické analyze dodate¢na napéti
zpusobena siti. Model je v tomto ptipadé zavazbeny tak, aby umoziioval volnou deformaci
vSech komponent. Celému modelu jsou pfidéleny jednotné materialové charakteristiky.
Maximdlni pozorované napéti by nemélo piekrocit 10* Pa.

Staticka analyza

Na tomto modelu byla provedena staticka a termoelsticka analyza. Jejim cilem bylo
najit sily pusobici na jednotlivé vlozky pii kritickych letovych stavech specifikovanych
letovou obalkou. Déle z ni byly vyvozeny zatizeni, podle kterych byl provadén navrh
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soucasti. Bylo tieba brat v potaz, ze model byl sestaven s odhadovanou tuhosti vlozky, a
také ze bude nezbytné opakovat tuto analyzu, ve chvili, kdy budou dostupné hodnoty
tuhosti kone¢ného navrhu.

Cely model byl zatizen jednotkovym gravitaénim zrychlenim stejné jako v piipadé
kontroly modelu. Toto zatizeni bylo nasledné¢ pfepocitano pomoci superpozice na
vypocetni zatiZzeni.

Vysledné sily vykazovaly témét rovnomérné rozlozeni zatizeni na vSechny vlozky,
kromé vnéjsich. Byl ovSem objeven ne¢ekany vysledek v podobé velkého momentu kolem
osy y na vnéjSich vlozkach. Po kratkém piezkoumani bylo zjisténo, Ze tento jev je
zpusoben deformaci radiatoru. Jelikoz je na ngj aplikovano spojité namahani v ose X,
dochazi k rotaci vnéjsich stran radiatoru kolem osy y. Jelikoz maji vlozky v tomto modelu
pfifazenou velkou torzni tuhost, vytvari velky moment jako reakci na rotaci. Jedna se
pouze o dusledek zjednoduSeni modelu, jelikoz v praxi by tato rotace byla omezena
sousedni primarni nebo sekundarni strukturou.

Termo-elasticka analyza

Termo-elasticka analyza byla provedena k uréeni zatizeni vlozek pfi ¢innosti druZice
na obézné dréze. V tomto piipad¢ byly pozorovany vzajemné posuvy uzli modelu. Opét se
jednalo o informativni vysledky, které nespecifikuji pozadavky na kone¢ny navrh.

Celému modelu byla nastavena referen¢ni teplota 20 °C a v zat¢Zzném stavu byla
zvySena na 21 °C. Aby bylo dosazeno skute¢nych hodnot posuvi, bylo tieba pomoci
superpozice vysledky vynasobit faktorem 30, simulujicim zménu teploty o 30 K. Vysledna
deformace odpovidala piedpokladim. Témeétf rovnomérnd expanze byla pozorovéana. Je
ovSem cCasteén¢ omezend vlozkami a vysledky tedy vytvaii cockovité kontury misto
kruhovitych.

Maximalni relativni posuv byl 0,43 mm v ose z. Posuvy byly pozorovany i v osach x
a'y, ale byly o n¢€kolik adl nizsi, a tedy zanedbany. Vysledny posuv musel byt ovsem jeste
pfenasoben faktorem 1,44, aby byly pokryty nejistoty vypoctového modelovani respektive
analyzy.

Zavéry pro navrh

Po provedeni statické analyzy, bylo rozhodnuto uvazovat pro navrh pouze sily na
prostfednich vlozkach, jelikoz jsou na nich nejvyssi. Tento pfistup je nejkonzervativnéjsi.

Sily na vnéjsich vlozkach, které jsou zptsobené ohybem radiatoru, nebudou brany
Vv potaz. Pfedpoklada se, ze vysledna torzni tuhost vlozky bude o n€kolik fadi nizsi, a tedy
reakeni sily se sniZi.

V ptipadé¢ termoelastické analyzy bylo rozhodnuto, Ze pro tepelna zatiZzeni budou pfi
navrhu uvazovany pouze vnéjsi vlozky, jelikoz jsou nejvice namahany.

Koncepty

Nékolik verzi vlozky bylo navrzeno a jejich chovani pfi mechanickém a tepelném
zatizeni bylo prozkoumano pomoci MKP. Pro ulehéeni procesu byly CAD modely
zjednoduSeny a detailni CAD model byl pfipraven az pro kone¢ny navrh.,

Vsechny navrhy byly pfipraveny kolem deformovatelné vnitini struktury, ke které je
pfipevnény centralni vystupek s dirou se zavitem. Dale bylo nezbytné piidat vné&jsi
konstrukci, aby mohla byt skrz vlozku pfenasena zatizeni a nedochazelo k oslabeni panelu.
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Jinymi slovy bylo nezbytné navrhnout monolitni pevnou vnéjsi ¢ast a pruznou vnitini ¢ast,
coz bylo nezanedbatelnym problémem z pohledu vyrobitelnosti.

Topologickéd optimalizace by byla velice prospé€snd pro navrh vlozky, zejména pro
snizeni jeji hmotnosti, ovSem brzy pti vyvoji bylo zjisténo, Ze neni mozné ji v tomto zadani
vyuzit. Soucast navrzena vyuzitim topologické optimalizace je zpravidla vyrobitelnd pouze
pfi zapojeni aditivnich technologii. Byly identifikovany dva hlavni faktory, které zptisobily
upiednostnéni konven¢niho obrabéni. Za prvé, mnohem vyssi naklady na vyrobu pii
vyuziti aditivnich technologii v porovnani s konven¢nimi metodami. Za druhé by byl nutny
kvalifika¢ni proces, ktery by musel ovéfit nejen, ze soucast vyhovuje pozadavkim navrhu,
ale také ze material a samotny vyrobni proces dodavatele spliuji definované pozadavky.
Coz by bylo, jak finan¢né¢, tak casové velmi naro¢né.

Materialy

Tti materialy byly zvazovany EN-AW-7075, Ti-6Al-4V a ocel Maraging 280.
Nakonec byla zvolena hlinikova slitina EN-AW-7075, ktera ma vhodné mechanické
vlastnosti. Tedy stiedné velky Youngtiv modul a vysokou pevnost. Navic je jednoduse
dostupna za ptiméfenou cenu. Slitina se bézné se vyuziva v leteckém a kosmickém
prumyslu a navic je, s tepelnym zpracovanim T7351, vyuzivana na standardné pouzivané
vlozky.

Pro dosazeni pozadované pevnosti bylo zvoleno tepelné zpracovani T651. Aby byla
vykompenzovana horsi odolnost vii¢i korozi, bylo rozhodnuto, aby sou¢ast byla eloxovana.

Funkéni navrh

Funkéni ndvrh rozvinul pfedchozi navrhy. Pro tento navrh bylo rozhodnuto, ze
funkéni ¢ast bude vyrobena konvenénim frézovanim. Tato zména byla nutna kvili pfidani
zad, které budou slouzit jako spojeni mezi vlozkou a pryskyfici v sendvici. Kvili této
zméné bylo nutné ptizpusobit zaobleni a zvétsit je na 2 mm, tak aby mohly byt vyrobeny 4
mm frézou. Dale byla cela funk¢ni ¢ast snizena na 15 mm, jelikoZ obrabéni hlubsich kapes
by bylo téméf nemozné.

Dalsi novou casti navrhu byla délici kapsa odd¢€lujici funkéni ¢ast a zada vlozky.
Pokud by nebyla do navrhu pfidana, funkéni ¢ast by se nemohla spravné deformovat. Pii
prvni iteraci tohoto ndvrhu bylo pro vyrobu této kapsy zvazovano opét elektroerozivni
obrabéni.

Zmeén doznala 1 centrdlni ¢ast, ktera byla vyztuzena, aby se piedeslo nezddoucim

deformacim. Centralni valec byl roz§ifen na 14 mm, aby mohl bezpecné pojmout vnitini
zavit M6-6H, dle normy 1SO 261:1998.

Bylo zjisténo, ze dochazi k nezadoucimu pii¢nému posuvu pii zatizeni. Bylo
rozhodnuto piidat vyztuzujici Zebra na boky vlozky a provést kratkou studii porovnavajici

nékolik feSeni. Tato studie se zamé&fovala na tuhost soucasti vose y a z a také na jeji
hmotnost. Cilem bylo nalézt feSeni, které by omezilo piiény posuv na 25-30 % pii co

v

zkosenim.
Dodatecné optimalizace

Po dokonceni hlavniho funkéniho navrhu, bylo rozhodnuto optimalizovat méné
vyznamné rozméry vlozky. Jedna se pfedev§im o stény, u kterych se nepiedpoklada
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zatizeni béhem cinnosti. Jedna se predevsim o zada, ktera snizenim tloustky z 3 mm na 2
mm usetii 8 gramd.

Dale byla tloustka boc¢nich stén smétujicich k jadru panelu snizena z 3 mm na 2 mm,
coz uSetfilo 2 gramy na sténu. Bylo by mozné usetfit vice hmotnosti, ale bylo rozhodnuto
ponechat tloustky stén na 2 mm. Tenci bocni stény by mohly narusit celkovou tuhost
soucasti. Tenc¢i zada by mohla zpisobovat problémy pii vyrobé, jelikoz by mohlo dochazet
K vibracim.

Navic byla provedena zména u délici kapsy, pro niz se zménila vyrobni technologie
z elektroerozivniho obrabéni na frézovani, aby se zjednodusil vyrobni proces. Kapsa byla
roz§ifena na 6 mm, aby vznikl dostate¢ny prostor pro frézu. Déle byly zaobleni u funk¢ni
¢asti zmenSeny na 2 mm, aby byla snizena tuhost v této oblasti, kterd zplisobuje
koncentraci napéti. JelikoZ tato zména byla provedena téméf na konci vyvoje, je mnoho
vypocétu a analyz provedeno s uzsi kapsou.

Detailni ndvrh

Pii dokoncovani detailniho ndvrhu bylo tfeba brat v potaz montdz vlozky do
sendvicového panelu. Byla ptidana dira v zddech, aby bylo mozné vstiiknout pryskyfici do
prostoru mezi vlozku a jadro panelu. Déle byla v zadech piidana kapsa podél vn&jsi ¢asti
vlozky, aby vytvofila prostor pro pryskyfici. V neposledni fadé byla pfidana osazeni pro
spravné usazeni potahd panelu. Také bylo pfidano osazeni s vySkou 1,5 mm na centralni
valec slouzici jako distan¢ni podlozka.

Vypocty pomoci metody koneénych prvka

Navrhy byly analyzovany pomoci metody konecnych prvkd. Proces vytvareni
modell byl fizen internimi smérnicemi a postupy. Nékolik analyz bylo provedeno, aby se
ovétilo, zdali navrzend vlozka vyhovi pozadavkim. Ovéteni bylo provedeno vypoctem
soucinitele bezpecnosti, ktery musel podle normy ECSS [20] kladny.

Model koneéného navrhu

Jelikoz je koneény navrh komplikovanéjsi nez ptedchozi, musel byt vytvoifen novy
model. Hlavni problematické prvky byly boéni zebra a zaobleni okolo délici kapsy.

Kapsa pro pryskyfici a také opérna osazeni pro potahy panelti nebyla modelovana,
stejné jako zavisla zkoseni a zaobleni, jelikoZ bylo zhodnoceno, Ze tyto prvky nemaji vliv
na celkovou tuhost nebo odolnost soucasti. Tento predpoklad byl aplikovan i na osazeni na
centralnim valci.

Bylo nezbytné roziezat model tak, aby automaticky nastroj dokazal vytvofit
rovnomérnou sit’. OvSem i pfes dikladnou piipravu zlstala kolem hornich zaobleni délici
kapsy mald oblast, kde nebylo mozné vytvofit automaticky rovnomérnou Sestisténnou sit’.
Resenim bylo vytvofit sit’ v této oblasti pomoci &tyi'sténtl. Bylo tieba zvazit, zda tyto prvky
zvysi tuhost této oblasti.

Tyto prostorové prvky byly pokryty 2D prvky s tloustkou 10° m. Ve zdrojovém
koédu pro vypocetni software bylo specifikovano, aby byly pfi vypoctu uvazovany jako
membrany, tedy prvky ptfenasejici pouze tah a tlak. Jelikoz jsou velmi tenké, neovlivni
vyslednou tuhost ani odolnost soucasti. Byly vyuzity pfedevS§im k vizualizaci napéti na
povrchu soucasti [6].
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Tuhostni analyza
Cilem této analyzy bylo ur¢it linearni a torzni tuhosti vlozky ve téech hlavnich osach.

ZatiZzeni bylo zavedeno do nezavislého uzlu vazebného prvku RBE2 v centralni dife.
Jednd se o podobné zatizeni jako v pfipadé¢ kontroly UG check, ovSem v tomto piipadé
bylo zatizeni 1 N pro linearni tuhosti a 1 Nm pro torzni tuhosti.

Vysledky byly zpracovany v softwaru Altair HyperView. Posuv nebo rotace
nezavislého uzlu byl méfen ve sméru zatizeni a vysledna tuhost byla vypoctena jako
pfevracend hodnota tohoto posuvu.

Vysledné tuhosti jsou shrnuty v tabulce 9.3.
Pi‘ehodnoceni globdlniho modelu

Poté, co byla dokoncena tuhostni analyza koneéného navrhu bylo nezbytné vratit se
ke globalnimu modelu a provést znovu piedbézné vypocty, které byly proveden
s odhadnutymi hodnotami tuhosti. Tento model byl pfepocitan s vyuzitim tuhosti, které
vzesly z ptedchozi analyzy.

Cilem bylo ziskat zatiZeni, které bude muset vlozka vydrZet s kladnymi souciniteli
bezpecnosti.

Pii statické analyze nebyly pozorovany zadné vyznamné zmény oproti piedbéZznym
vypoétum. Potvrdila se domnénka, Ze¢ momenty na krajnich vlozkach klesnou po zavedeni
redlné hodnoty tuhosti. Analyzou bylo pro uplnost ovéfeno, Ze toto zatizeni nebude hrat
hlavni roli. Analyza piedpoklad potvrdila a jako hlavni mechanické zatizeni je uvazovano
to vypocitané pii predbézné analyze a shrnuté v tabulce 7.6.

K vyznamnym zménam doslo v piipadé termoelastické analyzy. Expanze raditoru
byla znaéné¢ omezena, predev§im kvuli vice neZ dvojnasobné tuhosti vysledné vlozky
v porovnani s odhadem. Sila pusobici z vlozky na radiator omezuje jeho roztaznost. Diky
tomuto jevu je zatiZeni, které musi vlozka snést, niZsi.

Koneény posuv mezi uzly byl 0,346 mm a po aplikaci faktoru 1,44 byl ziskdn posuv
0,528 mm.
Silova analyza

Tato analyza byla provedena, aby mohlo byt vyhodnoceno, zdali navrzena soucast
vyhovuje pozadavkiim na mechanicka zatizeni a jaky je souéinitele bezpe¢nosti.

Maximalni ekvivalentni napéti von Mises bylo vypocitano na 249,8 MPa. Soucinitel
bezpec¢nosti tedy ¢ini 0,58. Soucast vyhovuje pozadavkim a dokédze snést maximalni
mechanickéd zatizeni beéhem startu.

Posuvové analyza

Tato analyza byla provedena, aby mohlo byt vyhodnoceno, zdali navrzend soucast
vyhovuje pozadavkim na zatiZzeni posuvem a jaky je soucinitel bezpe¢nosti.

Maximalni ekvivaletni napéti von Mises bylo vypocitano na 316,7 MPa. Soucinitel
bezpecnosti tedy Cini 0,25. Soucast vyhovuje pozadavkiim a dokdze snést maximdlni
zatizeni zptisobeni teplotni roztaznosti radiatoru béhem jeho Cinnosti.
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Maximalni inosnost

Tato analyza byla provedena, aby byly nalezeny maximalni mozné zatéze pii
zachovani kladnych soucinitelti bezpecnosti. Piedchozi analyzy byl vyuzity jako zaklad a
pomoci superpozice byly vypoteny maximalni sily a momenty v hlavnich oséach a také
maximalni posuv. Tyto vysledky jsou shrnuty v kapitole 9.7.2

Shrnuti

Vysledky vypocti pomoci metody konecnych prvkii na konetném navrhu jsou
uspokojivé. Bylo dosazeno cile, aby byla nalezena rovnovaha mezi napétimi vyvolanymi
mechanickymi a tepelnymi zatéZznymi stavy. Souéinitele bezpecnosti jsou kladné pro oba
kritické ptipady a navic jsou blizko nule, coZ znamena, Ze navrhnutd soucast neni zbytecné
predimenzovana. Tyto zavéry shrnuje tabulka 9.5.

Navic, maximalni Unosnost vlozky byla porovnana s unosnosti pryskyfice u
standardnich vlozek, aby bylo mozné posoudit, zdali selze difive navrzena vlozka, nebo
pryskyftice. Podle dostupnych dat z testi standardnich vlozek, dochazi k poruSeni az pfti
vice nez dvojnasobném zatiZeni, nez je pfipustné u navrzené vlozky. Tim padem vlozka
selze dfive a neni nutné vysetfovat inosnost pryskyfice.

Dale bylo provéteno, zdali nedojde pifi maximalni zatéZzi k porusSeni Sroubu.
Vysledkem jednoduchych ruénich vypocti byly kladné soucinitele bezpecnosti jak pro
titanovy, tak ocelovy sroub. Vysledky jsou shrnuty v tabulce 9.8.

Technologicky navrh

V této kapitole je pifedstaven technologicky navrh vyroby navrzené vlozky. Je
uvedeno, jaky stroj a jaké nastroje mohou byt vyuzity a také jsou prezentovany obrabéci
operace.

Vyrobni proces uvazuje malou vyrobni sérii. Pfedpoklada se, ze pro jedna druZzice
muze byt potieba mezi 10 a 20 navrzenymi vloZkami. Pocet druZic, které by tyto vloZzky
vyuZily, je odhadnuty na 2 az 3 ro€né. Ale jelikoZ mezi nimi mohou byt velké Casové
useky jedna série je uvazovana jako 20 kust.

Vzhledem Kk nizkym produkénim objemtim bylo rozhodnuto navrhnout jednoduché, i
kdyz potencialné neefektivni obrabéci operace. Neni tfeba dikladné optimalizovat cely
vyrobni proces, jelikoz by uspory Casu a financi byly zanedbatelné. Dale byly operace
vytvofeny tak, aby je bylo mozné jednoduse adaptovat pro vyrobu na 3osém CNC stroji.

Stroj

Pro navrh byl zvolen 5osy stroj. 3osy stroj by byl dostacujici, jelikoz zadna z operaci
nevyzaduje souvislé obrabéni v 5 osach. Nicméng, otony a naklapéci stlil umozni snizit
pocet potfebnych zasahil ze strany operatora, ¢imz se zvysi presnost, jelikoZ bude mozné
obrobit nékolik ploch v ramci jednoho ustaveni bez nutnosti upnuti soucasti.

Konkrétné vertikdlni frézovaci centrum DMG Mori DMU 50 tfeti generace bylo
zvoleno jako piiklad pro tento technologicky navrh. Stroj ma dostate¢né rozméry pro
upnuti soucasti, ale zaroven neni ptehnané¢ velky pro tyto operace.

Tento stoj miize byt eventualné osazen vietenem s maximalni rychlosti 20 000 RPM.
Toto by bylo vhodné vybaveni pro vyrobu vlozZek, jelikoZ je nutné pouZivat nastroje
s malymi primery, a aby bylo dosazeno dostate¢nych feznych rychlosti, je tieba vysokych
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otacek vietena. Toto vieteno muze byt osazeno, upinacim rozhranim HSK-A63, které by
poskytlo dostate¢nou tuhost pro obrabéni pii vysokych rychlostech vietena [34].

Nastroje

Jako ptiklady byly zvoleny nastroje od spole¢nosti Sandvik Coromant [36] and Seco

e ee

Volba néstroji byla ovlivnéna cilem zjednodusit vyrobni proces a tim padem omezit
pocet pouzitych nastroji tim, ze jeden nastroj je vyuzity pro hrubovani i dokoncovani.
nebo se snizi rychlost béru kovu. PoZzadovana drsnost povrchu je 3,2 um pro celou
soucast, ¢ehoz je mozné jednoduse dosdhnout i bez optimélniho dokoncovaciho nastroje.

Dodavatel¢ poskytli ceny nastrojii, upinactu a bfitovych desticek. Ty jsou shrnuty
v tabulkéch 10.1, 10.2 a 10.3. Ceny jsou rozdéleny do tfi tabulek pro piehlednost, jelikoz
nastroje s britovymi destiCkami. Oc¢ekava se, ze se ndklady spojené s ndkupem monolitnich
nastroju a biitovych desti¢ek budou opakovat ¢astéji, kvili jejich opotiebeni a, Ze pomérné
vysoké néklady spojené supina¢i a nastroji s bfitovymi destickami budou
vykompenzovany jejich dlouhou Zivotnosti.

Upinani obrobku

Pro navrh byl zvolen osovy svérak MAKRO GRIP® 5-AXIS VICE 77 s46mm
Celistmi od spolecnosti Lang Technik spole¢né s upinaci deskou od stejné spolecnosti.
Deska mé za kol vzdalit obrobek od pracovniho stolu stroje, aby se piedeslo kolizim stolu
a vietena. Malé Celisti jsou vhodné pro Sosou variantu, jelikozZ umoziuje jednoduchy
pfistup k bo¢nim sténdm bez rizika kolize. Celisti jsou dostateén& dlouhé, aby udrzely
obrobek na mist¢ a také by mély byt schopné vyvinout dostate¢nou silu.

Obrabéci operace

V této kapitole jsou rozebrany jednotlivé obrabéci operace, které jsou rozdéleny do
podkapitol podle hlavnich prvki konstrukce. Ne&které prvky jsou spojené do jedné
podkapitoly, jelikoZ jsou obrabéné v podobném nastaveni.

Pro lepsi vizualizaci operaci byly stazeny z webovych stranek vyrobct 3D CAD
modely nastrojii. Nastroje jsou vzdy v ilustracich orientovany vertikalné, aby odpovidaly
orientaci ve stroji.

Pro kazdou operaci byl provedeny odhad teznych podminek pomoci nastroje
CoroPlus® ToolGuide [64]. Je nutné poznamenat, Ze tyto hodnoty jsou pouze orientacni,
jelikoz nastroj optimalizuje fezné podminky k dosazeni maximalni produktivity, ale nebere
V potaz riziko zalomeni nastroje. Toto bylo pozorovano pii ziskavani podminek pro
frézovani kapes, kde byla doporu€ena relativné velkd hloubka fezu pfi plném radidlnim
zabéru nastroje. VSechna doporucend data byla zaokrouhlena a ptipadné upravena, aby
1épe vyhovovaly ptipadné aplikaci.

Opracovani polotovaru a obrobeni osazeni

Pti prvnich operacich dochazi k obrobeni polotovaru na vnéjsi rozméry vlozky.

Zaroven jsou vyfrézovana dvé osazeni. K t€émto operacim je vyuzita celni fréza 490-

050HA06-08H s britovymi destickami 490R-08T304E-ML H13A. Fréza ma prumér 50
mm a vyuziva 7 britovych desticek.
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Nejdfive je obrobena horni plocha, celnim frézovanim. Poté je obrobek otocen a je
obrobena bo¢ni plocha a také prvni osazeni. Stejna operace je provedena z druhé strany.
V tietim korku je obrobek nastaven spodni ¢asti vzhiru a je obrobena spodni plocha.
Nasledné jsou doobrobeny zbyvajici plochy. Nakonec jsou na spodni strané vyfrézovana
zkoseni.

Rezné podminky a ilustrace jsou prezentovany v kapitole 10.4.1.
Spodni kapsy

Po ptedchozi operaci je soucast vyjmuta ze sveéraku a pro dalsi operace je podlozena
frézarskymi podlozkami, které musi operator umisit velmi piesn€, aby se predeslo kolizi
S nastrojem.

Je provedena vymeéna nastroje. Opét se jedna o Celni frézu, ale v tomto ptipadé je to
R390-010A09L-07L s primérem 10 mm a 2 bfitovymi destickami 390R-070202E-NL
H13A. Tento néstroj byl zvolen pfedevs§im kviili zaobleni v niz$i ¢asti kapsy.

Prvni operaci je hrubovani horni ¢asti kapsy, které je rozdéleno do 3 fazi, aby se
ptedeslo problémim pii programovani. V tomto piipadé by se jednalo 0 jednoduché 2.5D
obrabéni pro vSechny faze. V prostiedni ¢asti kapsy je na vnéjSich sténdch ponechan
ptidavek 0,2 mm, aby mohly byt dokon€eny jinym nastrojem. Boc¢ni ¢asti horni kapsy jsou
kompletné dokonceny.

Dale je vyfrézovéna dolni ¢ast kapsy. Je vyuzit pfiblizné€ stejny postup jako pro horni
Cast. Jelikoz se jedna o mélkou kapsu, mohla byt dokoncena bez hrubovani. Navic byly
obrobeny srazeni v dolni ¢asti kapsy.

Nakonec byly obrobeny zaobleni na osazeni v kapse a také bo¢ni stény kapsy. Toto
je provedeno pomoci kotoucové frézy R335.10-25063.3-02-5 s primérem 63 mm a 5
btitovymi destickami 150.10-2.5N-14 CP600. Pii této operaci je tfeba peclivé navrhnout
najezd a vyjezd néstroje, aby nedoslo ke kolizi se svérakem.

Rezné podminky a ilustrace jsou prezentovany v kapitole 10.4.2.
Jadro

V této fazi je vyrobena hlavni funk¢ni ¢ést.
Nejdrive je dokoncena vrchni ¢elni plocha pomoci 490R-08T304E-ML H13A.

Poté jsou vyfrézovany kapsy funkéni a centralni ¢asti. K tomu je vyuzita valcova
fréza 25221-0400-030-NG H10F. Byla vybrana, protoze ma maly primér 4 mm a zaroven
relativné velky dosah 32 mm.

Rezné podminky musely byt ditkladné zvazeny pro tuto operaci. Je zde znaéné riziko
zalomeni nastroje, pokud dojede k jeho pietizeni, protoZe se jedna o tenky nastroj s velkym
vysazenim. Navic jelikoZ je tato operace provadéna spi$ ke konci vyrobniho procesu, byla
by ztrata vytvoifend zlomenim ndstroje velmi citelna. Zlomeni néstroje by mohlo
samoziejmé poskodit i samotny stroj.

Také je zde problém s odvodem tfisek z mista fezu zejména pii obrabéni v hlubsich
kapsach. Ttisky by se mohly v kapse hromadit a zadfit nastroj. Z tohoto diivodu by bylo
vhodné zakomponovat do CNC programu preruSeni, béhem kterého by operator vycistil
kapsu pomoci stlaceného vzduchu.
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Dale byly kapsy u boc¢nich stén prohloubeny, aby se piedeslo otfepum po frézovani
délici kapsy.

Skrz centralni vélec je vyvrtan otvor pomoci vrtaku 860.1-0550-017A1-NM H10F.
Vrtdk ma pramér 5,5 mm, coz je doporuceny rozmér diry pro tvafeni vnitiniho zavitu M6.
Navic je s nim mozné dosahnout tolerance H7 bez dalSiho vyhrubovani nebo vystruZzovani.

V ptipravené dife je vytvofen zavit M6-6H pomoci tvafeni. Jelikoz se nejednd o
beézny ptistup ve vesmirném priimyslu, bylo by tfeba tento postup kvalifikovat.

Rezné podminky a ilustrace jsou prezentovany v kapitole 10.4.3.
Délici kapsa a Zebra

Jedna se o posledni operace. Nejdiive jsou vyrobena Zebra a jejich srazeni pomoci
stejného nastroje jako v ptipad¢ spodnich kapes.

V dalsi operaci byla vyfrézovana délici kapsa. Reznym podminkam pro tuto operaci
je nutné vénovat mnoho pozornosti, protoze se opét jedna o uzkou a hlubokou kapsu jako
Vv ptipadé jadra.

Bylo by idedlni vyrobit tuto kapsu dfive, aby se ptedeslo ztraté¢ téméf celé soucasti
v disledku zlomeného nastroje. OvSem material v této kapse slouzi jako podpora pro
obrabéni funkéni ¢ésti a je tedy odstranén az na konci.

Pro tuto operaci byla zvolena valcova fréza 25221-0600-030-NG H10F. Jedné se o
6mm variantu nastroje pouzitého na obrobeni funkcni ¢ésti.

Kapsa je vyrobend ve dvou krocich, protoZze by jinak byla pfili§ hluboka. Z toho
divodu je prvni ¢ast vyrobena s pfesahem 0,3 mm, aby se predeslo otfepiim.

Nakonec je nutné dokonc¢it zaobleni u funk¢ni ¢asti 4mm frézou a zmensit je na 2
mm.

Tyto operace jsou nasledné provedeny 1 na opacné strané obrobku, ¢imZe je obrabéni
dokonceno.

Kontrola

Rozmérova kontrola muize byt provedena b&éznymi posuvnymi méfidly nebo
mikrometry. Pouze 2 rozméry musi byt velmi ditkladné zkontrolovany. Za prvé vzdalenost
mezi malymi osazenimi na vné&jsich sténach ma toleranci 0,1 mm. Za druhé délka centralni
¢asti, ktera ma toleranci 0,15 mm.

Spravné rozméry zavitu budou ovéfeny zavitovym kalibrem.
Shrnuti

Celkovy cas ezl je odhadnuty na 580 s, tedy témét 10 minut. Je tfeba poznamenat,

e se jedna o velmi hruby odhad,
e uvazuje pouze ¢as, Ub&ru materialu.

Do celkového ¢asu obrabéni by bylo tfeba zahrnout posuvy mimo fez, vymény
nastroji, méieni polohy obrobku po pfestaveni v upince. Dale pro celkovy €as vyroby by
bylo tieba vzit v potaz i préci operatora v podobé upinani obrobku.
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Navrh uvazuje 6 upinacich poloh. Bylo by vhodné toto ¢islo snizit optimalizaci
upindni a také prizpisobenim sledu operaci. Toto by zkratilo cely vyrobni proces, a tedy
snizilo naklady.

50mm celni fréza by mohla byt nahrazena 10mm ¢elni frézou, ktera byla pouZita na
spodni kapsy a boc¢ni zebra. Timto by bylo mozné snizit naklady vazané k nastrojim,
pokud by tato fréza nenasla uplatnéni i v dalSich projektech.

Vyroba prototypi

Vyroba 4 prototypti byla zadana externimu dodavateli v Brné. K vyrob¢ pouzili Sosy
stroj Hermle C250.

U dodanych kust se vyskytl vyznamny problém. U hran bocnich zZeber se
vyskytovaly patrné ¢erné skvrny. Jelikoz tyto skvrny nebyly pozorovany u obrobenych
soucasti, muselo se jednat o vysledek povrchové upravy. Vyjadieni dodavatele znélo, Ze
jelikoz se u hlinikovych slitin z fady 7000 eloxovani nedoporucuje, nejedna se o chybu
procesu, ale volby materialu.

Toto tvrzeni bylo dikladné piezkoumano a také zkonzultovano s konstruktéry a
materialovymi inzenyry. Po zvazeni vysledki reserSe a stanovisek odborniki, byl vyvozen
zavér, ze slitiny fady 7000 jsou standardné eloxovany a proto by se tento defekt slitiny
7075 vyskytovat nemél. Pravdépodobné byl zptisoben nedokonale odladénym procesem
eloxovani.

Testovani

Cilem testovani je ovéfit zdali soucast vyhovi pozadavkiim specifikovanym v tabulce
7.6 a kapitolach 9.4.2 a 9.7.2. Testy budou provedeny na 3 prototypech ve spolupraci
s vyzkumnym Ustavem, ktery poskytne prostory, stroje a instrumentaci.

Postup testovani

Testovana vlozka je uchycena v piipravku navrzeném tak, aby byl mnohonasobné
tuzsi nez testovana soucast a aby bylo méten pouze posuv samotné soucasti.

Jednosmérné tahové/tlakové zatizeni bude zavedeno v ose z do centralni diry pomoci
Cepu. ZatiZzeni bude vytvoieno pomoci pomalého posuvu traverzy.

Test bude mit tii faze. Pfi prvni bude dosazeno zatizeni specifikovanych v tabulce
7.6 a kapitole 9.4.2. Samoziejmé tyto zatiZeni nenastanou soucasné. Test bude pokracovat
druhou fézi, kdy bude dosazeno maximalni unosnosti. Pokud vloZka vydrZi prvni dvé faze,
pfijde na tadu tfeti, kdy se bude hledat skutecnd maximalni inosnost, tedy zkouska pobézi,
dokud nedojde celkovému poruseni soucasti.

Test bude ukoncen, pokud dojde k:
e Uplnému poruseni soucasti,
o kontaktu funkéni ¢asti a vnéjsi konstrukce.
Testovaci vybaveni

Stroj zvoleny pro tento test je tlakova stolice, vyuzivana pro tlakové zkousky
keramickych materiald, s deskami o priméru 136 mm.
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Pripravek

Ptipravek je upraven pro zkousku na tlakové stolici. Tento stoj byl zvolen kvili
zjednoduseni testovaciho pfipravku. Neni podstatné, zdali stroj vytvari tlakova, nebo
tahova zatizeni (v ose z), jelikoz se vlozka chova stejné v obou ptipadech, diky symetrické
konstrukci.

Konstrukce testovaciho ptipravku je na obrazku 11.1. Tvoii jej 2 bloky s ¢epem mezi
nimi. V blocich jsou diry pro uloZeni ¢epu, aby byla zajisténa co nejvyssi tuhost piipravku.
Jeden z blokl ma osazeni, které reprezentuje sendvicovy panel.

Zatizeni je vytvofeno pomoci podplirné desky na horni stran¢ opét reprezentujici
panel.

Toto usporadani vyzaduje malé zmény na vyrobenych prototypech, piipadné je tieba
vyrobit prototypy specidlné pro testovani. Centralni dira musi mit primér 6 mm. Tato
zména je ze strukturdlniho pohledu mozna jelikoz centralni valec ma pomérné velké
mnozstvi materidlu a nemélo by se na ném vyskytovat zadné problematické misto.

Vysledky

V dob¢ odevzdani této prace, byly vedeny dikladné technické diskuze s laboratofi,
aby byl zajistén spravny postup testu a jeho piiprava. Toto je velice dilezité predevsim
vzhledem K tomu, Ze jsou dostupné pouze malé mnozstvi testovacich vzorkd.

Diskuze

Bylo provedeno vyhodnoceni konstrukénich pozadavki, stanovenych v tabulce 6.5.
Ke kazdému pozadavku byly pfipsany komentéie a také, zdali navrzend soucdst témto
pozadavklim vyhovuje. Ve vétSiné piipadi jsou pozadavky splnény a soucast jim
vyhovuje. Pozadavky vyzadujici ovéfeni testem nemohly byt vyhodnoceny v dobé
odevzdani této prace. Z tohoto divodu byly pro pozadavky RQ1 a RQ5 provedeny ovéteni
pomoci analyzy. JelikoZ byly vysledky analyz uspokojivé, byl stav soucasti viici témto
navrhiim vyhodnocen jako vyhovujici pro tuto ovéfovaci metodu. Stav viici ovéfeni testem
je v tuto chvili oznacen jako ve vyhodnocovani a kone¢ny zavér, zdali soucast vyhovuje,
nebo ne, bude vyvozen az po provedeni testd.

Vysledky tohoto vyhodnoceni jsou shrnuty v tabulce 13.1.

Pomér ,,buy-to-fly*, tedy pomér mezi hmotnosti vychoziho polotovaru a kone¢ného
produktu je v pfipadé navrzené vlozky 5,76, coz je vyznamné mensi nez soucasné feseni.
Dalsi vyhodou navrZené soucasti je nahrazeni titanové slitiny hlinikovou, a tedy zna¢né
snizeni nakladi. Je nutné zminit, ze tato tispora nemusi byt velmi vyznamna ve srovnani
s néklady na celou satelitni strukturu, jejiz cena se standardné pohybuje ve vyssich fadech.
Nicméné se vV kazdém piipadé jedna o vitanou vlastnost navrhu.

Zavér

Tato diplomova prace se zaméfila na vyvoj pruzné vlozky pro druZice. Béhem
vyvoje bylo provéteno nékolik konstruk¢énich navrhi a diraz byl kladen na proveditelnost
konvencniho obrabéni. Bylo navrzeno inovativni feSeni, které nejenom, ze snizuje pocet
soucasti tvofici mechanicky spoje, ale také ve srovnani s konvencnim feSenim zapliuje
mens$i objem, ktery mlZe byt vyuzit napiiklad pro uzitny naklad nebo pro termdlni
podsystém.




FME BUT

ENSAM Cluny MASTER‘S THESIS Page 19

Schopnost navrzené soucasti odolat pozadovanym zatizenim byla vySetiena pomoci
metody konec¢nych prvkii. Provedené analyzy vykézaly kladné soudlinitele bezpecnosti
vzhledem k mezi kluzu, z ¢ehoz lze usoudit, Ze soucast neselZze béhem své sluzby.
Soucinitel bezpecnosti pro vzlet je 0,58 a soucinitel bezpecnosti pro ¢innost na obézné
dréze je 0,25.

Maximalni operacni zatizeni bylo také vypocteno pomoci metody konecnych prvki.
Vlozka by méla unést 2710 N a posuv 0,658 mm v podélném sméru.

Navrzena vlozka zjednodusuje znacné proces sestavovani vysledného panelu, jelikoz
nevyzaduje dodate¢né soucasti mechanického spoje. Redukce soucasti tvoficich
mechanicky spoj znamena snizeni po¢tu prvku, které mohou selhat. Navic ma mnohem
nizs$i pomér ,,buy-to-fly*, ktery je v tomto piipad¢ 5,76.

Dale byl pfedstaven navrh technologie vyroby. Ten se zaméfil na jednoduchost a
mozné ptizplsobeni na 3o0sy nebo Sosy frézovaci centrum. Navrh byl vytvofen s vyuzitim
50sého stroje a sled operaci byl pfipraven tak, aby bral v potaz omezeni vychazejici
Z konstrukce vlozky.

Ctyfi prototypové souéasti byly vyrobeny externim dodavatelem, aby bylo dokazano,
ze je konstrukéni navrh vhodny pro konvenéni obrabéni. Soucasti byly obrobeny podle
dodanych vykrestu a specifikaci. Po pozadovaném eloxovani vznikly na povrchu vSech
soucasti patrné drobné vady. Po posouzeni byl vyvozen zavér, Ze vady byly zplsobeny
chybou pfi eloxovani.

V neposledni fad¢ byl piedstaven postup pro mechanickou zkousku. Byl uveden
postup zkousky, jak stroj bude pouzity a také potiebny ptipravek. V dobé odevzdani prace
dochazi ke konsolidaci piiprav zkousky a tato bude v nejblizs$i dobé& také provedena.

Klicova slova

Druzice, sendvi¢ova struktura, vlozka, vesmirny pramysl, navrh, obrabéni
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RESUME

Introduction

Le mémoire rend compte du développement, la fabrication et les essais d’un insert
pour des panneaux sandwich. La structure doit supporter deux environnements
considérablement différents pendant son service. D’abord elle est introduite aux grandes
accelérations et en général aux grands chargements mécaniques pendant le lancement.
Deuxiemement elle est exposée a ’environnement spatial, ou il y a des fluctuations
thermiques, causées par le rayonnement solaire, albédo, etc. Ces fluctuations thermiques
provoquent par conséquent des chargements mécaniques non négligeables dans les joints,
principalement dans le cas des grandes structures.

Les objectifs de ce mémoire sont de concevoir un insert flexible avec des propriétés
mécaniques spécifiques, qui seront adaptées a supporter les chargements pendant le
lancement et aussi pendant le service en orbite. Ce concept sera Vérifié par la méthode des
éléments finis. Le premier objectif est de proposer une gamme de fabrication en préférant
I’'usinage conventionnelle. Le dexiéme objectif est de proposer une méthodologie des
essais mécaniques pour valider le concept.

Le nouvel insert proposé est censé remplacer la solution actuelle, qui utilise plusieurs
inserts cylindrigues et une console.

Ce mémoire a été écrit en coopération avec OHB Czechspace s.r.o a Brno. Il s’agit
d’une entreprise qui offre des services techniques, liées au développement, médiation de la
fabrication et intégration aussi que la médiation et controle des essais des structures des
satellites et autre matériel pour les applications spatiales. Elle fait partie du groupe OHB
SE avec le siége a Bréme, qui est une des entreprises majeures de 1’industrie spatiale
européenne. De plus il s’agit d’une de trois entreprises européennes avec le statut LSI
(Large Syteme Integrator), elle est donc capable de construire des grands systemes des
satellites.

Sous-systemes d’un satellite

Les grands satellites, dans la catégorie de 3 a 5 tonnes, sont des systéemes complexes,
composés de plusieurs sous-systémes. Les sous-systemes structuraux et thermiques sont
’intérét principal de cette étude.

Le sous-systéme structural est divisé en structure primaire, secondaire et tertiaire. La
structure primaire porte des charges induites par la fusée, la structure secondaire sert
comme une base pour les instruments. Des consoles et les joints forment la structure
tertiaire. Une vingtaine d’exigences peut étre imposée sur la structure. Les structures
monolithiques ou bien des panneaux sandwich, en fibre de carbone sont employées pour
satisfaire ces exigences. Ces matériaux atteignent des hautes valeurs de rigidité et de
résistance mecanique en rapport avec leur masse [4], [5], [8].

Il est nécessaire de concevoir la structure avec des coefficients de sécurité suffisants,
car les environnements que le satellite doit supporter sont, dans une certaines mesures,
imprédictibles. En général une approche conservative est employée pour prévenir des
faillites critiques de la structure [4].

Le satellite n’est pas protégé par I’atmosphére pendant son service en orbite et sa
température peut augmenter considérablement en étant exposé au rayonnement solaire,
mais elle peut aussi baisser en passant par ’ombre de la Terre. Les appareils, qui
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constituent la charge utile du satellite, sont sensibles aux grandes fluctuations thermiques
et ont souvent un intervalle de températures opérationnelles assez étroit. Pour ces raisons,
les satellites sont équipés de sous-systémes thermiques.

Le sous-systeme thermique peut étre concu comme passif ou actif. Les systémes
passifs utilisent des revétements, des peintures, des caloducs ou des couches isolantes. Les
systémes actifs utilisent des radiateurs, des refroidisseurs, ou des sources thermiques.
Malgré 1’efficacité supérieure des systemes actifs, ils ne sont employés que lorsque les
sous-systemes passifs sont inefficaces, a cause de leur masse plus importante. [6], [9].

Les environnements des satellites

Le satellite est exposé a plusieurs environnements pendant son service, qui imposent
différents exigences sur sa structure.

Préparations terrestres

Il est nécessaire de considérer des préparations terrestres, méme si elles introduisent
rarement des chargements critiques. Cette phase est désignée comme AIV (Assembly,
Integration and Verification) ou AIT (Asssembly, Integration and Test). L’assemblage
principal est finalisé, tous les sous-systémes sont connectés et leur fonctionnement est
veérifié. Le fonctionnement des mécanismes est veérifié également. Le satellite est transporté
par la grue et des montages spéciaux pendant son assemblage. Il peut étre transporté par
voie aérienne, navale ou terrestre vers le site de lancement. Alors il faut considérer des
charges, qui peuvent étre introduits [4], [9].

Lancement

Les préparations avant le lancement sont dirigées par le fournisseur de la fusée via
son manuel d’instruction [1], [12], [13].

Les préparations consistent en un controle final de tous les sous-systémes, de
remplissage des réservoirs, de chargement des accumulateurs, d’installation des charges
explosives, etc. Les couvertures protectrices et les pieces de sécurité sont enlevées en
dernier. A I’inverse, des conjoncteurs des sous-systemes dangereux, comme des explosifs
ou la propulsion, sont connectés [6].

Différents chargements sont introduits pendant le lancement. Premiérement, il y a un
chargement quasi statique, causé par 1’accélération de la fusée. Deuxiémement il y a des
vibrations harmoniques, causées par des moteurs ou des effets aérodynamiques.
Troisiémement il y a des vibrations aléatoires, causées par 1’acoustique. Derniérement il y
a des chocs, causés par des explosions des mécanismes de séparation [4].

Orbite

Une orbite est une trajectoire elliptique autour d’un corps central, dans la plupart des
cas la Terre. Les orbites sont gouvernées par les lois du mouvement de Newton et par les
lois de Kepler. On distingue une orbite basse (LEO), moyenne (MEO), géostationnaire
(GEO) et haute (HEO) [11].

Il est nécessaire de connaitre les paramétres de 1’orbite, car elle influence
I’exposition du satellite au rayonnement solaire.

Composites a structure sandwich
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Des matériaux sandwich sont composés de deux peaux, entre lesquelles se trouve une
ame interne avec une faible densité. En principe le comportement d’un panneau sandwich
est similaire a celui d’une poutre en forme I. Les peaux transmettent des efforts de traction
et de compression et I’ame transmet des efforts tranchants. Leur avantage principal est une
haute rigidité et une haute résistance, vis-a-vis leur masse [5].

Les peaux sont, dans I’industrie spatiale, dans plupart des cas en composite a la base
polymere renforcé de fibre de carbone (CFRP). Ces composites utilisent des fibres de
carbone liés par la résine polymeére. lls sont souvent fournis en forme des préimprégnés. Ils
peuvent étre unidirectionnels ou en tissu. Le composite final est fait par 1’assemblage de
plusieurs plies de préimprégnés. Comme les préimprégnés unidirectionnels sont souvent
utilisés, il est nécessaire de les orienter pour obtenir des propriétés quasi isotropes [22],
[24].

Les ames sont principalement des structures de nid d’abeille en aluminium ou des
mousses spéciales. Le nid d’abeille en alliage d’aluminium 5056 est majoritairement utilisé
dans les structures des satellites [29].

Assemblage des panneaux sandwich

Des matériaux sandwich nécessitent 1’utilisation d’inserts pour la transmission
d’efforts locaux, a cause de la faible densité de I’ame. Les inserts sont fixés dans le
panneau par la résine, qui assure la transmission des efforts entre les inserts et I’ame. Les
appareils sont fixés dans ces inserts a 1’aide de vis ou de consoles structurales [26].

Les inserts sont divisés en plusieurs catégories d’aprés la méthodologie de
I’assemblage avec le panneau. Ceux qui sont montés dans les panneaux déja fabriqués et
fixés par la résine, qui durcisse a la température basse sont les plus utilisés. Ils peuvent étre
encore divisés d’apres leur positionnement et la fixation dans le panneau. Premierement il
y a des inserts qui sont montés a travers le panneau. Deuxiémement il y a des inserts
entierement fixés, ou la résine remplit entiérement le volume autour de I’insert. Enfin il y a
des inserts partiellement fixés, ou la résine est uniquement a proximité de I’insert [26].

Opérations d’usinage spécifiques

Taraudage par déformation

Le taraudage par déformation est une opération technologique, qui utilise la
déformation au lieu de la coupe pour créer un filet intérieur. Cette approche permet de
créer des filets plus résistants et en méme temps prolonger la durée de vie de 1’outil [55].

Il y a des spécificités, qu’il faut prendre en compte. Principalement, c’est la forme
imparfaite du filet, qui présente un creux a son sommet. Ce dernier n’a pas d’influence sur
les propriétés mécaniques du filet. Il faut noter, qu’il n’a pas d’influence sur des propriétés
mécaniques finales du filet. La section du filet formé est fortement dépendante du diamétre
d’avant-trou et la forme du creux dépend du matériau usiné [55], [56].

Il est nécessaire d’assure la synchronisation de la rotation de la broche avec 1’avance
ou au moins d’utiliser un mandrin semi-rigide pour former correctement le filet. 1l faut
faire attention au choix du lubrifiant, parce qu’il influence I’intégrité de la surface et sa
dureté, et aussi le couple d’usinage nécessaire. Il faut considérer aussi, qu’il n’est pas
possible d’appliquer cette méthode aux matériaux dont la dureté est supérieure a 60 HRC
ainsi qu’aux matériaux avec une ductilité basse [56], [57].
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Fraisage des parois minces

Le fraisage des parois minces est courant en industrie aérospatiale, parce qu’il permet
de fabriquer des piéces monolithiques légéres. Il faut choisir une bonne approche pour
éviter les vibrations et pour atteindre la précision géométrique et la qualité de la surface
souhaitées. Ce probleme peut étre analysé par des calculs analytiques ou par une approche
expérimentale, pour déterminer des paramétres de coupe vis-a-vis des limitations du
procédé. Ces données peuvent étre visualisées par le diagramme, qui relie la vitesse de
coupe et la profondeur de passe ou I’engagement radial. La courbe représente la limite
entre les conditions de coupe stable, qui sont en-dessous, et les conditions de coupe
instables, qui sont au-dessus.

Conception préliminaire

Un modele d’un assemblage en T, composé d’un support vertical en matériau
sandwich avec des peaux en CFRP et d’un radiateur (RAD) en matériau sandwich avec des
peaux en aluminium, était établi. Ces deux composants sont liés par 5 consoles, qui étaient
simplifiés en ressorts.

La masse de 200 kg et le coefficient d’expansion thermique de 2.25-10° Kt ont étés
attribués au radiateur. Le coefficient d’expansion thermique de 0 K a été attribué au
support vertical et sa masse était négligee. Les calculs analytiques considérent deux cas de
chargement différents. Premiérement c’est I’accélération de 10 g (98.1 m-s?) en axe z.
Deuxiémement c’est une hausse de température de 30 °C.

Le premier objectif était de calculer la rigidité de I’insert. C’était nécessaire pour
déterminer la contrainte induite par la déformation de I’insert, pour ne pas dépasser la
contrainte maximale admissible. Pour chaque cas de chargement une rigidité différente
serait idéale. Dans le cas d’une charge mécanique, il vaut mieux avoir une rigidité élevée,
tandis que dans le cas d’une charge thermique, il vaut mieux avoir une rigidité basse.
Pendent cette phase on suppose que le radiateur et le support vertical sont
considérablement plus rigides que les inserts.

La force agissant sur les ressorts a ¢té calculée a 1’aide du principe fondamental de la
dynamique, équation (1), en supposant, qu’elle sera uniformément distribuée. Dans le cas
de la charge thermique, on suppose que I’expansion du radiateur sera uniforme et nulle
dans son milieu. Alors on peut conclure, que les inserts les plus chargés seront ceux aux
extrémités. Le déplacement relatif a été calculé pour ces ressorts a 1’aide de 1’équation (3).
Ensuite la force induite est dépendante de la rigidité du ressort, voir 1I’équation (4).

Il faut noter, que méme si le chargement, engendré par les coefficients de 1I’expansion
thermiques différents est une déformation, c’est-a-dire un chargement mécanique, il est
souvent désigné comme thermique pour la clarté.

Ensuite des parametres théoriques des ressorts plats, substitués par des poutres, ont
été calculés, dans le cadre de la conception préliminaire. Le modele considére une poutre
avec ’encastrement sur une extrémité et une liaison glissante sur 1’autre. Ce probléme
hyperstatique a été résolu par la méthode de Castigliano. Il était possible de calculer gréace
a elle la rigidité théorique, dépendante de la géométrie et le matériau de la poutre, et aussi
la contrainte théorique, dépendante de la force appliquée, de la géomeétrie et du matériau de
la poutre.
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Ces calculs montrent la contrainte maximale vis-a-vis de la longueur et de la largeur
de la poutre. On peut donc réaliser des tableaux qui comparent ces contraintes avec la
limite d’¢élasticité du matériau choisi.

La phase de conception préliminaire a aide a établir des exigences, qui seront
imposées sur le concept final. Certaines exigences sont basées sur des standards de
I’industrie spatiale, les autres sont basés sur 1’application choisie. Les exigences sont
résumées en Tableau 6.5. Il est spécifié pour chaque exigence, si elle sera vérifiée par une
révision, une analyse ou un essai.

L’application
Géometrie

L’application, qui était choisie pour la conception détaillée, differe de celle
considérée en phase préliminaire en dimensions. La longueur du radiateur est 1.8 m, sa
largeur 2.3 et sa masse est 180 kg. La longueur du support vertical est 1.8 m et sa largeur

est 0.35 m. Ces composants sont assemblés par 12 inserts uniformément éloignés de 0.15
m.

La fusée pour cette application est Ariane 5 et alors les chargements mécaniques sont
spécifiés par son manuel [1]. Uniquement les charges quasi statiques étaient considérées
pour la premiére analyse. Elles sont spécifiées dans le manuel comme les multiples de
I’accélération gravitationnelle pour chaque éveénement critique du vol, comme le décollage,
la phase aérodynamique, etc. Ces charges doivent étre multipliées par les coefficients de
sécurité, qui sont déterminés par les standards communs de 1’industrie spatiale. Tous les
coefficients considérés donnent un coefficient final de 1.65. Les charges multipliées étaient
ensuite utilisées pour déterminer le domaine du vol.

Controles de modéle

La méthodologie normalisée proposeé par ECSS [21] dit, qu’il faut réaliser des
contrdles, avant que le modéle puisse étre considéré comme fiable. Tout simplement les
contréles vérifient que le modeéle ne viole pas des lois de physiques.

Le premier contrdle est effectué par introduction de 1’accélération gravitationnelle
unitaire (UG check). Elle vérifie la balance des efforts dans le modéle. Trois cas de
chargement étaient définis. Précisément accélération unitaire en axe X, y et z. La force de
réaction est calculée dans 1’encastrement et elle doit étre égale a la masse du modele fois
I’accélération. Comme les calculs numériques ne sont pas parfaits, une certaine erreur est
admissible.

Le deuxiéme contrdle est « free-free check » (FF check). Il vérifie la cohérence du
modele. Il s’agit d’une simple analyse modale. Le contrdle est effectué¢ sur un modele sans
conditions limites et il y a un critére, qui dit que la fréquence de 6 premiers modes propres
ne doit pas dépasser une certaine valeur.

Derniérement le contréle de la déformation thermoélastique libre est effectué.
L’objectif est de vérifier, qu’il n’y a pas des contraintes causées par le maillage. Les
conditions limites sont arrangées, tel qu’elles ne limitent pas la déformation de tous les
composants. Les propriétés mécaniques et thermiques sont unifiées pour le modele entier.
La contrainte maximale admissible est 10* Pa.
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Analyse statique

Une analyse statique a été effectuée sur le modele contr6lé. Son objectif est de
trouver les forces qui agissent sur les inserts individuels pendant les événements critiques
specifiés par le domaine du vol. Les chargements, qui aideront pendant la conception
détaillé, étaient déterminés. Il fallait prendre en compte, que le modéle comptait une
rigidité de I’insert estimée et qu’il sera nécessaire de refaire cette analyse, quand les
valeurs de la rigidité du concept final seront connues.

Le mod¢le est chargé par I’accélération, comme dans le cas du contréle du modele.
Ce chargement était transformé par le principe de superposition en chargements reels.

Les forces resultantes ont une distribution quasiment uniforme a travers les 12
inserts, sauf ceux aux extrémités. Un résultat inattendu était observé sur les inserts aux
extrémités, ou il y avait un moment autour de I’axe y important. Il était trouvé, apres une
investigation courte, que ce phénomeéne est due a la déformation du radiateur. Comme il y
a un charge linéique en axe x, elle provoque une rotation autour de I’axe y. Comme les
inserts dans ce modele ont une rigidité en torsion importante ils produisent le moment
comme une réaction a la rotation. Il s’agit d’une conséquence de la simplification du
modele, car en pratique, il y aurait le support de la part de la structure primaire ou
secondaire voisine.

Analyse thermoélastique

Une analyse thermoélastique a été effectuée pour déterminer des charges induites
pendant le service du satellite en orbite. Les déplacements relatifs des nceuds étaient
observés. Il s’agit encore une fois des résultats informatifs, qui n’imposent pas une
exigence sur le concept.

Une température de référence de 20 °C a été attribuée au modeéle entier. La charge
était imposée comme une hausse de température a 21 °C. Il était nécessaire de multiplier
les résultats par un facteur de 30, en utilisant le principe de superposition, pour obtenir des
valeurs de déplacement égale a une fluctuation thermique de 30 K. La déformation
résultant correspondait aux attentes. Une expansion quasiment uniforme était observée.
Elle est partiellement restreinte par les efforts des inserts et ¢’est pourquoi les contours ont
une forme lenticulaire au lieu d’une forme circulaire.

Le déplacement relatif maximal observé était 0.43 mm en axe z. Il y avait des
déplacements en axe x et y, mais ils étaient négligeable. 1l était nécessaire de multiplier la
valeur du déplacement par un facteur de 1.44 pour prendre en compte I’incertitude de
I’analyse.

Conclusions pour la conception détaillée

Aprés avoir effectué I’analyse statique, il était décidé de considérer uniquement des
forces agissant sur les inserts au milieu, parce qu’elles sont les plus grandes. C’est une
approche conservative.

Les efforts sur les inserts externes ne seront pas pris en compte. On suppose, que la
rigidité de I’insert final sera considérablement plus petite, que dans ce modele et qu’ainsi
les efforts baisseront.

Dans le cas de ’analyse thermoélastique, il était décidé de prendre en compte
uniquement les inserts externes, parce qu’ils sont le plus chargés.
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Concepts

Plusieurs concepts ont été proposés et leur comportement sous le chargement
mécanique et thermique a été analysé a I’aide de la méthode des éléments finis. Les
modeles CAO étaient simplifiés pour faciliter la création des modéles par éléments finis.
Un modeéle CAO detaillé était préparé uniquement pour le concept final.

Chaque concept était préparé considerant la structure interne déformable, qui tient le
cylindre central avec un trou taraudé. En plus il était nécessaire d’ajoute une structure
extérieure, qui pourrait transmettre des efforts provenant du panneau, pour éviter
I’affaiblissement local du panneau. Tout simplement il fallait concevoir une picce
monolithique qui a une structure extérieure rigide et une partie intérieure flexible. Ceci
était un grand probléme d’un point de vue fabrication.

Optimisation topologique serait extrémement bénéfique pour la conception de
I’insert, principalement pour la réduction de sa masse. Malheureusement il n’était pas
possible de I’employer. Cette décision était influencée par deux facteurs. Premi¢rement, les
colts de fabrication additive sont considérablement plus élevés par rapport aux méthodes
conventionnelles. Deuxiéemement, une qualification serait nécessaire. Elle devrait vérifier,
que la piece satifasse les exigences de la conception, mais il faudrait vérifier le matériau
méme et le processus de fabrication du fournisseur. Cela serait trop cher et trop long.

Matériaux

Trois matériaux étaient considerés. EN-AW-7075, Ti-6Al-4V et acier Maraging 280.
L’alliage d’aluminium EN-AW-7075 était choisi a la fin. 1l a des propriétés mécaniques
convenables. Il a un module de Young modéré et une limité élastique élevee. Il est
disponible a un prix acceptable. 1l est fréquemment utilisé en industrie aérospatiale et en
plus il est utilisé pour les inserts standards avec le traitement thermique T7351.

Le traitement thermique T651 était choisi pour obtenir la limite élastique désiré. Il
était décidé d’appliquer une anodisation sur la piéce pour compenser la résistance contre la
corrosion plutét faible.

Concept fonctionnel

Le concept fonctionnel a développé les concepts précédents. Il était décidé
d’employer le fraisage pour la fabrication de ce concept. Ce changement était nécessaire,
en raison d’ajout de dos (backplate), qui serviront comme liaison entre I’insert et la résine
dans le panneau. A cause du changement de la technologie il était nécessaire d’agrandir
tous les rayons a 2 mm, pour qu’ils puissent étre fabriqués par une fraise de diametre
4 mm. De plus la hauteur de la partie fonctionnelle entiére était réduite & 15 mm, car
’'usinage des poches plus profondes serait quasiment impossible.

Un autre nouvel élément est une poche qui sépare la partie fonctionnelle et le dos de
I’insert. Si elle n’était pas ajoutée dans le concept, la partie fonctionnelle ne pourrait pas se
deformer proprement. On suppose dans la premiére itération du concept, que la poche sera
fabriquée par 1’électroérosion.

Il y avait aussi des changements dans la partie centrale, qui était renforcé pour eviter
des déformations indésirables. Le diametre du cylindre central était élargi a 14 mm, pour
contenir le filet M6-6H, d’aprés la norme ISO 261:1998.
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Il était trouve, que la charge provoque un déplacement latéral indésirable. Il était
décidé d’ajouter des nervures sure les cotés de I’insert et mettre en place une petite étude,
qui comparera plusieurs solutions. Cette étude est visé a calculer la rigidité en axe y et z et
aussi la masse de I’insert. L’objectif était de trouver la solution, qui limiterait le
déplacement latéral & 25-30 % en réduisant la masse. Les nervures avec 1’épaisseur de 2
mm et un chanfrein court étaient choisies pour le concept final.

Optimisation complémentaire

Il était décidé d’optimiser des dimensions supplémentaires, aprés la finalisation du
concept fonctionnel. Il s’agit principalement de parois, qui ne sont pas censés étre chargés
pendant ’emploi du satellite. C’est principalement le dos, ou il était possible de réduire la
masse de 8 grammes en réduisant son épaisseur de 3 mm a 2 mm.

Ensuite I’épaisseur des parois de flanc, qui sont orientés vers I’ame du panneau, était
réduite de 3 mm a 2 mm. Donc 2 grammes par parois étaient économisés. Il serait possible
de réduire la masse encore plus, mais il était décide de laisser les épaisseurs des parois a
2 mm. Si les parois de flanc étaient encore moins épais ils pourraient réduire la rigidité de
la piece. Si I’épaisseur de dos était encore réduite on risque des vibrations pendant
I’'usinage.

En plus il y avait un changement concernant la poche séparatrice. En cette itération
elle serait fabriquée par le fraisage au lieu d’électroérosion. La poche était €élargie a 6 mm
pour créer assez de ’espace pour la fraise. Des rayons pres de la partie fonctionnelle
étaient reduits a 2 mm, pour éviter renforcement de cette zone, qui cause une concentration
des contraintes. Ce changement a été fait quasiment a la fin de la conception et c’est
pourquoi il y a beaucoup d’analyses qui étaient effectuées avec une poche étroite.

Conception détaillée

En finalisant la conception il fallait prendre en compte ’assemblage de I’insert et du
panneau. Un trou était ajouté dans le dos. Il permet d’injecter la résine entre ’insert et
I’ame du panneau. Une poche était ajoutée sur le dos et les parois de flanc. Elle est censée
a créer I’espace pour la résine. Il y a aussi un épaulement ajouté dans la poche pour créer
un support pour les peaux du panneau. Derniérement il y a aussi un épaulement ajouté au
cylindre central, qui servira comme une rondelle.

Calculs par la méthode des éléments finis

Les concepts €taient analysés a 1’aide des calculs par la méthode des ¢léments finis.
Le processus de création des modeéles des éléments finis était dirigé par les normes et des
guides internes. Les analyses étaient effectuées pour vérifier que I’insert congu satisfasse
les exigences. La vérification était faite par le calcul du coefficient de sécurité, qui doit étre
positif d’apres la norme ECSS [20].

Modeéle du concept final

Comme le concept final est plus complexe que les précédents, il était nécessaire de
créer un nouveau modele. Les zones problématiques étaient des nervures et des rayons
dans la poche séparatrice.

La poche pour la résine et les épaulements pour les peaux du panneau n’étaient pas
inclus dans le modé¢le, parce qu’il était admis, que ces élements n’ont pas d’influence sur la
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rigidité ou la résistance de la piéce. Le méme raisonnement était appliqué a I’épaulement
sur le cylindre central.

Analyse de rigidité

L’objectif de cette analyse était de trouver la rigidité linéaire et la rigidité en torsion
pour les trois axes principales.

La charge était introduite dans le nceud indépendant de I’élément rigide RBE2 dans
le trou central. Il s’agit d’une charge similaire a UG check, sauf que les accélérations sont
substituées par 1 N pour les rigidités linéaires et 1 Nm pour les rigidités en torsion.

Les résultats étaient traités en logiciel HyperView. Le déplacement ou la rotation du
nceud était observé dans la direction de la charge appliquée. Les rigidités étaient calculées
comme les valeurs inverses du déplacement.

Les résultats sont résumés en Tableau 9.3.
Réévaluation du modele global

Il était nécessaire de refaire des analyses préliminaires avec la rigidité de 1’insert
connue.

L’objectif était de trouver des chargements, qui deviendront des exigences pour
I’insert.

Il n’y avait pas de grands changements observés par rapport aux calculs préliminaires
dans le cas de I’analyse statique. L’analyse a confirmé la supposition, que les moments sur
les inserts extérieurs seront moins importants. Une analyse était faite pour vérifier que ces
chargements ne seront pas réellement les charges critiques. La supposition était confirmée
et alors le chargement critique est celui qui était calculé en phase préliminaire. Ces
chargements sont résumés dans le Tableau 7.6.

Des différences considérables ¢étaient observées dans le cas de [D’analyse
thermoélastique. L’expansion du radiateur était réduite, principalement en raison de la
rigidité d’insert, qui est redoublé par rapport a la valeur estimée. Grace a ce phénomene le
chargement imposé sur 1’insert est plus petit.

Le déplacement relatif des nceuds était 0.346 mm, apreés la multiplication par le
facteur de sécurité 1.44 on obtient le déplacement de 0.528 mm.

Analyse des forces

Cette analyse a été effectuee pour évaluer si I’insert congu satisfait des exigences
imposant la charge par forces et quel est le coefficient de sécurité.

La contrainte maximale d’aprés le critére de von Mises est 249.8 MPa. Le coefficient
de sécurité est 0.58. La piéce satisfait des exigences et elle sera capable de supporter des
charges pendant le lancement.

Analyse de déplacement

Cette analyse a ¢té effectuée pour évaluer si I'insert congu satisfait 1’exigence
imposant la charge par le déplacement et quel est le coefficient de sécurite.

La contrainte maximale d’apres le critere de von Mises est 316.7 MPa. Le coefficient
de sécurité est 0.25. La piece satisfait I’exigence et elle sera capable de supporter des
charges pendant le service en orbite.
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Capacité maximale

Cette analyse était effectuée pour trouver la capacité maximale de I’insert congu. Les
analyses précédentes étaient utilisées comme base. Par le principe de superposition les
charges maximales étaient calculées. Ces résultats sont résumés dans le chapitre 9.7.2.

Résumé

Les resultats des calculs par la méthode des éléments finis effectués sur le concept
final sont satisfaisants. L’objectif de trouver 1’équilibre entre les contraintes induites par
les efforts mécaniques et thermiques était atteint. Les coefficients de sécurité sont positifs
pour les deux cas critiques et en plus ils sont proche de 0, c¢’est-a-dire 1’insert n’est pas
surdimensionné. Ces conclusions sont résumées dans le Tableau 9.5.

En plus la capacité maximale de I’insert était comparée a la résistance de la résine
des inserts standards. On voulait déterminer si la résine lacherait avant I’insert. D’aprés des
données disponibles la capacité de la résine est plus que double de la capacité maximale de
I’insert proposé.

La capacité des vis était évaluée, pour vérifier qu’ils seront capables de supporter des
charges. Les calculs analytiques donnent des coefficients de sécurité positifs pour la vis en
titane et aussi pour la vis en acier. Les résultats sont résumés dans le Tableau 9.8.

Proposition technologique

La proposition technologique est présentée dans ce chapitre. Le chapitre parle de la
machine, des outils et de la gamme de fabrication.

Le processus de fabrication est concu pour une petite série. On suppose que le
nombre des inserts nécessaire par un satellite est entre 10 et 20. Le nombre des satellites
qui demanderont 1’utilisation de ces inserts est estimé a 2 ou 3. Mais comme il y aura des
écarts temporels important entre chaque satellite on suppose une série comme 20 pieces.

Etant donné le volume de production basse on avait décidé de proposer une gamme
simple. Il n’est pas nécessaire d’optimiser minutieusement la gamme, parce que les gains
ne seraient pas trop importants. En plus la gamme était congu, pour qu’elle soit facilement
adaptable a une machine & commande numérique 3 axes.

Machine

La gamme était préparée pour une machine 5 axes. Une machine 3 axes serait
suffisante, parce qu’aucune opération ne nécessite un usinage en 5 axes. Néanmoins la
table rotative permet de réduire des interventions d’opérateur nécessaires, ce qui améliore
la précision, parce qu’il est possible d’usiner plusieurs surfaces en une suite d’opérations.

Il s’agit d’un centre de fraisage vertical DMG Mori DMU 50 3™ génération. La
machine a des dimensions internes suffisantes pour la fixation de la piéce, mais elle n’est
pas exagérée.

Cette machine peut étre équipée par une broche capable de 20 000 RPM. C’est une
option souhaité pour 1’'usinage des inserts, parce qu’il est nécessaire d’utiliser de outils
avec des petits diametres qui doivent travailler avec des grandes vitesses de rotation. En
plus cette broche peut avoir I’interface HSK-A63, qui assurerait la rigidité pendant
I’usinage avec des grandes vitesses de rotation [34].

Outils
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Les outils de Sandvik Coromant [36] et Seco Tools [37] étaient choisies comme des
examples. En pratique il serait recommandé d’utiliser des outils disponibles dans 1’atelier.

Le choix des outils était influencé par 1’objectif de simplifier la gamme de fabrication
et donc limiter le nombre des outils employés. C’était fait par utilisation d’un méme outil
pour 1’ébauche et la finition.

Ceci n’est pas une approche idéale, parce que la productivité de 1’outil sera diminuée.
Il faudrait réduire le débit de copeaux ou la durée de vie de I’outil sera réduite. La rugosité
de la sruface demandé est 3.2 um, ce qui est facilement atteignable méme sans un outil
dédié a la finition.

Les colts des outils, des porte-outils et des plaquettes étaient donnés par les
fournisseurs. 1ls sont résumés dans les Tableaux 10.1, 10.2 et 10.3. Les codts sont separés
en trois tableaux en raison de la clarté. On suppose, que les colts liés aux outils monoblocs
et aux plaquettes seront récurrent freqguemment. Les codts élevés des outils aux plagquettes
et des porte-outils seront compensés par leur durée de vie longue.

Bridage de la piéce

Pour le bridage un étau était choisi. Il s’agit d¢ MAKRO GRIP® 5-AXIS VICE 77
avec des mors de 46 mm de Lang Technik. Un bloc de bridage de la méme entreprise est
utilisé pour ¢loigner 1’étau de la table de la machine pour éviter des collisions de la table et
la broche. Les petit mors sont convenables pour [’usinage 5 axes, parce qu’elles permettent
I’acces facile aux flancs de la piece. Les mors sont suffisamment longue pour tenir la piece
et ils sont capables des serrer la piece avec une force suffisante.

Gamme de fabrication

La gamme de fabrication est présentée dans ce chapitre. Les opérations sont divisées
d’apres les éléments principaux de la piéce. Certains éléments sont réunis, parce qu’ils sont
usinés avec des conditions similaires et avec un montage semblable.

Pour mieux visualiser des opérations, les modéles FAO des outils étaient téléchargés.
Les outils sont orientés sur les illustrations toujours verticalement pour respecter
I’orientation dans la machine.

Les conditions de coupe ¢taient estimées pour chaque opération a 1’aide de
CoroPlus® ToolGuide [64]. Il faut noter que les valeurs obtenues ne sont que des
recommandations. Cet outil optimise arbitrairement des conditions et ne prend pas en
compte le risque de la rupture de 1’outil. C’était observé dans le cas de fraisage des poches
ou Doutil proposait des profondeurs de passe relativement grandes. Les valeur
recommandées étaient arrondies ou modifiés pour mener a bien 1’opération.

Ebauche du brut et fraisage des épaulements

Dans les premieres opérations le brut est usiné aux dimensions extérieures de I’insert.
En méme temps il y a des épaulements usinés. L’outil employé est une fraise 2 tailles 490-
050HAO06-08H equipé par 7 plaquettes 490R-08T304E-ML H13A. La fraise a le diamétre
de 50 mm.

D’abord la surface supérieure est usinée. Puis la picce est tournée et le flanc avec
I’épaulement est usiné. Pareil est fait de 1’autre coté. Ensuite la piece est tournée pour
exposer la surface inférieure. Les deux flancs restants et les chanfreins sont usinés a la fin.

Les conditions de coupe et les illustrations sont présentées dans le chapitre 10.4.1.
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Poches inférieures

La piece est retirée de 1’étau et elle est posée sur des cales paralleles pour la
prochaine suite des opérations, afin de minimiser le risque de la collision de I’outil et de
1’étau.

Le changement de 1’outil est effectué. Il s’agit encore une fois d’une fraise 2 tailles,
mais cette fois ¢’est R390-010A09L-07L avec le diamétre 10 mm et 2 plaquettes 390R-

070202E-NL H13A. Cet outil était choisi principalement en raison des rayons présents au
fond de la poche inférieure.

La premicre opération est 1’ébauche de la partie supérieure des poches. Elle est
divisée en trois phases pour éviter de problemes de programmation. Dans ce cas il s’agit
d’usinage simple 2.5D pour chaque phase. Dans la partie centrale une marge de 0.2 mm est
laissé sur les parois extérieurs parce qu’elles seront finis par un autre outil.

Puis la partie inférieure de la poche est usinée. Une approche similaire a celle utilisée
précédemment est employée. Comme il s’agit d’une poche peu profonde il est possible de
sauter 1’ébauche et passer directement vers la finition.

A la fin, les rayons sur les épaulements et aussi les parois étaient usinés par une
fraise 3 tailles R335.10-25063.3-02-5 avec le diametre 63 mm et 5 plaquettes 150.10-2.5N-
14 CP600. 11 faut bien veiller sur I’entré et la sortie de I’outil, parce qu’il y a un grand
risque de collision avec 1’étau.

Les conditions de coupe et les illustrations sont présentées dans le chapitre 10.4.2.
Cceur

La partie fonctionnelle principale est usinée dans cette phase.

D’abord, la surface supérieure est usinée par 490R-08T304E-ML H13A.

Puis les poches de la partie fonctionnelle et de la partie centrale sont fabriquées.
L’outil employé est une fraise 2 tailles 25221-0400-030-NG H10F. Elle était choisie parce
qu’elle a le diametre de 4 mm et en méme temps elle a la longueur utile de 32 mm.

Les conditions de coupe de cette opération doivent étre bien considérées. 1l y a un
risque de la rupture de I’outil, s’il est trop sollicité, parce qu’il a un petit diametre en étant
assez long. En plus cette opération est faite quasiment a la fin de la gamme et du coup la
perte serait non-négligeable. En plus la rupture pourrait endommage la machine.

Il y a aussi un probléme avec 1’évacuation des copeaux en usinant des poches
profondes. Les copeaux peuvent s’accumuler dans la poche et bloquer 1’outil. Une solution
pourrait étre de programmer des arréts dans le programme ou 1’opérateur évacuerait les
copeaux a I’aide de I’air comprimés.

Ensuite les poches prés des flancs étaient approfondies pour éviter des bavures aprés
la fabrication de la poche séparatrice.

Un trou était percé a travers le cylindre central a 1’aide du foret 860.1-0550-017A1-
NM H10F. Le foret a le diamétre de 5.5 mm, ce qui est recommandé pour le taraudage par
déformation d’un filet M6.

En plus il est possible d’atteindre la tolérance H7 du trou sans alésage
supplémentaire.
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Le filet M6-6H est formé dans le trou. Vu qu’il ne s’agit pas d’un procédé
conventionnel dans I’industrie spatiale, il serait nécessaire de mettre en place sa
qualification.

Les conditions de coupe et les illustrations sont présentées dans le chapitre 10.4.3.
La poche séparatrice et les nervures

Il s’agit des derniéres opérations. D’abord les nervures et ses chanfreins sont usinés a
I’aide de méme 1’outil comme les poches inférieures.

Puis la poche séparatrice est usinée. Il faut considérer minutieusement les conditions
de coupe de cette opération, pace qu’il s’agit d’une poche étroite et profonde, comme dans
le cas de I’usinage de cceur.

Il vaudrait mieux usiner cette poche plutdt dans la gamme, pour éviter la perte de la
picce quasiment finie au cas ou 1’outil casse. Mais le matériau dans la poche sert comme le
support pour ’usinage de la partie fonctionnelle et alors il est enlevé a la fin.

La fraise 2 tailles 25221-0600-030-NG H10F a été choisie pour cette opération. C’est
une fraise similaire a celle utilisé pour la fabrication de la partie fonctionnelle, sauf que
cette variante a un diametre de 6 mm.

La poche est usinée en deux phases, parce qu’elle serait trop profonde pour 1’usinage
en un seul coup. C’est pourquoi la poches est fabriqué 0.3 mm plus profonde que
nécessaire pour éviter des bavures.

Il est nécessaire de finir des rayons vers la partie fonctionnelle avec une fraise de 4
mm pour les réduire a 2 mm.

Ces opération sont effectuées aussi de 1’autre coté de la piece, ce qui termine la
gamme.

Controle

Le contr6le des dimensions peut étre fait par le pied a coulisse et des micrométres. Il
y a uniquement deux dimensions qui doivent étre rigoureusement évaluées. Premiérement,
C’est la distance entre les parois extérieures, qui a la tolérance de 0.1 mm. Deuxiémement
c’est la longueur de la partie centrale qui a la tolérance de 0.15 mm.

Les dimensions et la forme du filet seront contrdlées par un calibre tampon filete.
Résumé

Le temps d’engagement d’outil est estimé a 580 s, c’est-a-dire a peu prés 10 minutes.
Il faut noter que:

e il s’agit d’une estimation trés approximative,

e [D’estimation considére uniquement le temps d’usinage, quand [’outil est
engagé dans la matiére.

Il serait nécessaire de prendre en compte des temps de déplacement de I’outil ou des
temps de changement de 1’outil. En plus si le temps de production total serait demandé il
faudrait considérer aussi le travail de I’opérateur.
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La proposition considére 6 montages. Il est souhaitable de réduire ce nombre par
I’optimisation du serrage et aussi par 1’adaptation de la gamme. Cela permettrait de réduire
le temps de production et par conséquent les codts.

La fraise 2 tailles avec le diamétre de 50 mm pourrait étre remplacé par la fraise 2
tailles de 10 mm, utilisée pour 1’'usinage des poches inférieures. Cela réduirait des cotits au
cas ou la grande fraise n’était pas utilisée pour d’autres projets.

Fabrication des prototypes

La fabrication de 4 piéces prototypes était confiée a une entreprise externe a Brno. Ils
ont utilisé pour la fabrication une machine 5 axes Hermle C250.

Il'y avait un défaut remarqué sur les piéces fournies. Des taches noires étaient
présentes pres des extrémités des nervures. Vu que ces taches n’étaient pas observées sur
les piéces usinées, c’était forcément un défaut provenant du traitement de la surface. Le
fournisseur disait, qu’il s’agissait d’un probléme du choix de matériau, parce que
I’anodisation des alliages de I’aluminium de la série 7000 n’est pas recommandee.

Cette allégation était rigoureusement examinée par une recherche. Le probleme était
aussi consulté avec le bureau d’études et des experts dans le domaine des matériaux. La
conclusion était que la raison pour un autant défaut est plutdt un probleme dans le procéde
de I’anodisation que dans le choix de matériau.

Essais

L’objectif des essais sera la vérification, que la piece peut réellement supporter des
charges spécifiées dans le Tableau 7.6 et les chapitres 9.4.2 et 9.7.2. Trois pieces
prototypes seront testées en collaboration avec un institut de recherche, qui fournira des
machines et des instruments de mesure.

Méthode des essais

La piéce testée sera fixé dans un montage congu pour qu’il soit beaucoup plus rigide
que la piéce, afin de mesure uniquement la déformation de la piece.

Une charge de traction ou de compression unidirectionnelle sera introduite dans le
trou central a I’aide d’un axe. La charge sera créée par le déplacement lent de la table.

L’essai aura trois phases. Premieérement les charges spécifiées dans le Tableau 7.6 et
dans le chapitre 9.4.2 seront atteintes, évidemment pas en méme temps. La deuxiéme phase
atteindra la capacité maximale théorique. L’essai continuera éventuellement par la
troisieme phase, qui devrait trouver la capacité maximale réelle. C’est-a-dire I’essai
continuera jusqu’a la rupture de la piece.

L’essai sera terminé si :
e il yaune rupture de la piece,
e il yaun contact entre la partie fonctionnelle et la structure extérieure.
Equipement

La machine choisie est un banc de compression utilisé pour les essais de compression
sur les céramiques.
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Montage

Le montage est adapté pour 1’essai sur un banc de compression. Cette machine était
choisie parce qu’elle permet 1’utilisation d’un montage simple. Il n’est pas important si la
machine produit une charge de traction ou de compression, parce que le comportement de
I’insert est identique dans les deux sens.

Le concept du montage est montré dans la figure 11.1. Il est composé de deux blocs
avec un axe. Il y a des alésages dans les blocs pour ’axe, afin d’assurer la rigidité. Un des
blocs a un épaulement, qui représente le panneau sandwich.

La charge est créée par une plaque en haut de I’insert, qui représente aussi le panneau
sandwich.

Ce montage demande un changement sur les piéces testées. Le trou central doit avoir
le diameétre de 6 mm. Ce changement est acceptable de point de vue structural, parce qu’il
y a beaucoup de matiére dans le cylindre central et en plus il ne s’agit pas d’une zone ot on
attend la rupture.

Résultats

Des discussions techniques étendues avec le laboratoire étaient mises en place, afin
d’assurer une méthode et une préparation de l’essai correcte. Ceci est extrémement
important vu le nombre des piéces prototypes limité.

Discussion

L’évaluation des exigences était faite. Un commentaire était donné pour chaque
exigence, pareille comme un statut, si I’exigence est satisfaite. Elles sont satisfaites dans la
plupart des cas, sauf les exigences qui sont censées étre vérifiés par un essai. C’est
pourquoi les exigences RQ1 et RQS5 sont vérifiées uniquement par 1’analyse. Comme les
résultats des analyses sont satisfaisants, le statut par rapport a cette méthode est donné
comme satisfaisant. Le statut par rapport a la vérification par I’essai est provisoirement
donné comme « en évaluation ».

Les conclusions mentionnées au-dessus sont résumées en Tableau 13.1.

Le rapport « buy-to-fly » est dans le cas de I’insert congu 5.76. C’est le rapport entre
la masse du brut et la masse de la piece finie. Ce rapport est considérablement plus petit,
que dans le cas de la solution utilisée. Un autre avantage par rapport a la solution utilisé est
la substitution de titane par aluminium et en conséquence une réduction des colts. Il faut
admettre que cette réduction n’est pas du tout importante dans le cas de la structure
satellite, dont le prix est de I’ordre considérablement plus grand. Néanmoins c’est un
changement favorable.

Conclusion

Ce mémoire s’occupait du développement d’un insert pour la structure d’un satellite.
Plusieurs concepts étaient proposés pendant le développement considérant la faisabilité de
fabrication par l’usinage conventionnelle. Une solution innovante était proposée. Elle
permet de réduire le nombre des piéces, qui constituent le joint mécanique, et en méme
temps reduire le volume occupe par rapport a la solution conventionnelle.

La capacité de la piece était vérifiée par des calculs par la méthode des éléments
finis. Les résultats des analyses donnent des coefficients de sécurité positifs vis-a-vis la
limite élastique, alors la défaillance de la piece n’est pas attendue pendant son service. Le
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coefficient de sécurité pour le vol est 0.58 et le coefficient de securité pour le service en
orbite est 0.25.

La capacité maximale était calculée aussi par la méthode des éléments finis. L’insert
est censé supporter 2710 N et un déplacement de 0.658 mm en direction longitudinale.

L’insert proposé simplifie considérablement 1’assemblage avec le panneau, par
rapport a la solution utilisée, parce qu’il ne nécessite pas de pieces supplémentaires. La
réduction de nombre des piéces qui constituent un joint mécanique a pour consequence la
réduction du risque de la défaillance du joint. En plus il a le rapport « buy-to-fly » de 5.76.

Ensuite une proposition technologique était présentée. Son objectif était de proposer
une gamme de fabrication simple, qui pourrait étre adaptée a la machine 3 axes ou 5 axes.
La proposition était congue pour une machine 5 axes et la gamme était optimisée en
considérant les contraintes imposées par la geométrie du concept.

Quatre piéces prototypes était fabriquées par un fournisseur externe, pour prouver,
que I’insert peut étre fabriqué par le fraisage conventionnel. Les pieces étaient usinées
d’aprés les dessins de définitions et des spécifications fournies. Il y avait des défauts
présents sur les piéces fournies apres 1’anodisation. Il était conclu, que les défauts étaient
causeés par les erreurs du procédé.

Finalement la proposition de I’essai mécanique était présentée. La méthodologie, la
machine et le montage nécessaire sont décrits. Les préparations des essais étaient
effectuées. L’essai sera réalisé dans la future proche.

Mots clés
Satellite, structure en sandwich, insert, industrie aérospatiale, conception, usinage
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ABSTRACT

The objective of this work is to develop an insert for a sandwich satellite structure
with tailored mechanical properties. The problem is analysed and an innovative design of
the insert, considering the feasibility of manufacturing, is proposed, based on an existing
application. This design is then verified using finite element method. It deals also with a
technological proposal of the manufacturing of the designed insert. Finally the
methodology of the test for validation of the design is introduced.

Key words

Satellite, sandwich structure, insert, aerospace industry, design, machining
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INTRODUCTION

The thesis is focused on development, manufacturing and testing of a special insert
for a sandwich panel. The satellite structure has to endure two very different environments
during their lifetime. First is the launch which introduces high accelerations and overall
high mechanical loads. Second is the space environment, which introduces significant
thermal loading from solar radiation, albedo, etc. Subsequently, thermal differences create
non-negligible mechanical loads on the joints especially in case of large structures.

The objectives of this thesis are to design a flexible insert with tailored mechanical
properties suited to withstand the loads during both the launch and the service in space.
The design shall be verified using finite element method. Next objective is to propose a
feasible manufacturing process, preferring conventional manufacturing technologies. The
last objective is to propose a test procedure to verify the design by mechanical test.

Overall the proposed insert should be a replacement for standard solution using
multiple spool inserts and a dedicated bracket.

This thesis was written in cooperation with OHB Czechspace s.r.o0. based in Brno,
Czech Republic, an engineering services company, specialised in development,
procurement of manufacturing, integration and mediation and supervision of tests of
spacecraft structures and other equipment for space applications. It is a member of OHB
SE group based in Bremen, Germany, which is one of major players of the European space
industry. Moreover OHB SE one of only three companies in Europe with status of LSI
(Large System Integrator), i.e. it is capable of integrating large spacecraft systems.
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1 SPACECRAFT SUB-SYSTEMS

Large spacecraft (in a category of 3 to 5 tons) is a complicated system comprised of
several sub-systems. There are structural, thermal, electrical, propulsion subsystems etc.
Description of all the sub-systems is out of scope of this work, reader can find
comprehensive info in [4], [5], [6], [8], [9]. In following paragraphs, aspects of sub-system
relevant for this work, i.e. structural and thermal, will be briefly presented.

1.1 Structural sub-system

Further on, the spacecraft structural sub-system can be in general divided into three
main groups. The primary structure carries the principal loads the spacecraft endures. The
secondary structure secures the payload and equipment and the tertiary structure comprised
of connection elements mainly brackets and cleats [5].

Pisacane lists in [8] about 20 different requirements imposed to the spacecraft
structure. He also states that the design and development process of such a structure is an
iterative process, requiring many trade studies to find a satisfactory compromise for all
requirements.

Usually the structure consists of plates, cylindrical sections and rods, where
sandwich structures are frequently implemented, thanks to their high specific stiffness and
strength. The common materials for these structures are aluminium alloys or CFRP
(Carbon Fibre Reinforced Polymer) [5].

The structural sub-system is often made using composite monocoque or sandwich
structure. These are costly for low production volumes and require sophisticated
technologies, but the mass savings offsets these costs. Moreover, their high specific
strength and specific stiffness help to tailor precisely the structure to the mission’s needs

[4].
As the environment of the launch can be unpredictable to some extend it is necessary
to design the structure with sufficient margins and safety factors. The overall design and

safety factors philosophy might seem conservative, but they are necessary to limit the risks
of critical structural failure [4].

Figure 1.1: Aeolus-Aladdin primary structure composed of sandwich panels [25].




FME BUT

ENSAM Cluny MASTER‘S THESIS Page 44

1.2 Thermal sub-system

During operation the spacecraft is not protected by the atmosphere, so its temperature
may rise significantly while exposed to the sunlight and in the same way they can drop to
only several Kelvins while in the shadow of the Earth. This might cause severe heat
changes in the structure and on the extremely delicate instruments, which usually have
narrow range of operating temperatures. Nevertheless, the operating temperatures of
components or sub-systems might be completely different. As we can see in Table 1.1
batteries can operate in temperatures around 0 °C, but the infrared detectors need cryogenic
temperatures to work properly. Therefore, a thermal system is an essential part of any
spacecraft [9].

Table 1.1: Operating temperatures of different satellite components [8].

Component or Subsystem  Operating Temperature [°C]

Survival Temperature [°C]

-10 to 45 -30 to 60
0to 10 -5t0 20
-269to -173 -269 to 35
-35t00 -3510 35
0to 50 -20to 70
-100 to 125 -100 to 125

It should be noted, that the radiation from the sun is not the only heat source. There is
also solar radiation reflected by Earth’s atmosphere called albedo and also the heat radiated
by Earth itself. Additionally, electronic components produce heat while they are running.
All these heat sources have to be controlled by the thermal subsystem and the excessive
heat has to be dissipated via radiators [9].

Due to high vacuum in space the heat exchange can only occur via conduction and
radiation. The heat management on the inside of the structure is done using both
mechanisms, while the exchange with the environment is done exclusively by radiation [9].

The heat can be managed by either a passive or an active system. The passive system
can comprise of coatings and paints, multilayer insulation (MLI) or heat pipes. The
coatings for outer surfaces have very low absorptance and high emittance, these are usually
white paints, silver or gold coatings etc. Inner surfaces might use highly absorbent surface
treatments to increase the heat inertia to limit the load on the thermal system [6].

Passive heat pipes use a phase transition and capillary pumping as a means of heat
transport. This way only a thermal difference is necessary for the pipe to transfer heat.
Such solution is widely used in satellite structures as it reduces necessary components and
it has a very high efficiency in low gravity environment [9].

An important part of the thermal system is a radiator. It can be a structural part of the
spacecraft, simple sandwich panel mounted on the side or a deployable structure.
Nevertheless, the design, its function is to radiate heat into the space in form of infrared
(IR) radiation. Its effectivity is driven by the emissivity of its surface and its temperature.
They usually have a special surface finishes to increase the emissivity and reduce the
absorptance, to limit the thermal load from the Sun [4].
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Active systems are heavier, more complicated and require more power than passive
systems. Therefore, they are avoided unless the payload or a mission requires their use.
Heaters, refrigerators, liquid loops or heat pumps might be used in an active system [6].

Figure 1.2: Spacecraft radiator [31].
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2 SPACECRAFT ENVIRONEMENT

During its lifetime, the spacecraft has to pass different environments, which pose
various requirements on its design. The following text is focused on those environments
important for the structural design. Information on other environments the space craft has
to endure important for other sub-systems, e.g. micro gravity or space radiation, can be
found in [4], [6], [8], [9].

2.1 Ground Operations

Even though the ground operations present rarely any critical scenario for the
structural subsystem, they have to be considered and analysed, because without a
successful pass in this step, the spacecraft cannot proceed towards the next stages [4].

This stage is often called the AIV (Assembly, Integration and Verification), or AIT
(Assembly, Integration and Test). During the assembly, the spacecraft parts are connected
mechanically. The integration ensures the connection of all sub-systems and their
communication. This comprises for example checking whether there is an expected voltage
at certain electrical interface, or whether the deployment mechanisms can move in
designated space [6].

Also the transportation in the facility using cranes or MGSE (Mechanical Ground
Support Equipment) has to be accounted for. Additionally there is the transport to launch
facility, which is done using land, sea or air transport [9].

2.2 Launch

The pre-launch operation and launch conditions are driven by the chosen launcher.
These information are given in the launcher manual issued by the providing company or
agency [1], [12], [13].

The preparation for the launch usually comprise of final checks of all sub-systems,
fuelling, battery charging, installation of pyrotechnics, etc. One of the final steps before the
launch is removal of all unnecessary protective covers, safety pins and plugs. These are
usually marked by a red tag marked “Remove Before Flight”. In contrast there are also
green tags, which mark usually lines to connect dangerous components like pyrotechnics,
thrusters and motors to their respective triggers or power sources [6].

During the launch the spacecraft is subjected to several different loads. First there are
quasi-static loads in longitudinal and lateral direction, which are caused mainly by the
acceleration of the launcher. Second there are so called sine vibrations coming from
engines, aerodynamic effects etc. Third there are random vibrations caused primarily by
acoustic excitations. And last but not least there are shocks from pyrotechnic separators

[4].
2.3 Earth orbits

An Earth orbit is an elliptical trajectory of the satellite around the central body, the
Earth. This orbit is essential for functionality and the mission of the space craft. There are
several different orbits, with different characteristics [8].

The closet the surface of the Earth is called a low Earth orbit (LEO). It stretches
roughly from 250 to 2000 km. Above the low Earth orbit is so called medium Earth orbit
(MEO) and it finishes at 35786 km where is the geostationary orbit (GEO). Above
mentioned orbits are shown in Figure 2.1. GEO is a very important orbit, because in
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equatorial plane the period of the orbit of the satellite matches the rotation speed of the
Earth, so it appears as if the satellite was hovering above one spot on the surface. Beyond
this orbit is a high Earth orbit (HEO) [11].
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There are also special orbits, such as polar, which is roughly perpendicular to
equatorial plane. Another interesting one is a sun-synchronous orbit, which puts the
satellite above a certain point on the surface at the same time of the day. All the orbits are
governed mainly by Newton’s laws of mechanics and Kepler’s laws of planetary motion

[9].
It is important to know orbits parameters, because they dictate, how the satellite will

be exposed to the sunlight. The thermal environment causes mechanical response which
the structural sub-system of a spacecraft needs to withstand [9].
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3 SANDWICH COMPOSITES
As mentioned above the spacecraft structure is often based on sandwich panels.

Detailed information about sandwich panels and their mechanics can be found in [3], [5],
[8], [9]. [22] or [29]. Sandwich panel consists of a two thin face skins, between which there
is a core with low density. The face skins and core are usually connected by adhesive. The
behaviour of the sandwich panel is somewhat similar to an I-beam. The skins represent
flanges and carry the tensile and compressive stresses, and the core represent the web
carrying the shear stresses [5].
N
.~l
A
{

Adhesive —

/
»

Honeycomb core

Facing skin '//\4—1 &

Sandwich panel I-beam

Figure 3.1: Sandwich panel and | beam [27].

Their main advantage of the sandwich panels for the spacecraft often cited is a high
specific stiffness and high specific strength, therefore mass saving. Additionally, it is
possible to integrate a thermal system or an acoustic insulation into them [5].

The manufacturing of the final sandwich panel is done using heat and pressure to
assure curing of adhesive and proper contact. This can be done using heated press. Second
vacuum bag processing can be employed. The pressure in this case can be provided by the
vacuum bag or additionally an autoclave. Finally, match mould processing, where a mould
provides the pressure and it is either heated or placed into an oven [3].

3.1 Faceskins

Designers have many choices regarding face skin materials, but in practice the most
common in space industry are aluminium alloy or Carbon Fibre Reinforced Polymer
(CFRP) [22].

CFRP is a composite material made form carbon fibres and thermosetting or
thermoplastic resin as matrix. In case of face skins, the material is often supplied as a
prepreg. Prepregs are unidirectional or woven fabrics pre-impregnated by resin. The final
face skin is made by several plies of prepreg. One of the common approaches is to use
unidirectional prepregs and stack them into quasi-isotropic layup, as shown in Figure 3.2.
One lamina of unidirectional prepreg has excellent mechanical properties in longitudinal
direction, thanks to the stiff and strong fibres. In transverse direction however, the load has
to be carried by compliant and weak matrix. Therefore, by stacking and rotating the plies it
is possible to achieve balanced properties in all directions for the final laminate plate.
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Nevertheless, it is necessary to have a final laminate symmetrical to the centreline (CL in
Figure 3.2) [24].

00
00
00

00

g0 — g0 —

”  d ~

Unidirectional Lay-Up Quasi-Isotropic Lay-Up
Figure 3.2: Unidirectional and quasi-isotropic lay-ups [28].

3.2 Cores

To achieve high bending stiffness, while keeping a low mass of the panel it is
important to include a core with small density, because it occupies the largest portion of
final panel’s volume. Therefore, the cores used might be corrugated, honeycomb, cellular
foams or balsa wood [22].
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|< Ribbon or ‘L' dimension

dimension

cell size

node bonds

Figure 3.3: Honeycomb core [3].

In case of spacecraft structures a 5056 aluminium alloy hexagonal honeycomb is the
most commonly used. It has favourable mechanical properties, while maintaining low
density [24].

The hexagonal honeycomb core can be made using two methods. Process schematics
is shown in Figure 3.4. One consists of stacking sheets of aluminium with adhesive in
specific spots and then expanding of the bonded stack or a slice with desired thickness. The
expanded blocks are then trimmed to required dimensions. The second one uses corrugated
sheets bonded together, the desired thickness is then cut from the block and trimmed.
Please note that this manufacturing process leads to core in-plane (“L” and “W” directions
in Figure 3.3) anisotropic mechanical properties [29].

Expansion Process of
Honeycomb Manufacture

! HoBE BLOCK

CORRUGATED BLOCK 44
L

- -

EXTENDED PANEL Y

Corrugation Process W
of Honeycomb Manufacture

CORRUGATED PANEL 1 3

Figure 3.4: Honeycomb manufacturing process [30].
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4  SANDWICH PANEL JOINING

Sandwich panels require additional part when carrying local loads, due to low
stiffness of the core. Therefore, inserts are embedded into panels to allow transfer of local
loads and their distribution into the panel [22].

They are connected into the panel via potting, usually realised by a two-part epoxy
resin. This assures a good transfer of stress between insert and core of the panel [26].

The equipment boxes, cleats or brackets are connected to the inserts via threaded
connections. Commonly a female thread in the insert, and stainless steel or titanium bolts

[9].

Upper flange with injection

| ' d venting hol
T l\ T T (( T and venting noles
BRI/ 17

I Lower flange

~ Protecting plate for closure

Figure 4.1: Schematic of typical standard issue fully potted spool insert [26].

ECSS (European Cooperation for Space Standardisation) are standards widely used
in European space industry. The standard Insert Design Handbook [26] lists main groups
of insert regarding the method of assembly with the sandwich panel. There are three
possibilities presented in ECSS [26]:

A. inserts bonded with sandwich during its production,
B. inserts bonded into a finished panel using thermosetting resin (most common),
C. inserts screwed or mechanically clamped into a finished panel.

ECSS recommends inserts from group A for panels with low core height and inserts
from group B for general use. It is not advised to use group C inserts [26].

Group B inserts are fitted into an already fabricated panel. There are holes drilled to
accommodate the insert and its potting. The bore in the core might be slightly undercut
further than the hole in the face skin to make more room for potting compound [9].

There are further 3 major alternatives of the latter, as shown in Figure 4.2. There can
be a through-the-thickness insert, which connects to both face skins. Second there is a fully
potted insert. These have potting through the thickness of the sandwich panel, i.e. the cells
under the insert are filled by the potting compound. Lastly there is a partially potted insert,
which has potting only around it [9].

The potting is commonly done by injection of potting compound into the hole, where
the insert is placed. This is why inserts have two holes at the top. One serves as port for the
injecting device and the second one as a vent. Also, the vent serves as indicator, when the
hole is sufficiently filled, when the potting pours out of it [26], [33].
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The potting has two functions. It ensures proper transfer of shear loads between
honeycomb core and insert. Secondly it relives stress concentrating in face skins around
insert, during transverse in-plane load cases [26], [33].

A special category of inserts are the edge inserts with different geometric
characteristics. Edge inserts provide mechanical interface on the sandwich panel edge in
in-plane direction. Edge inserts can be commonly assembled as hot-bonded (group A) or
cold-bonded (group B).

“Partially potted”
inserf

“Fully patted”
insert
Patting compound

*Through-the-thickness

Bottom face insert
Figure 4.2: Potting of inserts [32].




FME BUT

ENSAM Cluny MASTER‘S THESIS Page 53

5 SPECIFIC MACHINING

This chapter is focused on specific machining operations and machining approaches.
Thread tapping is briefly presented, as well as some considerations for thin wall
machining. For a general information on machining a reader can refer to [52] and [53],
[54] for information concerning the mechanics of the cutting process.

5.1 Thread form tapping

Thread form tapping is a technological procedure used to create internal threads by
deformation of the material rather than its removal. This process can increase the number
of threads manufactured by one tool and also increase the strength of the thread [55], [56].

The specificity of this process is that the top of the thread has a split crest. Its size
and form is dependent on the diameter of the predrilled hole and the material of the
workpiece, as shown in Figure 5.1. But overall the geometric quality of the profile is better
compared to the cut thread [55], [56].

(b) AlICu 4 Mg (c) CuSn4 Pb 2

Figure 5.1: Split crest size and form for different materials [55].

There are some aspects of the process which have to be taken into account in order to
implement this technique into practice.

The axial advance and rotation of the tool have to be synchronised or a dedicated tool
with a floating holder can be applied to assure desired quality of the thread [57]

The surface integrity of the thread is dependent on the lubricant. It influences the
strain hardening of the top layer of the base material, where an increase of hardness can be
observed, due to a significant plastic deformation. Additionally, a correct choice of
lubricant reduces the necessary torque, by reducing the effect of friction [57].

There are some limitations to this approach. It is difficult to apply to materials harder
than 60 HRC and those with low ductility. But on the other hand it can improve the
resistance and quality of the thread while increasing the tool life and reliability of the
process [55].

5.2 Thin wall milling

Milling of the pockets is a common practice in aerospace industry. It is used to
produce light monolithic parts. This operation can become complex if the side walls of the
pocket are thin. In that case a considerate approach to the machining operation has to be
used in order to assure the required surface roughness and geometrical precision [58].

Analysis of thin wall machining and prediction of cutting parameters is complex
problem due to changing characteristics of the workpiece, during the operation. As the
material is removed during the machining, the stiffness of the workpiece decreases.
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Additionally, it has to account for changing thickness of the chip produced by deflection of
the wall due to cutting forces. Regarding the unstable nature of the problem an iterative
analysis method with feedback loop can be employed to determine instantaneous cutting
conditions [61].

To assess the risk of vibrations during the machining a stability lobe diagram can be
established either by empirical measurements or analytical calculation. The diagram
usually correlates the spindle speed and depth of cut or a radial engagement of the tool in
regards to the stability of the process. The diagram has two parts separated by a boundary
line, where the combination of parameters on horizontal and vertical axis provide stable
conditions and a combination above provide unstable conditions. Usually there is a certain
maximal value of depth of cut or radial engagement, where the conditions are stable
regardless of spindle speed [62], [63].

Axial depth of cut [mm)]

Stable region

Spindle speed [rpm]

Figure 5.2: Stability lobe diagram [62].
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6 PRELIMINARY DESIGN

6.1 Problem statement

This project will focus on problem of joining of a CFRP sandwich panel and
aluminium radiator in T formation. Current solution uses standard sandwich inserts and
brackets. We would like to replace this solution by a single insert mounted on the edge of
the panel. This would allow more optimised structure, with greater safety factors and lower

mass.

SW

X k.
RAD

X K,

k

|4. [

Xk,

%X ks

A A A A A A A

)

™ fixed support

Figure 6.1: Sketch of the assembly.

In Figure 6.1 Radiator (RAD) is colour coded gray, the Shear Web (SW) blue and
symbols ki to ks represent the inserts. The load introduced is considered in two phases.
First phase is the launch where the radiator, will be subjected to a load from accelaration of
the launch vehicle in z direction. Second phase is thermal loading in orbit, where we
consider a temperature fluctuation. In this case we also consider the coefficient of thermal
expansion of the Radiator (arap) and of the Shear Web (asw). This introduces a load
caused by the deformation on the insert, due to a missmatch in expansion of both parts.

Table 6.1: Load definitions for analytical calculations.

Definition

200 kg
10 g (98.1 ms?)
2.25-10°K?

oK?
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Definition Value
Temperature fluctuation 30 °K

The first goal was to calculate the stiffness of the inserts. This was essential to
calculate the stress incuded by the deformation of the insert, not to exceed a maximal
allowable load on an insert in both cases. For each case a different stiffness would be
prefered. For the mechanical load it is desirable to obtain the highest stiffness possible, but
for thermal load a compliant part would be preferable. It was considered that the Shear
Web and the Radiator are significantly stiffer, than the inserts, therefore we do not consider
their deformation in this phase.

There were few assumptions introduced in order to to derive sizing requirements for
the insert by this analysis. First the length of the radiator was set to 1 m. Second both the
Shear Web and the Radiator were considered as rigid. Only the deformation of the inserts
simplified to springs was considered. Each spring can be characterized by stiffness in 3
translational and 3 rotational degrees of freedom, neverthelles only the non-zero stiffness
in longitudinal direction (Z-axis in Figure 6.1) was considered. Additionally it was
considered, that all the springs have an indentical stiffness.

6.2 Analytical calculations
6.2.1 Mechanical load

Considering the assumptions, on mass and acceleration, stated above it was relatively
simple to calculate a force applied to individual spring. As there is no deformation
introduced in the panel, the load would spread evenly between all the springs. The force
acting on the spring was determined by a simple calculation below, using Newton’s
Second Law of Motion.

1
Fiotar = Mpap - @ (1)
Feotal 2
Finsert = = 2)
Ninsert
Where:
e  Frotar [N] - total force
o Finsert [N] - force per insert
e mrab[kg] - mass of the radiator
e a[m-s? - acceleration
®  Ninsert [-] - number of inserts




FME BUT

ENSAM Cluny MASTER‘S THESIS Page S7

>
€ = ==

Figure 6.2: Sketch representing the direction of mechanical loads.

6.2.2 Thermal load

The thermal load causes an expansion of the radiator in all directions. As the inserts
are mounted in a line, that would be loaded by displacement in one direction only, see
Figure 6.3. There will be a point with zero displacement in the middle of the radiator. The
most loaded inserts will be the two outer ones, because they will be the furthest from the
neutral axis. The relative displacement between the panels measured on the outer most
inserts was calculated using Equation (3). The force acting on these springs is then
dependent on its stiffness, see Equation (4).

AL=L'C(RAD' AT (3)
F=k-AL (4)
Where:
e AL [m] - expansion
e L[m] - length
e orap[K] - coefficient of thermal expansion of radiator
o ATIK] - temperature difference
e FI[N] - force
e Kk[N-m?] - stiffness

Please note that even though the load on the insert produced by differences in
thermal expansions is deformation, thus mechanical load, it is further in this work often
referred as thermal or thermally induced load for clarity and simplification reasons.
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Figure 6.3: Sketch representing direction of loads induced by thermal expansion of the Radiator.

6.2.3 Beam stiffness

In order to size the springs, a preliminary calculation of stiffness of a beam was
carried out. The main functional geometry of the part was envisioned as a parallel
assembly of identical flat springs, simplified to beams for analytical calculation. The
theoretical beam was supposed as cantilevered at one end and with sliding constraint at the
other one. Such a problem is statically indeterminate. The sliding constraint can be due to
principal of static equality replaced by a bending moment and a force.

Figure 6.4 shows the schematic representation of the problem. The fixed end is
designated as point A, the sliding link or the free end as a point B. The forces acting to
both points are shown in the right part of the figure. For clarity they are identified by
subscripts. The first subscript represents the point where the force or the moment is acting,
the second subscript represents the direction of the load in the respective coordinate
system.
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Figure 6.4: (1) beam model, (2) released beam.

This problem was resolved using Castigliano’s method, found in [7]:

_w (5)
T
_w (6)
= m
Where:
e u[m] - displacement
e o [rad] - bending angle
e WI[J] - strain energy
e MI[N-m] - moment

The condition of bending angle was set equal to 0° at the free end. This way a
bending moment at the end of the beam was calculated:

F-l 7
M, = - )
Where:
e Mo [N-m] - bending moment
o I[m] - length of the beam

By applying the Castigliano’s method one more time with previous result, it was
possible to calculate the displacement of the end of the beam in relation to the applied
force. This analytical approach allowed to derive the following equation for the stiffness of
the individual beam.
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Where:

e k[N-m?Y - linear stiffness

e E[Pa] - Young modulus

e b[m] - width of the beam

e h[m] - height of the beam

By using the formula for maximal stress in the beam due to bending, it was possible
to derive the following equation:

o — 3+ Fnpax 1 9)
max b . hz
Where:
®  Omax [Pa] - maximal stress in the beam
®  Fmax [N]- - maximal force

As this equation is dependent on the force applied at the free end, we can find the
necessary stiffness of the beams. As there are two load cases, this equation gives two
results. In case of the mechanical loading we simply calculate with the force produced by
the acceleration of the radiator. In case of the thermal load it is necessary to use equation
(4) and thermal expansion calculated to arrive to a force by using a formula for a simple

spring.
These calculations bring into spotlight the main issue for the design. The mechanical
loads would be the best carried by short thick springs, while the thermal loads would

require rather long and thin ones. It is necessary to find a trade between the two so the
mechanical stress does not exceed the material allowables.

Several tables were established to visualise better the values of stresses introduced by
mechanical and thermal loads. The calculated stresses were compared to a Yield Strength
of EN-AW-7075-T651 with knockdown factor, see Table 8.3. If the stress in the specific
beam would exceed this value the case was coloured red, otherwise it was coloured green.
The first Table 6.2 shows stresses induced by mechanical loading, the second one,

Table 6.3, shows stresses from thermal loading and the last one, Table 6.4, is a
combination of both, where the higher value from the first or the second table was taken
for each case.

Table 6.2: Stress induced by mechanical load in [MPa]

Beam Height [mm)]
28 3 32 34 36 38 4

260 | 221 191 166 146 | 129 115 104 94

286 | 243 210 183 161 142 127 114 103

312 | 266 | 229 199 175 155 139 124 112

338 | 288 | 248 | 216 190 | 168 150 135 122

Beam Length
[mm]

364 | 310 | 267 | 233 205 181 162 145 131
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Beam Height [mm)]
332 286 | 249 219 194 173 155 140
354 | 305 266 | 234 | 207 185 166 150
376 | 324 | 283 248 | 220 196 176 159

Beam Height [mm]
26 28 3 32 34

352 | 382

310 | 335 | 361 | 387

274 | 297 | 320 | 343 | 366
245 | 265 | 285 | 306 | 326

219 238 256 274 293
Table 6.4: Maximum stress in [MPa]

Beam Height [mm]

6.3 Design requirements

Preliminary design and analytical analyses helped to establish the requirements for
the design of the insert. Some of these requirements are based on space industry standards,
others are based on the needs of the application.

For each requirement a verification method is specified by a letter:

e A —analysis (analytical calculations or FEA)
e R —design review
o T —test
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Table 6.5: Design requirements.

Requirement  Verification Specification

ID method
The insert shall withstand loads derived from global model
AT . . .
without permanent plastic deformation.
R The insert shall have one M6 threaded hole.
R The insert has to be adapted for cold-bonding into sandwich
panel.

AT The mass of the insert shall be less than 130 grams.
AT The linear stiffness of the insert in longitudinal direction shall be

’ greater than 2-10° N-m,

R The insert shall be adapted for 40 mm thick sandwich panel.

A Linear static analysis shall be used for design verification.

A Margins of safety shall be positive for all load cases.

R The design of the insert shall be adapted for conventional

machining.
A Induced lateral displacement at the centre of the bore shall be
less than 30 % of the longitudinal displacement.
The material used must withstand environmental conditions
R - . . ) .
during both ground operations and in orbit operations.
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7 APPLICATION

The final application selected for this study is in scale different from the preliminary
calculation. The final specification counts with the radiator length of 1.8 m, width of 2.3 m
and mass of 180 kg, uniformly distributed on the area of the panel. This Radiator is
mounted in parallel to the Shear Web with length of 1.8 m and width of 0.35 m. There are
12 inserts evenly spaced by 0.15 m along the length of the radiator.

7.1 Quasi-static mechanical loads

The considered launcher for this project is Ariane 5, so the limit mechanical loads are
specified by its user manual [1]. Only the quasi-static loads were considered for this first
analysis. The manual specifies only the load factors as multiples of the standard g
acceleration (9.81 m-s?) in critical flight events, such as lift-off, aerodynamic phase, etc.
There is a static part of the load and a dynamic one. It is important to note, that dynamic
loads in this case have very low frequencies and therefore they are added up to the static
part of the load creating quasi-static load [59].

This static and dynamic part can be summed up to give us the basic limit load cases
for the load envelope, but they had to be further multiplied by additional design factors
specified by standard space industry mechanical requirements. After consideration of all
factors the equivalent one is 1.65. Load envelope, Figure 7.1, based on values in Table 7.2,
had to be established in order to reduce the number of load cases to analyse, because most
of the load cases are covered by more severe ones.

Table 7.1: Limit quasi-static loads of Ariane 5 in multiples of gravitational acceleration [1].

Longitudinal Lateral
Static  Dynamic Static + Dynamic

Critical flight events
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Figure 7.1: Design quasi-static load envelope of Ariane 5.

Table 7.2: Design quasi-static loads in multiples of gravitational acceleration

Critical load case  Longitudinal Lateral

It should be noted, that each load case has in fact 4 subcases. The lateral loads are
applied in 2 perpendicular directions and thus it is necessary to combine positive and
negative values to cover all possible loads events.

7.2 FEA calculation
7.2.1 Geometry

After the first concepts propositions, a detailed FEA model, based on existing
application, was created. This model was composed of two plates modelled by 2D
CQUAD4 elements as shown in Figure 7.2. These elements allow using the equivalent
properties of the composite panels, while maintaining simple geometry of the elements.
The property editor of Hypermesh pre-processor allows creation of composite material by
specifying the number of plies, their orientation, material and thickness.

This is a simplified global model with CBUSH 1D elements substituting the inserts
to verify that the loads calculated analytically are in line with the real loads. The CBUSH
elements can have different stiffness for each degree of freedom. To achieve a behaviour
similar to a flexible insert an estimated stiffness of 2-10° Nm™? was entered in the
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longitudinal direction and the rest of the stiffness was set to 1-10° N-m, high enough to be
considered as rigid in those axes. The stiffness value was derived from the preliminary
calculation presented above.

A single RBE2 at the bottom represents a connection to the primary satellite
structure. It is set to constrain all 6 degrees of freedom. This element has an independent
node id set to 1 and it will serve in analyses as a reference point for global fixture of the
model.

Radiator

Shear Web

Fixture

Figure 7.2. Assembly FEM model.

7.2.2 Material definitions

The sources for material data used in this model were either heritage data, HexWeb
honeycomb data sheet [3], or Metallic Materials Properties Development and
Standardization (MMPDS-05) [2]. As the values given by MMPDS are in imperial units,
they had to be converted into SI.

Both Radiator and Shear Web are sandwich panels. The radiator is made from 0.3
mm thick aluminium alloy Alclad 2024-T81 face skins and 19.4 mm thick 5056
honeycomb core. It has also an additional internal structure providing the thermal
regulation function to this part, but we consider only its mass for this analysis. The
mechanical properties of the radiator panel considered for the analysis are based only on
the skins and the core.

The basic properties for Alclad 2024-T81 shown in Table 7.3 were found in [2]
under specification AMS-QQ-A-250/5. The values of tensile strength and ultimate strength
are for long transverse direction as these values are lower than those for longitudinal
direction. This conservative approach is used to assure the highest possible reliability of
proposed structures.

A MAT1 material card was used to define the radiator face skin material. This card defines

an isotropic material model.
Table 7.3: Alclad 2024-T81 basic mechanical properties [2].

Parameter ‘ Value Unit




FME BUT ‘
ENSAM Cluny MASTER‘S THESIS Page 66
2768 | kg-m®
2.25-10° K1
Mame Yalue
Solver Keyword MAT1 e
Mame AZ024-T81
D 2
Color ]
Include [Master Model]
Defined
Card Image MAT1
lUser Comments Hide In Menu/Export
E 72400000000
G
ML 0.33
RHO
A 22505
TREF 200
GE
ST 427000000.0
SC 372000000.0
55
MATS [l
MATT [l -

Figure 7.3: Alclad 2024-T81 definition in Hypermesh.

Honeycomb data shown in Figure 7.4 were taken from datasheet provided by
HexWeb [3]. The full designation of the honeycomb used was ¥-5056-0.001p. First
number signifies the cell size in inches, the second one aluminium grade, and the third one
foil thickness in Imperial Units. The letter p at the end means that the honeycomb is
perforated [29].

As the honeycomb has orthotropic properties it was necessary to use MATS card to
define its properties. This card allows to define a 2D orthotropic material. Its definition is
shown in Figure 7.4. The Young’s moduli E1 and E2 are for in-plane direction. The
datasheet [3] states that theses moduli can be considered nil, but for the FE model it is
necessary to enter at least a very small number to avoid singularities in the calculation. The
same problem is with the shear modulus in in-plane direction G12, again this is solved by
entering a very small value. The shear moduli G1Z and G2Z are out-of-plane shear moduli
for longitudinal and transverse direction respectively. The values entered are in Pa.

The value of Poisson’s ration NU12 and thermal expansion coefficients Al and A2
are difficult to determine precisely and they are not provided by the honeycomb
manufacturer. So heritage data values were used.
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Figure 7.4: Honeycomb definition in Hypermesh.

It should be noted, that the stiffness of the honeycomb core is significantly higher in
the longitudinal direction. Thus in this case where we consider isotropic or quasi-isotropic
face skins, the orientation of the core will dictate, the final behaviour of the sandwich.

The shear web face skins are made from 8 plies of unidirectional M55J carbon fibre
prepreg (CFRP) arranged in quasi-isotropic layup [-45°, 0°, 45°, 90°, 90°, 45°, 0°, -45°].
The prepreg consists of fibres and binding resin, in this case EX-1515. The total thickness
of the CFRP laminate is 0.6 mm. The core is 38.8 mm thick and is identical to the one in
the Radiator, ¥-5056-0.001p.

This laminate has orthotropic properties so MATS8 card was used again, as shown in
Figure 7.5. In this case heritage data were used. For better clarity the values are also
summarised in Table 7.4.

Table 7.4: Mechanical properties of M55J.

Parameter Value
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Figure 7.5: M55J definition in Hypermesh.

7.2.3 Model checks

As a standard methodology recommended by ECSS [21], before any analysis the
model had to pass checks. These checks are conducted so the model can be trusted, in other
words the FEM respects the physical laws.

The first check is performed by applying a global unitary gravitational load (UG
check). This check serves to verify the force equilibrium of the model. The model is loaded
in three separate load cases, where in each load case is applied a unitary gravitational
acceleration in x, y and z axis respectively. A force in the constraint is calculated and it
should be equal to the mass of the model times the acceleration. As the numerical
calculation is not perfect a very small deviation is allowed [21].

The second is free-free check (FF check). This check verifies the connectivity of the
model. This is a simple modal analysis. This check requires, that the unconstrained model
should not have any eigenfrequency for first six rigid body modes and it should not fall
apart [21].

Additionally a stress free thermo-elastic deformation check (TED check) was
performed. Its goal is to verify, that there are not any additional stresses induced by the
mesh during thermo-elastic analysis. The model was constrained in a way not to constrain
the expansion and all components were assigned an identical material properties of a
generic aluminium alloy, see Table 7.5 [21].
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Table 7.5: Material properties for TED check.

Parameter Value Unit

The requirement for the check to pass is not to exceed a stress of 10 Pa. The model
showed the maximum of 4.05-107 Pa, thus it passed.

As the mesh of the model is made from simple planar geometry and elements are
close to perfect squares the quality of the mesh is very high and it would not produce any
inaccuracy.

In conclusion, the model passed all the checks and it was possible to proceed to static
and thermo-elastic analysis.

7.2.4 Element properties

It was necessary to specify to each element component its property. Hypermesh
allows the definition of 2D composite materials by using PCOMP card. It is ply based
model, where ply’s material properties, thickness and orientation are specified. The
orientation is based on angle between the elements material direction and the direction of
the ply, see Figure 7.9.

MID T THETA souT
1 [2)A2024-TE1 0.0003 0.0 YES
2 [3144-6056-0.001p 0.0134 0.0 TES
3 [2]A2024-TE 0.0003 0o YES

Figure 7.6: Radiator PCOMP definiton.

As is shown in Figure 7.6, the radiator was defined by 3 layers, where the top and
bottom one are the face skins and the middle one is the core. Since the aluminium face
skins are isotropic it was not necessary to specify direction in theta column. Even though
the core is orthotropic its orientation is not defined by the PCOMP property but it will be
defined by the orientation of the element in the model.

The PCOMP property of shear web shown in Figure 7.7 is more complex due to
composite nature of the face skins. In this case the face skins are defined ply by ply with
respective orientation, see Figure 7.10. It should be noted, that the thickness of the
individual ply was entered.
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Figure 7.7 Shear web PCOMP definition.

Finally the PBUSH property for the CBUSH elements substituting the inserts was
defined. As mentioned previously the targeted linear stiffness in Z direction was estimated
to 2:10° Nm™*. Even though the PBUSH property allows to set a certain degree of freedom
as rigid it was recommended to enter rather a large value to obtain more precise results.
The definition is shown in Figure 7.8.

It was necessary to define also the mass of the components as the model was going to
be loaded by global accelerations. This was done by using NSML1 cards. This card
distributed the specified mass over selected elements by attributing a proportional mass to
each element depending on its size.

Mame Value
Card Image PBLISH L
|ser Comments Hide In Menu/Expaort
= K_LINE [+
= K1_RIGID F
K1 1000000000.0
= KZ_RIGID [
K2 1000000000.0
= K3_RIGID [
K3 2000000.0
= K4_RIGID [l
K4 1000000000.0
= K5_RIGID [
K5 1000000000.0
= K& RIGID [
K& 1000000000.0

Figure 7.8: PBUSH property definition.
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It was necessary to assign the longitudinal direction for 2D elements as a reference
for PCOMP property. As shown in Figure 7.9 by small white arrows, the orientation of the
radiator elements was set in y-axis direction of the global model (see Figure 7.2). Because
the largest dimension of the radiator is oriented this way, it is desirable to achieve the
highest flexural stiffness in this direction.

Figure 7.9: Radiator element orientation.

In case of the Shear Web its orientation was again aligned with its largest dimension,
thus this time it was global z-axis, see Figure 7.10.

Figure 7.10: Shear Web element orientation.
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Additionally a set of nodes was defined to specify the points, where it was required
to see the resulting forces. These are the points where there would be eventually the
inserts. These IDs were exported into a separated .bdf file.

The geometry and properties of components were exported into a .fem file,
compatible with Optistruct solver.

There were no boundary conditions or loads specified directly in the pre-processor.
They were defined later in so-called run-file. This way there could be a fixed geometry and
properties for several separate analyses without the need to redo the model. Also this way
allows a good tracking of eventual changes in geometry and properties, as they have to be
changed only in one model.

7.2.5 Static analysis (quasi-static loads)

First analysis carried out was a static analysis. The objective of this analysis was to
find the forces acting on individual inserts in critical load cases during the launch.
Furthermore this would serve to determine preliminary requirements for the design of the
insert. It was necessary to keep in mind, that the analysis was done using estimated
stiffness values and that it would have to be redone once the design is finished to obtain
real loads.

In this case the model was loaded by global unitary gravitational load. This was the
same load as for the UG check.

Model was constrained in node 1 in all degrees of freedom.

The results obtained by unitary load were transformed into real load cases by linear
superposition of all three in the postprocessor HyperView. As there are 2 lateral directions,
x and y, and combinations of positive and negative loads need to be analysed, there are 4
subcases for every load case, thus 16 load cases in total.
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Figure 7.11: Resulting force vectors for worst longitudinal load case in [N].

It was observed, that forces were almost uniformly distributed across the inserts except the
outer most ones. The force distribution had a small peak in the middle. The enveloping

forces are listed in Table 7.6.

Table 7.6: Enveloping forces on inserts of quasi-static design loads.

. . . Moment Moment Moment
Force in X ForceinY Forcein Z around X el e Z

[Nm]
263 246 1498 1.05e-2 5.91e-1 4.08e-2

Figure 7.12: Moment acting on the outer insert in [Nm].
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There was an unexpected result in case of the reaction moments, see Figure 7.12.
There were high values of moments in y axis present at the outer inserts. In total they were
one order of magnitude higher, than other ones.

After a short investigation it was determined, that this phenomenon was caused by
the deformation of the radiator. As there is a significant continuous loading in x axis on the
radiator in all load cases, the outer edges of the radiator have a tendency to bend around the
y axis, as they are not supported from one side. This is well visible on Figure 7.13.
Because the inserts have very high rotational stiffness, the moment is produced as reaction
to the rotation of the edge of the radiator. In real satellite construction, the adjacent primary
and secondary structure would provide additional support, therefore mitigating this effect.

7.2.6 Thermo-elastic Analysis

Second analysis performed on the global was thermo-elastic analysis to determine
the load on insert during satellite’s operation in orbit. The main focus was the relative
displacement of the nodes. Again the values obtained had to be considered as informative
and not a final requirement for the design.

The reference temperature was set to 20 °C and the temperature in loaded state to 21 °C.
The model was again constrained at node id 1 in all DOFs.

The results shown in Figure 7.14 correspond to the expectations. There is almost
uniform expansion of the radiator constrained only by the forces produced by the inserts,
which produce lenticular contours instead of a circular ones.

Please note that the final results were obtained by linear superposition of the analysis
results. They were multiplied by a factor of 30 to reflect the real thermal deviation of 30 K.

Rotation{Y)
Analysis system

9.037E-03
[ 7.016E-03
4.995E-03
— 2.974E-03

[ 9.535E-04
-1.067E-03

-3.088E-03
-2 109E-03
-7 130E-03

-9.150E-03

Figure 7.13: Rotations of the nodes around y axis in [rad].
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2.192E-04
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Figure 7.14: Displacement contour plot of thermoelastic analysis in [m].

The analysis confirmed the results of preliminary hand calculations, that the outer
inserts will be the most loaded. To find the value of the displacement that the insert would
be subjected to, it was necessary to find relative distance of the nodes connected by the
CBUSH elements. The maximal displacement measured was 4.34-10* m or 0.43 mm in z-
axis direction. There were some displacements in x and y as well, but they were several
orders of magnitude smaller and therefore neglected.

The result of the thermal analysis had to be further multiplied by a factor of 1.44 to
account for an uncertainty of the analysis. So the total estimated load was 0.62 mm.

7.2.7 Conclusions for the design

After the static analysis was performed, it was decided, that to reduce the number of
necessary analyses, only the forces from middle insert will be taken as the design drivers.
It was chosen because of the highest forces in the critical longitudinal direction. Such
approach is the most conservative one.

The forces generated on the outer inserts from the bending of the radiator were not
taken into consideration. It was assumed, that as the torsional stiffness of the final design
will be definitely several orders of magnitude lower, and therefore forces induced on the
insert would decrease significantly.

In case of the thermo-elastic analysis it was decided, that for the thermally induced
loads the outer insert would be the driving factor and that only this one would be further
analysed.
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8 CONCEPTS

There were several versions of the design proposed to examine potential behaviour
of the insert during the mechanical and thermally induced loading and to verify the
correlation between the analytical calculations and the FEA models.

As the inserts were supposed to be analysed using FEM, the concept models were
kept simplified to allow faster creation of the FE model. A detailed CAD model of the
insert was prepared only for the final design.

Every design was conceived around the idea of deformable interior structure holding
the central boss with a threaded hole. Additionally, an integrated bracket had to be
considered for transfer of loads through the sandwich panel to avoid its weakening. In
other words it was necessary to conceive a monolithic structure with rigid part and flexible
part. This was a major issue from the manufacturing point of view.

Even though a topological optimisation would be highly beneficial for the design of
the insert, especially in reducing unnecessary mass, it was not possible to employ it. There
were two major showstoppers. First there was significantly higher cost of the additive
manufacturing compared to the conventional technologies. Second a significant
qualification process would have to be carried out. It would have to verify not only the
compliance of the part, but also the material used and the manufacturing process of the
supplier. It would be both costly and time consuming.

8.1 Material considerations

It was necessary to determine the optimal material to assess the eventual behaviour
and stresses of the insert. The intention was to find a material with a moderate Young’s
modulus and/or high strength. Moderate Young’s modulus would be beneficial for the
displacement loading, as the induced stress is proportional to it. A higher modulus could be
compensated by high strength.

There were 3 materials considered, EN-AW-7075, Ti-6Al-4V and Maraging steel
280.

Ti-6Al-4V has superior mechanical properties and for metallic materials one of the
highest specific strength. Nevertheless, it was rejected due to high cost and difficult
machining [2].

Maragin 280 was rejected due to potentially complicated heat treatment to achieve
the desired mechanical properties. The part will be thin walled, so there might be a risk of
distortion after the heat treatment. Secondly, steel is not commonly used in the space
industry for tertiary structures and the lack of experience with this material on the satellite
structures might be a showstopper [2].

At the end EN-AW-7075 was chosen. It has favourable mechanical properties,
moderate Young’s modulus and high strength. It is easy to procure at modest cost. It is
commonly used in the aerospace industry, moreover it is used on standard issue structural
edge inserts, with T7351 temper. Additionally it is easy to machine. Its basic properties
according to [2], used further in the analyses, are summarised in Table 8.1.

As aluminium in T7351 temper is artificially overaged to improve the stress
corrosion resistance and it was also stress relieved by stretching [15].
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It is preferred to use A-Basis values for strengths. It means, with 95 % certainty there
would be 99 % of the population with value higher than A-Basis [2].

Table 8.1: EN-AW-7075-T7351 properties at ambient temperature [2].

Parameter Value Unit

As a standard aerospace industry engineering approach, values of Yield and Ultimate
stress have to be reduced, by a knockdown factor. The factors are 1.1 and 1.25
respectively. The design should not exceed the lower of the two reduced values, in this
case Yield Strength, see Table 8.2.

Table 8.2: EN-AW-7075-T7351 reduced material allowables (strength values with knockdown
factors applied).

Parameter Value Unit

After further considerations it was decided to opt rather for T651 temper, due to its
superior strength. It was necessary to choose a more specific temper rather than simple T6
due to specifications stated in [16]. It mentions that heat-treatable wrought aluminium
alloys should be stress relived mechanically.

Additionally it was necessary to address the issue of stress corrosion resistance. As
the insert would not be exposed to any stresses in harsh corrosive environment during its
service, the spacecraft is assembled and transported in controlled clean environment, it was
concluded that stress corrosion cracking would not be a relevant failure mode.
Nevertheless this point has to be considered during eventual qualification of this part.

Even though, anodising might be detrimental to stress corrosion resistance of the
part, according to [19], it was decided anodise the part anyway considering the conclusion
in the paragraph above. The anodising was done to compensate for the lower corrosion
resistance of T651 temper. Pre-treatment chosen was EO, i.e. only degreasing and
colouring CO, therefore colourless [17], [18].

The properties of EN-AW-7075-T651 used in this thesis are summarised in Table
8.3.

Table 8.3: EN-AW-7075-T651 properties at ambient temperature [2].

Parameter Value Unit
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Parameter

8.2 First concept

The first design which reflected the requirement stated above used a side mounting
of the beams, which are rotated 45° relative to the axis of the central bore to allow for both
the deformation and the transfer of the load.

Figure 8.1. Concept with beams mounted under a 45° angle.

This design seemed promising, but after a closer examination there were 2 major
problems found. First there was a significant pivoting of the central part observed. This
phenomenon was due to a distance between the mounting of the beams and the location of
the load, which created a torque. This was an issue mainly due to possible bending stress
introduced into a bolt, which is unacceptable. Second problem was an introduction of
additional compressive and tensile stresses into the beams. These stresses would be
difficult to predict due to pivoting of the central part. Additionally, the compressive
stresses in the beams might cause buckling, which would introduce an unnecessary non-
linearity into a model.

An eventual solution to the first problem was proposed. Introduce a sufficient
pretension into the bolt so the contact of the assembly transfers a part of the bending loads.
This solution was tested by constraining a rotation and translation of the contact surface.
The results were not convincing as some pivoting still occurred in the central part. After
this inconclusive result the design was shelved, and it was decided to keep it as an eventual
backup for future development.
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8.3 Second concept

The following design iteration took a different approach. In this case the side bracket
serves also as the base for the beams. This reorientation allows for smaller height of the
insert and thus smaller influence on the mechanical properties of the sandwich panel.

In this design the main deformation is done by 2 pairs of centrally symmetrical
beams. In this case the beams behave in a similar way as in the preliminary concepts.
These beams were connected again to a central part with a metric thread.

The centrally symmetrical design allowed the accommodation of longer and wider
beams. This increases the overall robustness of the insert.

Due to design of deep and narrow pockets it was supposed for this design to be
manufactured using wire electric discharge machining.

Figure 8.2 Second concept of the insert.

8.4 Functional concept

This concept iterated on the previous one with a few new considerations. This design
was conceived around the idea, that the main functional structure would be conventionally
machined. This change was necessary due to added backplate which would severe as a
connection between the insert and its potting in the sandwich panel. With this change a
connecting radii had to be enlarged to 2 mm to fit a mill with 4 mm diameter. The height of
the functional part was changed to 15 mm. This was done to facilitate the manufacturing as
deeper grooves would be almost impossible to mill.

There were also 2 more beams added. This was done to increase the stiffness of the
final part, to ensure a positive margin of safety during the launch.
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Another new design feature was a slot separating the functional part from the
backplate. If this was not done the functional part would not be able to deform properly as
it would be constrained by the backplate. In this first iteration the manufacturing process
for this groove was supposed to be WEDM as the slot was designed to be narrow to save

mass.

The central part saw some changes as well. It was overall stiffened up to prevent any
unwanted deformation. The central cylinder was expanded to 14 mm in diameter to
securely fit an M6-6H thread, specified by 1SO261:1998.

Bracket

Functional
part

Central part

Backplate

Figure 8.3: Detailed view of functional design.

There was an interesting behaviour of this design during displacement analysis. The
model was loaded in the central bore by the displacement calculated from the global

Displacement(Y)
Analysis system

1.396E-05
[ -1.870E-03

-2.135E-05
— -B400E-03
— -1.167E-04
— -1.493E-04

-1.820E-04
-2.146E-04
-2473E-04

-2.799E-04

Figure 8.4: Plot graph of displacement in y-axis in [m]
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model, i.e. 0.62 mm. It was constrained to simulate the face skins of the sandwich panel.
The details about the definition of the analysis are discussed in the following chapter on
page 99.

There was a significant displacement of the central part perpendicular to the intended
load. This deformation was due to a significant bending moment introduced into the
bracket form the functional part. This is shown in Figure 8.4.

The value for the displacement in z was 0.62 mm as was determined in global model
and the displacement in y was 0.28 mm, which was 40 % of the longitudinal load. Such
large unintended displacement was undesirable and it was necessary to find a solution to
limit it.

8.5 Trades

As mentioned above it was necessary to solve the issue of excessive lateral
deformation of the insert. It was decided to add stiffening ribs to the sides of the bracket
and perform a few trades to optimise their design. The trades focused on the stiffness of the
parts in y and z direction as well as the mass of the insert. The objective of this small study
was to find optimal solution to limit the lateral displacement to 25 %—30 %, while
reducing the mass.

These analyses were performed on quickly built models with sub-optimal mesh to
save time, so the final results of this study were not as precise as they could be. This was
not a big issue because the goal was to compare the designs.

8.5.1 Baseline

The first design of the side ribs was taken as a baseline for comparison. There were 2
ribs, 2 mm thick, on each side of the insert, one on the top edge, second on the bottom of
the functional part. They had both a very steep chamfer to save mass.

This design proved to be viable as the lateral deformation was reduced to 23 %. But
the mass grew to 115 grams from 109 grams without the ribs.
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Figure 8.5: Baseline rib design.

8.5.2 Thinner flanges

The first trade did not concern the ribs, but the flanges on which they are mounted,
see Figure 8.6. In previous version these were 2 mm thick, but it was found that by
reducing those to 1.5 mm would save 7 grams. It is a significant weight saving for a 110
gram part. This change had an influence on the overall stiffness of the part which dropped
by about 7 % compared to the baseline.

Figure 8.6: Reduced flanges.
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8.5.3 Shorter chamfer

This iteration focused on rise of the stiffness. The chamfer on the ribs was
significantly reduced to increase the effective size of the rib. The thickness of the ribs
stayed the same, so 2 mm. This way it was possible to reduce the drop of stiffness to only 3
% of the baseline while reducing the mass by 5 grams. The lateral displacement in this case
is 27 %.

Figure 8.7: Ribs with reduced chamfer.

8.5.4 Thinner ribs

This model used the same profile of the ribs as the previous one, but they had a
reduced thickness of the ribs to 1.5 mm. This saved additional 1.5 gram compared to the
previous iteration and 6.5 grams compared to the baseline, but the stiffness dropped
significantly by 8 % compared to baseline.

8.5.5 Thicker ribs

This last trade iteration had again the same rib profile but this time the thickness of
the ribs was increased to 2.5 mm. The mass save was 3.5 grams compared to the baseline,
with drop in stiffness of 2.5 %.

8.6 Final design

The final design was based on the version with short chamfer and 2 mm thick ribs.
This design was chosen because it provides a good compromise between the stiffness and
the mass.

8.6.1 Further optimisation

With the main functional design done it was decided to optimise the non-essential
dimensions of the insert. This means mainly the walls, which would not be loaded during
the operation. It was mainly the backplate which was in the first iteration 3 mm thick. By
reducing it to 2 mm it was possible to save 8 grams.
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The reduction was done on 2 side walls facing towards panel core. In first design
they were 3 mm thick. They were reduced to 2 mm, gaining 2 grams for each wall.

Even though it would be possible to save even more mass, it was decided to keep the
wall thicknesses at 2 mm. Thinner walls might compromise the overall stiffness of the part.
Thinner backplate would complicate manufacturing, as a thin wall might develop chatter
during machining.

Furthermore there was a change made to the separating slot. Its manufacturing
technology was changed from WEDM to machining. This was done to simplify the
manufacturing process. The slot was expanded to 6 mm in width to make room for the mill
with sufficient length. The radii close to the functional part were reduced to 2 mm. This
reduction was necessary to limit the stiffening of this region, as it would increase the
concentration of the stress during the deformation loading.

This change was done at the end of the development, so there were many
calculations and analyses done with a narrower slot made by WEDM.

8.6.2 Detailed design

To finalise the design it was necessary to add a few features to allow the assembly of
the insert and the sandwich panel. First there was a hole added into the backplate
underneath the central bore. This hole would serve to inject the potting compound during
the assembly.

Secondly there was a pocket added along the walls which would be facing the
sandwich panel. This pocket was to accommodate the potting adhesive and allow it to
spread more easily during assembly. The edges connecting the bottom of the pocket have 5
mm chamfer to ease the flow of the potting compound. A radius was considered for this
feature, but at the end it was not used. The chamfer was deemed sufficient for good flow
and the radius would only complicate the manufacturing. The pocket is closed by a small
lip at the top of the insert. This feature should prevent the potting from escaping the gap in
the core without filling it properly.

Also this potting pocket created shoulders, where the face skins would rest.

There was also a small shoulder added to the flanges on the side of the insert. These
shoulder were added to assure the correct position of the insert, because the flanges are not
spaced precisely to fit the panel, but there should be a small gap between them and face
skins to make space for additional adhesive.

There was a shoulder added to the central cylinder. It has 1.5 mm height to serve as a
spacer between the insert and the radiator.
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Figure 8.8: Section view of the detailed design.

9 FE CALCULATIONS

The designs proposed were analysed using FEM. As mentioned previously the
models were built in HyperMesh, calculated by Optistruct and the results were processed
in HyperView. The procedure of creation of the model was driven by internal guidelines
and best practices. There were several analysis preformed to verify the compliance of the
designed part. They were done on all major development versions of the insert, to compare
their properties and eventual compliance with requirements.

To calculate the compliance of the design a margin of safety (MoSy) was calculated,
according to equation (10) [20].

Oy
MoS, = -1 (10)
OSy O-V - FOSy " KLD
Where:
e oy - Yield Strength
e oOv - Calculated stress
e FOSy - Factor of Safety for Yield
e Kip - Local design factor

In the case of this thesis all the safety factors were applied either directly to the load,
or to the results from global model.

Please note, that by subtracting one from the ratio the obtained results compliant with
requirements have a positive MoSy, while the non-compliant have a negative one.

9.1 Comparison of simple and complex model

There were 2 types of models prepared. One model was an insert alone with
boundary conditions simulating a sandwich panel, second one was an insert mounted in a
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sandwich panel. The stiffness of the insert was compared for both models to assess
whether the simpler model has sufficiently close results to those of the second model. This
study was performed on the first functional concept and the resulting conclusions were
then used for future models.

9.1.1 Freeinsert

The FE model for the free insert was based on prepared CAD model, which was
imported into HyperMesh. The model was trimmed into simpler solids, to allow a use of an
automatic mapping tool. This way a good connection of the mesh and sufficient quality
could be assured without a large time investment.

Figure 9.1: Trimmed solid model.

The mesh was realised using hexahedral CHEXA elements. Their size was chosen to
assure at least 2 elements through the thickness of a wall and 4 elements through the
thickness of the beams. This was achieved with elements smaller than 0.8 mm. This is
necessary to represent the stiffness and to calculate correctly the stresses. The mesh
created, shown in Figure 9.2, is fine without any exceedingly deformed elements, thus it is
possible to assume, that it will give sufficiently precise results.
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Figure 9.2: Meshed part.

Boundary conditions were set to simulate the mounting of the insert in the panel.
There were 4 RBE2 elements approximately acting like face skins. One RBE2 was
transfering the displacement in x-axis, one in y-axis and two in z-axis, as shown in Figure

9.3, Figure 9.4 and Figure 9.5.

Figure 9.3: RBE2 fixture for z-axis direction.
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Figure 9.4: RBE2 fixture for x-axis direction.

Figure 9.5: RBEZ2 fixture for y-axis direction.

To apply the load it was necessary to add an RBE2 into the central bore, to simulate
the bolt. It is shown in Figure 9.6. The load was then applied to the independent node at the
top.




FME BUT

ENSAM Cluny MASTER‘S THESIS Page 89

Figure 9.6: RBE2 in the central bore, section view.

A stiffness analysis described on page 95 was applied to this model. The results are
summarised in Table 9.2 and their analysis is done in the next subchapter.

9.1.2 Insert in sandwich panel

In this model the boundary conditions of the previous one were replaced by a
component representing a sandwich panel.

The previous insert FE model was used as a baseline. First the sandwich face skins
were created using the faces of the elements on the flange in one part, to assure a
coincidence of the nodes of both components. The rest of the face skin was created using
automatic surface meshing tool, with biasing to assure sufficiently fine mesh around the
insert and coarser mesh towards sandwich edges to reduce the number of elements.

As the face skins are supposed to be a composite CFRP material, shell type elements
with PCOMP property were used. The elements of one face skin were duplicated and
translated to the other side of the eventual panel.
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Figure 9.7: Insert with face skins defined.

The core was modelled using solid elements. They were 10 elements through the
thickness were dragged from the face skin. The challenge encountered with this type of
modelling was the definition of the core material. It was necessary to use a MAT9 card to
define an anisotropic material by its stiffness matrix. To calculate its elements, shown in
Table 9.1, an in-house tool was used. This simple tool is based on analytical transformation
equations of orthotropic material [23]. Then it was necessary to define a local coordinate
system to specify the orientation of the material. Its x-axis was oriented in supposed
longitudinal in-plane direction and z-axis was oriented as out-of-plane direction.

Table 9.1: Orthotropic stiffness matrix elements.

1.084E+06
1.094E+05
7.257E+06
1.011E+06

8.330E+05
7.174E+08
1.000E+06
1.379E+08
3.103E+08
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The model was constrained by 3 RBE2 elements on all three sides of the sandwich
panel. The load was again applied to the central bore of the insert and the same stiffness
analysis as for the free insert was performed.

Figure 9.8: Meshed sandwich panel model.

The results in Table 9.2 show stiffness results for both models (simply constrained
insert model and a complex model with insert embedded in sandwich panel). The complex
sandwich panel model is slightly more compliant than the simply constrained model, due
to the included deformation of the sandwich itself, see Figure 9.9. This is mainly the case
of stiffness in y-axis direction, i.e. out-of-plane direction of the panel, where there is a
significant difference between the two models.

The results of both modelling approaches are overall comparable. In conclusion even
though the complex model with sandwich panel is more precise, it was decided to use for
future analyses of the inserts only the simply constrained model. It provides sufficiently
close results (the discrepancy in relevant stiffness in in-plane direction within 12 %) to the
complex model while significantly shortening the modelling time and also the calculation
time.
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Displacement(¥)
Analysis system

4.292E-08 v 7

[ 3.815E-08
3.338E-08

— 2.861E-08

— 2.384E-08
— 1.507E-08 ®

1.431E-08
9.337E-09
4.768E-09

-6.011E-13

Figure 9.9: Displacement contour plot of the panel in y-axis under 1 N load in y-axis in [m]
Table 9.2: Resulting stiffnesses of both models.

X-axis Y-axis Z-axis X-axis Y-axis Z-axis
linear linear linear torsional torsional torsional
stiffness stiffness stiffness stiffness stiffness TES

[N-m] [N-m™] [N-m*]  [N-m.rad?] [N-m.rad?] [N-m.rad?]

4. 44E+06 5.41E+06 3.05E+06 3.77E+03 2.82E+03 1.30E+03

4.16E+06 3.91E+06 2.72E+06 3.37E+03 2.73E+03 1.24E+03

Additional model validation study

There was a small study carried out to validate that modelling of the sandwich panels
with the honeycomb core via solid elements gives the same results as the standard
approach using shell elements. Two sandwich panels with identical planar size were
modelled. First used 2D shell elements with PCOMP property, second used 2D shell
element face skins and 3D solid element core. They were clamped on one side and on the
other side a 1000 N load was applied, as shown in Figure 9.10.
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FORCE =1000.0

FORCE =1000.0

Figure 9.10: Study definition.

A static anaylsis was perfomed to asses the deformation and stresses of both panels.
It was found that the deformation and stresses in face skins are comaprable for both
models, as shown in Figure 9.11 and Figure 9.12. The difference for the stresses is 1.5 %
and for the displacement only 0.06 %. The values indicate that the two approaches give
almost identical values related to stiffnesses, therefore the 3D modeling approach is viable.
Even the deviations in stresses can be considered as negligible.In any case the panel stress
verification is not a subject of this study.

Displacement{Mag)

Analysis system
5.304E-02

[ 4.715E-02
4125E-02

— 3.536E-02

— 2.947E-02
— 2.357E-02

1.768E-02
1.179E-02
5.894E-03

0.000E+00

Figure 9.11: Displacement contour plot in [m].
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Stress(vonMises, Max)
Analysis system

4.832E+08
[ 4.314E+08
3797EHDE
— 3.279E+08

— 2762E+08
— 2244E+08

1.727E+08
1.209E+08
6.918E+07

1.743E+07

Figure 9.12 Stress contour plot in [Pa].

9.2 FE model of the final design

As the final design is more complicated than one presented earlier a new model had
to be established. The main feature that posed problems were the ribs and the radii around
the bottom slot.

The groove for the potting compound and the supporting shoulders for the face skins
were not modelled, including associated chamfers and radii, because they were not
supposed to influence the stiffness or the strength of the part. The same assumption was
made for the spacer on the central part.

It was necessary to slice the model to account for ribs and allow the automatic
mapping tool to produce an even mesh. Even after thorough preparation there was a small
part of the model around upper radii of the bottom slot which could not be meshed
automatically by hexahedral elements, because the automatic tool produced distorted
elements.

Figure 9.13: Problematic areas highlighted on the sliced model.
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The solution to this problem was to mesh the irregular area with tetrahedral elements.
It had to be considered, that the tetrahedral elements would add stiffness to the area, so
they were augmented to the second order elements to curtail this phenomenon.

These solid elements were covered by very thin shell elements, in this case their
thickness was 10° m. In source file for the solver it was specified, that shell elements with
this thickness should be considered as membranes, i.e. the elements will transfer only in-
plane stresses and no bending. As they are thin, they do not affect the stifness or strength
of the part. This was done to visualise the stresses on the surface of the part [6].

The constrains were the same as for the previous model.
The load would be applied again via an RBE2 in the central bore.

The solid elements were given a PSOLID property and the shell ones PSHELL, both
with AW-7075 the material basis.

The model was then processed through the checks presented earlier, which it passed.

Figure 9.14: Complete FE model.

9.3 Stiffness analysis

The objective of this analysis was to assess the linear and torsional stiffness of the
insert in the three main design axis.

9.3.1 Definition

The load was applied to the independent node of the RBE2 in the central bore. The
load definition was similar to the one of the unitary gravity check, except the load was
unitary force in this case, i.e. 1 N for linear stiffness and 1 Nm for torsional stiffness.

The model was clamped at the independent nodes of the constraining RBE2 elements
on the side walls.
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There were 6 subcases created. First three were to assess the linear stiffness, the
other three were to assess the torsional stiffness. The load was only one load applied for
each subcase. Constrains were the same for all 6.

9.3.2 Results

The results were processed in HyperView. The displacement or rotation of the
independent node of the central bore RBE2 was measured in direction respecting the
direction of the load. The stiffness was then calculated as the inverse value of the
displacement.

Figure 9.15: Resulting displacement for 1 N load in z-axis direction in [m]

The resulting stiffenesses of the final design are summarised in Table 9.3.

Table 9.3: Stiffnesses of the final design.

X-axis linear Y-axis linear Z-axis linear torsional torsional torsional

S LSS stiffness stiffness
[N-m-rad?]  [N-m-rad?]  [N-m-rad?]

5.03E+06 7.95E+06 4.12E+06 3.87E+03 2.90E+03 1.43E+03

stiffness stiffness stiffness
[N-m?] [N-m?] [N-m?]

9.4 Global model update

After the stiffness analysis was done on the final design it was necessary to return to
the global model a redo the preliminary calculations, done with estimated values for the
stiffness of the insert. The model was now recalculated using the stiffnesses obtained from
the previous analysis.

The goal of this analysis was to define the loads which the final design has to sustain
with positive margins of safety.
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Figure 9.16: New PBUSH definition.

9.4.1 Static analysis

The results of the static analysis, with the updated PBUSH property of the CBUSH
elements, show a slight difference of values, but overall the forces for each loadcase
remain the same.

A difference was observed in the case of the induced moments. As was indicated in
the conclusion of the analysis of the preliminary model, the moments induced by the
deformation were significantly reduced to the point, where the maximum moment was
only 12 N-m.

A force load analysis was performed to verify, that this load case would not be
critical for the insert. The analysis concluded, that it has high levels of stresses (maximum
233 MPa), but, the central insert with a load in longitudinal direction was still the worst
case. This load is summarised in Table 7.6.

9.4.2 Thermo-elastic analysis

There was a significant difference in the case of thermo-elastic analysis. The
displacement of the radiator was reduced, due to more than double the stiffness of the final
insert compared to the preliminary estimation. The forces from the insert, induced by
thermal expansion, restrict the radiator expansion. Thanks to this phenomenon the
displacement that, the insert has to survive is lower, than anticipated.

The final relative displacement of the two critical nodes was 0.376 mm. After
multiplying this result by the factor 1.44 the ultimate load was obtained, 0.528 mm.

9.5 Force load analysis

This analysis was perform to assess the compliance with the requirements and to
calculate the margin of safety. According to internal requirements, the margin of safety for
yield should be calculated using equation (10).




FME BUT

ENSAM Cluny MASTER‘S THESIS Page 98

9.5.1 Definition

The model and results from stiffness analysis were used. Thanks to the assumption of
the linear elastic behaviour of the model, it was possible to use the results from that
analysis to obtain the stresses for critical load by linear superposition.

9.5.2 Results

The maximal calculated von Mises stress was 249.8 MPa. This gives the
MoSy = 0.58. The part is compliant with the requirements and will withstand the maximal

mechanical load during the launch.

The maximal stress is located at the bottom of the functional part, where it connects
to the radius from the bottom slot. See Figure 9.17 and the detail of the area in Figure 9.18.
Please note, that the stress values in figures are averaged for better visualisation of the
stress localisation. The maximal stress presented above was taken from non-averaged
results, as they might skew the results slightly [60]. This is why the maxima of colour
scales in figures do not correspond to the maximal stress above.

Stress{vonMises, Max)
Analysis system
Simple Average

2416E+08
[ 2.148E+08
1.879E+08
— 1.611E+08
— 1.342E+02
— 1.074E+08
8.054E+07
5.369E+07
2.685E+07
TATOE-O7

Figure 9.17: Von Mises stress contour plot for critical load in [Pa].
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Stress{vonMises, Max)
Analysis system
Simple Average

2.416E+08
[ 2.148e+08
1.879E+08
— 1.6T1E+08
— 1.342E+08

— 1.074E+08

8.054E+07
5.369E+07
2.685E+07

7A70E-07

Figure 9.18: Detail of the location of the maximal stress for critical load [Pa].

9.6 Displacement load analysis

This analysis was perform to assess the compliance with the requirement and to
calculate the margin of safety in case of displacement load.

9.6.1 Definition

The load was applied as forced displacement of the independent node of the RBE2
element in central bore. The displacement magnitude was set to 0.01 mm. The final
displacement was obtained by linear superposition of the resulting stresses, i.e. by
multiplying the results by a factor of 52.8.

9.6.2 Results

The maximal calculated von Mises stress was 316.7 MPa. This gives the MoSy = 0.25. The
part is compliant with the requirement and it will withstand the load induced by the
thermal expansion of the radiator during the operation.

The maximal stress is located in the same spot as in case of the force load. This is
due to high stiffness of this area. As it cannot deform freely the stress is concentrated there.

The results shown in Figure 9.19 and Figure 9.20 are averaged again for better
visualisation.
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Element Stresses
Analysis system
Simple Average

3.156E+08
[ 2.806E+08
2.455E+08
— 2104E+08
— 1.753E+08
— 1.403E+08
1.052E+08
7.014E+07

3.507E+07
9.474E-07

Figure 9.19: Von Mises stress contour plot for maximal displacement load in [Pa].

Element Stresses
Analysis system
Simple Average

3.156E+08
l 2.806E+08
2. 455E+08
— 2.104E+08
— 1.753E+08
— 1.403E+08
1.052E+08
7.014E+07

3.507E+07
9.474E-07

Figure 9.20: Detailed view of the location of the maximal stress for maximal displacement load
in [Pa].
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9.7 Maximal capacity

This analysis was performed to find the limits of the design, while maintaining
positive margins of safety. The goal was to determine the maximal applicable force and
moment in each major axis and also the maximal allowable displacement.

9.7.1 Definition

The results from stiffness analysis and displacement analysis were used as a basis.
The limits were determined by linear superposition of the results. A simple load was used,
e.g. force in x-axis direction.

9.7.2 Results
The maximal displacement found was 0.658 mm.
Maximal allowable forces are summarised in Table 9.4.

Table 9.4: Maximal allowable force and moments.

Force in X ForceinY Forcein Z UL UL AU

IN] around X around Y around Z
[N-m]

1880 2190 2710 62 66 30

9.8 Summary

To summarise, the FEA vyielded satisfactory results for the final design. The
objective, to achieve a balance between the stresses induced by the mechanical loading of
the structure and the thermal loading, was attained. The margins of safety are positive for
both critical cases and additionally they are close to zero, which means that the design does
not have an excessive capacity. For clarity they are summarised in Table 9.5 with their
compliance status.

Table 9.5: Summarised resulting insert stresses.

Load Case ‘ Stress MoSy  Status
249.8 MPa | 0.58 | Compliant
316.7 MPa | 0.25 | Compliant

Moreover, the maximal capacity of the insert was compared to the capacity of the
potting of standard issue inserts, to assess which would fail first. According to heritage test
data the standard inserts would fail while exposed to more than double the maximal load of
the flexible insert. Therefore, the insert would fail before the potting and it is not necessary
to investigate the capacity of the potting.

Additionally, it was verified whether the forces acting on the insert would not cause
the connecting bolt to fail. Heritage specification of standard space grade titanium M6 bolt
is in Table 9.6 and heritage specification of standard space grade stainless steel A2-70 M6
bolt is in Table 9.7.
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Table 9.6: Specifications of titanium M6 bolt [14].

Parameter Value Unit

Ti-6Al-4V
110 GPa
830 MPa
900 MPa
479 MPa
520 MPa
20.1 mm?

Austenitic stainless steel A2-70
200 GPa
450 MPa
700 MPa
260 MPa
404 MPa
20.1 mm?

Simple calculations were carried out to assess margins of safety of the bolt in case of
maximal tensile and shear load. Maximal allowable force in X direction was taken for
maximal tensile stress and maximal force in Z direction was taken for maximal shear
stress. Dividing the force by the stress cross section gave either the tensile or shear stress.
The results with respective margins of safety are summarized in Table 9.8. The conclusion
drawn from the results is that, the insert would fail before either stainless steel or titanium
bolt.

Table 9.8: Maximal titanium bolt stresses.

A2-70 Status
Compliant

Parameter Value @ Titanium MoSy Titanium Status A2-70 MoSy
90 MPa 8.22 Compliant 4.00
130 MPa 2.68 Compliant 1.00 Compliant
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10 TECHNOLOGICAL PROPOSAL

The following chapter concerns a technological proposal of manufacturing of the
designed insert. It presents what tools and machine can be used. Then there are machining
operations presented, with associated strategies.

The manufacturing procedure was conceived with small series in mind. It is assumed
that about 10 to 20 flexible inserts might be required per spacecraft. The number of
spacecrafts produced per year, which might require the application of flexible inserts, is
estimated to two or three. As there would be relatively large time spans between each
spacecraft construction, one production series is considered as 20 units.

Due to such low production volumes it was decided to propose simple, and therefore
potentially long, machining operations, rather than to search for optimal ones. It is not
necessary to optimise thoroughly the manufacturing process, as the gains in cost or lead
time would not significant. Additionally, the operations were conceived to be easily
adaptable to a 3-axis CNC machine.

10.1 Machine

A 5-axis milling machine was chosen. A 3-axis machine would be fully sufficient,
because there are not any surfaces requiring a simultaneous 5-axis machining.
Nevertheless, the swivelling and rotating table would reduce the necessary interventions
from operator and increase the precision, due to the possibility of machining several
different surfaces in one operation, without the need to modify fixation or orientation of
the machined part.

Specifically, a vertical milling machine DMG Mori DMU 50 3™ generation was
chosen as a representative machine for this proposal. It has sufficient size for clamping of
the insert, but it is not an oversized machine for the job.

Figure 10.1: DMG Mori DMU 50 3" generation [35].
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It can be optionally equipped with spindle capable of 20 000 RPM. This would be a
preferred option for the manufacturing as the insert requires use of a tool with small
diameter and to reach sufficient cutting speed requires high spindle speeds. This spindle
can be equipped with HSK-A63 interface, which would be beneficial as it would provide
high rigidity in case of high spindle speeds [34].

The kinematic configuration of this machine is RR/TTT. This means there are 2
rotational movements on the side of the part and three translational movements on the side
of the tool.

10.2 Tools

Tools from Sandvik Coromant [36] and Seco Tools [37] were chosen as examples. In
actual application it would be preferable to use the tools already available in the workshop.

The tool selection was driven by the aim to simplify the machining and therefore it
was decided to reduce the number of necessary tools by using often one tool for both
roughing and finishing for some features. This is not optimal approach, because the
performance of the tool would be reduced, i.e. its lifetime or material removal rate would
be reduced.

The surface finish required is Ra 3.2 on all surfaces of the part. This is easily
achievable even without optimal finishing tool.

All tools were chosen to fit into HSK-AG63 interface. Either the tool was equipped
with it already or a tool holder had to be considered. Tools used for each operation are
mentioned in the respective sub-chapter.

It would be beneficial to have the machine equipped with touch trigger probe, like
OMP40-2 by Renishaw for example, to find quickly and easily the reference surfaces on
the part without the need to do the referencing using a cutter or an edge finder. It is
considered, that the machine would be equipped with such system.

Figure 10.2: Renishaw OMP40-2 touch probe [39].

The cost of tool holders, tools and inserts were obtained from the manufacturers.
They are summarized in Table 10.1, Table 10.2 and Table 10.3. The costs were separated
into three different tables for clarity, because the monolithic tools and inserts have
significantly lower lifetime than the bodies of inset tools or the tool holders. It can be
expected, that costs of inserts and monolithic tools will be recurring, whereas considerably
high costs of tool bodies and tool holders would be offset by their long lifetime.
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Please note, that these costs are tied to purchase of new tools and tool holders. In
practice the tool holders, or even the necessary tools, are already available in the

workshop.

Table 10.1: Costs of insert tool bodies.

Type Quantity

Cost per unit
[CZK]

Total cost
[CZK]

Disc milling cutter 1 20 275 20 275

Square shoulder milling 1 14 745 14 745
cutter

Square shoulder milling 1 5 740 5 740
cutter

- - - 40 760

Table 10.2: Costs of monolithic tools and insets.

Quantity

Cost per
unit [CZK]

Total cost
[CZK]

Forming tap 1
Insert for milling 7 396 2772
Insert for milling 2 337 674
Insert for milling 5 345 1725
Solid carbide drill 1 2 745 2 745
Solid carbld_e end mill for 1 1750 1750
large chip removal
Solid carbide end mill for
large chip removal 1 1750 1750
- - - 14 061

Table 10.3: Costs of tool holders.

Type

Quantity

Cost per unit
[CZK]

Total cost
[CZK]

Collet 1 1010 1010
Collet for tap 1 9 595 5 595
shank
Tool holder 1 13775 13775
Tool holder 1 8 762 8 762
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. Cost per unit Total cost

Name Type Quantity [CpZK] [CZK]
392.41014-63 16 100 Tool holder 1 4 950 4950
930-HA06-S-06-074 Tool holder 2 13775 27 550
970-HA06-20-108 Tool holder 1 22 580 22 580
TOTAL - - - 81152

10.3 Fixtures

A simple vice would be used to fix the part in the machine. For this proposal a
MAKRO GRIP® 5-AXIS VICE 77 with 46 mm wide jaws by Lang Technik would be used
along 5-axis riser provided by the same company. The riser would serve to distance the
workpiece further from the table to avoid eventual collisions of the table and the spindle.
Such small jaws would be beneficial for 5-axis option as it allows easy access to the side
surfaces without a risk of collisions of the tool and the vice or the machine. Nevertheless,
the jaws would be sufficiently long to hold the part in place as the longest dimension is 84
mm and sufficiently strong as the maximal gripping force is 14 kN [38].

Furthermore, precision parallel supports and a round stock were used, to assure a
proper positioning of the workpiece in the vice.

10.4 Machining operations

The operations discussed in following chapters are divided according to major
features of the design. Some features are combined in one chapter as they would be
machined in similar setup. The sequence of operations is organized the same way the
machining would be carried out.

During these operations the bulk is machined to the final part. The bulk material is a
block with dimensions 90x60x40 mm.

To visualise better the operations, 3D CAD models of tools were downloaded from
the websites of manufacturers and tools are always oriented vertically to reflect the
orientation of the spindle in the machine.

Please note that the riser nor machine tables are not displayed in illustrating figures
for better clarity.

For each operation the cutting conditions and machining times were estimated using
CoroPlus® ToolGuide [64]. It should be noted, that these data serve only as a suggestion,
because the automatic tool might optimise the cutting conditions to maximise the
productivity, but it would not consider the eventual risks of breaking the tools. This was
observed in case of slender mills used in deep pockets, where the tool suggested deep
depths of cut with complete radial engagement of the tool. Therefore all cutting data are
rounded or modified to suit better the eventual application.

Furthermore the times indicated for each operation are only the rough estimates of
pure cutting time based on the feed and dimensions of the machined feature. It does not
consider the movements with rapid traverse or changing of the tool. These movements will
significantly increase the total machining time.
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10.4.1 Stock squaring and shoulder milling

In this first operation bulk material is machined to create a hexahedron with two
shoulders. It consists of several sub-operations.

The tool used is 490-050HA06-08H provided by Sandvik. It is a square shoulder
milling cutter with 50 mm diameter and 7 cutting inserts 490R-08T304E-ML H13A.
Additionally it has an integrated HSK-A63 interface [36].

These inserts were chosen because they are suitable for non-ferrous materials and
have small corner radius 0.4 mm. Therefore, they can be used for creating the shoulder
without the need for a finishing pass with a different tool, which would have sufficiently
small corner radius.

Figure 10.3: 490-050HA06-08H square shoulder milling cutter [40].

The insert is mounted in the vice with the largest surface facing the mill. The
workpiece is supported by two precision parallels facing the vice. During this operation
only one finishing pass is done to create flat surface. The setup is shown in Figure 10.4,
where the vice and parallels are grey, the workpiece is blue, the material to be machined
away is red, the tool and inserts are orange and green respectively. The cutting conditions
are summarised in Table 10.4.
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Figure 10.4: Surface milling.

Table 10.4: Cutting for surface milling.

Number of Number of pases Ve

. ; . . : . f a a Time
Operation  passes in axial in radial [m-min- ‘ ° P

[mm]  [mm] [mm]  [s]

direction direction 1

In the next sub-operation the workpiece is turned by 90°, to align the machined face
against one of the jaws. The other side is supported by a cylinder. The cutter then creates
two surfaces as shown in Figure 10.5. It is important to orient the part in such a way so the
cutter is performing down cutting. Only one finishing cut is done on the upper surface.
Subsequently there would be one roughing cut on lower surface leaving about 0.5 mm
margin for finishing. Cutting data can be found in Table 10.5.
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Operation

Figure 10.5: First shoulder milling.
Table 10.5: Cutting data for milling of the shoulder.

Number of
passes in Ve f;
radial [m-min?] [mm]
direction

Number of
passes in axial
direction

Ae ap
[mMm] [mm]

Time

[s]
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The same procedure is done on the other side, but this time desired dimensions are
machined. For this it is necessary to perform two roughing and one finishing cut on the

upper surface and one roughing and one finishing cut on the lower surface. Cutting data are
summarised in Table 10.6.

Figure 10.6: Second shoulder milling.

Table 10.6: Cutting data for second shoulder milling.

Number of
Number of 2558s in v ; . . -
Operation passes in axial passe & ‘ ¢ P
direction ERIE [m-min7] [mm] [mm] [mm] ]
direction
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Next the bottom side of the insert is machined to desired dimensions, by two
roughing cuts and one finishing cut. Cutting data are summarised in Table 10.7.

Figure 10.7: Surface milling of the bottom.

Table 10.7: Cutting data for the surface milling of the bottom.

Number of
Number of passes passes in Ve f; ae

Operation in axial direction radial [m-min]  [mm]  [mm]

direction
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It is necessary to machine the last two side surfaces to obtain the dimensions of the
insert. The swivelling table will turn 90° to expose one side. The surface will be created by
one roughing and one finishing cut. Once the machining is finished there the rotating table
will turn 180° and expose the other side and the operation is repeated. Cutting data are

summarised in Table 10.8.

Figure 10.8: Surface milling of the side surfaces.

Table 10.8: Cutting data for surface milling of the side surfaces.

Number of

SrearE i Number of passes passes in Ve f, A ap Time
P in axial direction radial [m:min?] [mm] [mm] [mm] [s]

direction
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Next chamfers on the bottom of the insert were machined. Swivel table is set to 45°
and subsequently the part is rotated 180°. The cutting conditions vary significantly during
this operation due to change of depth of cut through one pass of the tool’s tooth. Even
though it would be possible to do only one finishing cut, it would be preferable to do one
roughing cut to reduce the variation of the conditions for the finishing. Cutting data are

summarised in Table 10.9.

Figure 10.9: Chamfering.

Table 10.9: Cutting data for chamfering.

Number of passes

Operation in axial direction

Number of
passes in
radial

direction

Ve
[m-min?]

f;
[mm]

8
[mm]
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10.4.2 Bottom pockets

After the previous operation the part is unfastened from the vice to install precision
parallel supports for following operations. The operator should be cautious while installing
them, because, if not installed properly there might be a collision with the tool in later
operation.

A new tool is employed. It is again a square shoulder mill with cutting inserts. R390-
010A09L-07L, shown in Figure 10.10, equipped with 390R-070202E-NL H13A inserts by
Sandvik was chosen. This one has 10 mm cutting diameter and 2 inserts. Such diameter
was chosen mainly due to the size of radii in the bottom pocket. It is not advised to
machine the radii by a mill with the identical size, due to sudden increase of radial
engagement. In this case it is not considered as a showstopper, because the depth of cut is
small and the productivity

The inserts were chosen according to manufacturer’s recommendation regarding the
machined material and also corner radius, which has to be in these bottom pockets as small
as possible, not to restrain the connection of the insert and face skins of the panel.
Therefore, inserts with 0.2 mm corner radius were chosen. As the tool itself does not have
an HSK-AG63 interface a dedicated tool holder is necessary. 930-HA06-S-10-080, shown in
Figure 10.10, is recommended by Sandvik.

Figure 10.10: R390-010A09L-07L square shoulder milling cutter and 930-HA06-S-10-080 tool
holder [41], [42].

The first operation is roughing of the top pocket. The whole pocket is machined in 3
stages to avoid difficulties during programming. It would be a simple 2.5 axis machining
for each stage. As the pockets are open on both sides it is not necessary to employ any
engagement strategy and the tool can simply enter the material at desired depth. The
central pocket would be machined first, then two side pockets.

There is a 0.2 mm margin left on the side walls and also on the bottom surface of the
central pocket as the finishing will be done in later operation by another tool, during
machining of the small shoulder on the side. The side pockets are finished completely, i.e.
both the bottom and the side walls.
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Figure 10.12: Rouging and finishing of the bottom pocket.
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Then the bottom pocket is machined. The approach is broadly the same as for the
upper pocket. Only in this case it is necessary to keep one side wall of the side pockets and
respect the radii in corners. As the pockets are not very deep they can be finished without
rouging.

Table 10.10: Cutting data for millining of the pockets.

Number of Number of
passes in passes in
axial radial [m-min?]
direction direction

Operation

10

First
pass: 10

1 4 628 0.1 | Next 2 20
passes:
9.1

The chamfers inside the bottom pocket are machined by turning the workpiece by
45° and subsequently rotating by 180°. As there cannot be any radii on the side wall, it was
not possible to employ a dedicated chamfering tool and the same square shoulder mill was
used as in previous operation. They can be machined using roughly the same parameters as
for the finishing of the bottom pockets.
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Figure 10.13: Chamfering.




FME BUT

ENSAM Cluny MASTER‘S THESIS Page 118

The following operation was the roughing of the radii on the shoulders in the pocket.
For this another tool is equipped. This time it is a disc mill R335.10-25063.3-02-5. It has
63 mm diameter and 5 cutting inserts. 150.10-2.5N-14 CP600 cutting inserts were chosen.
They are adapted to machining of aluminium and it has the necessary corner radius. The
tool is mounted in a tool holder HSKA63-EM25-110-L1. The whole assembly is provided
by Seco Tools. This time the cutting data, Table 10.11, were obtained from Seco and it was
necessary to consider the maximal rotational speed of the tool, i.e. 4000 RPM [37].

Figure 10.14: R335.10-25063.3-02-5 disc milling cutter [43].

. =

Figure 10.15: Radii roughing machining.

The next operation consists of finishing of the side walls mentioned during rouging
of the upper pocket. The side wall is finished in one cut. During the same cut the top of the
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shoulder is finished as well as radii. Additionally, there is a small shoulder created on the
side wall. The cut is done on both side walls. The tool in Figure 10.16 is not show
according to its real orientation for better visualisation.

It should be noted, that this operation requires caution during engagement and
disengagement of the tool, as there would be a risk of collision with the vice or the
supports.

Figure 10.16: Side wall finishing.
Table 10.11: Cutting data for radii roughing and side wall finishing.

Number of
passes in Ve f; ae ap Time
radial [m-min?] [mm] [mm] [mm] [s]
direction

Number of
Operation passes in axial
direction
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10.4.3 Core
In this phase the main functional structure is machined.
First the top surface and the central boss is prepared.

Simple surfacing operation is implemented. It might be beneficial to use a spiral
strategy, due to central boss.

The tool is previously used 490-050HAQ06-08M.

Figure 10.17: Surfacing of the top plane with the boss.

Table 10.12: Cutting data for finishing of the top plane with the boss.

Number of
Number of passes passes in Ve f; ae ap Time

Operation i, axial direction radial [m-min“]  [mm] [mm] [mm]  [s]

direction
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The main functional core is machined using 25221-0400-030-NG H10F by Sandvik.
It was chosen because it is a very narrow mill, 4 mm cutting diameter, with long reach, 32
mm. Therefore, it is able to machine the deep narrow pockets of the functional and central
part.

Figure 10.18: 25221-0400-030-NG H10F carbide milling cutter and 392.41014-63 16 100 tool
holder [44], [45].

The tool is connected to a tool holder 392.41014-63 16 100 via a collet 393.14-16
0400 both provided by Sandvik.

It is not optimal to machine the pocket in one finishing cut, but it is possible in this
case due to moderate requirement of the final surface roughness.

The cutting conditions have to be considered carefully for this operation. There is a
high risk of breaking of the tool if it is overloaded, due to its narrow diameter and large
offset from the tool holder. Furthermore, this operation is done close to the end of
manufacturing process, thus the loss caused by a failure of the tool would be significant.
Additionally, the machine itself might suffer some damage from the broken tool, creating
more problems.

There is also an issue with the cutting speed, which even at highest spindle speed
(20 000 RPM), would be 251 m-mint. This is significantly lower, than is recommended
for a carbide tool machining aluminium, i.e. about 900 m-min! for conventional milling.

Due to issues stated above the depth of cut would have to be small. The estimate is 1
to 2 mm.

The tool might be able to engage into the material without any ramp, but it would be
preferable to implement some anyway.

If the walls of the inserts were thinner, it might be considered to machine these
pockets via Z-level strategy, as it would provide additional support for the walls. But the
machining time might increase. The pockets shall be machined one by one.

There should not be an issue tied to vibrations, because the cutting forces would be
comparatively low due to small depths of cut.

Furthermore, there might be an issue with evacuation of the chips for the cutting
area, especially during later cuts, which will be done in deeper pockets. The chips might
pile up in the pocket and choke the tool. Therefore, it might be desirable to integrate into
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the CNC program stops after several cuts to allow the operator to blow away the chips
using compressed air.

Figure 10.19: Core machining.

Table 10.13: Cutting data for the machining of the core.

Number of
passes in Ve f, ae ap Time
radial [m:min?] [mm] [mm] [mm] [s]

Number of
Operation passes in axial
direction

direction
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Additionally, there are pockets deepened by 3 mm on the sides to avoid undercuts,
which would occur during machining of the bottom separating pocket.

Figure 10.20: Deepening of the pockets.
Table 10.14: Cutting data for deepening of the pockets.

Number of
passes in Ve f, ae ap Time
radial [m-min?] [mm] [mm] [mm] [s]

Number of
Operation passes in axial
direction

direction
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The bore is machined through the thickness of the insert. The positioning of the bore
is defined by a centre drill. Then the bore is machined to 5.5 mm diameter using 860.1-
0550-017A1-NM H10F by Sandvik. 5.5 mm diameter hole is recommended for from
tapping of M6 thread. This drilled was chosen, because according to the manufacturer it is
capable of achieving H7 fitting tolerance without the need for additional boring operation.

Figure 10.21: 860.1-0550-017A1-NM H10F carbide drill [46].

The top of the bore is chamfered and then the thread M6-6H is created by form
tapping, using T400-NM100DA-M6 B105 by Sandvik. To assure the necessary geometry
of the formed thread it was necessary to assure precise dimension of the bore in previous
operation.

Table 10.15: Cutting data for drilling.

Operation Ve [m:min?] f,[mm] Time [s]

This is not a common technique in space applications. But it is not prohibited by any
norm, therefore it should be possible to use it. It might require a qualification campaign to
prove the suitability of the process.

-

Figure 10.22: Forming tap T400-NM100DA-M6 B105 [47].
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All tools are mounted into HSK-A63 compatible tool holder via a collet similar to
those used for milling of the core.

A common approach in the space industry is to cut the internal threads and to add a
threaded insert like helicoil, or similar products, to reinforce the thread.

Figure 10.23: Helicoils [48].

Figure 10.24: Drilling.

10.4.4 Bottom pocket and ribs

These are the finalising operations. First the ribs and their chamfers are machined.
R390-010A09L-07L square shoulder milling cutter was used again in the same
configuration as in case of the bottom pockets (chapter 10.4.2).

The workpiece has to be supported on the back side by a round stock, because the
jaw would not have sufficient effect without it.

The side chamfers are cut first, then the pocket between the ribs.
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Figure 10.25: Rib chamfering.
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Operation

Figure 10.26: Rib pocket.

Table 10.16: Cutting data for side rib machining.

Number of
passes in
radial
direction

Number of
passes in axial
direction

ae ap Time
[mm]  [mm]  [s]
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Next the separating pocket is machined. A lot of attention has to be paid to cutting
conditions of this operation. Once again it will be a deep narrow pocket as is the case of
the core.

It would be desirable to manufacture the pocket earlier in the process, to avoid losses
in case of a broken tool. But the material in the pocket serves as a support for machining of
the functional part, therefore the operation is done at the end.

Tool chosen for this operation is 25221-0600-030-NG H10F. It is a 6 mm diameter
variant of the tool used for core. It was chosen for the same reason as the 4 mm variant for
the core.

The tool is mounted into 392.41014-63 16 100 a tool holder via 393.14-16 0400
collet.

The pocket is milled in two parts, because the pocket would be otherwise too deep.
In the first part one half is machined with 0.3 mm overlap added, to avoid any undercuts.

The pocket had to be finished by a 4 mm mill to create a 2 mm radii close to the
functional part.

The same operations are done on the other side finishing the machining operations.

Figure 10.27: Separating pocket.
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Figure 10.28: Finishing of corner radii.
Table 10.17: Cutting data for machining of the separating pocket and the corner radii.

Number of
Number of . .
passes in Ve f, ae ap Time

Operation pasds_esm_axml radial [m-mini] [mm] [mm] [mm] [5]
irection L
direction

10.5 Inspection

The inspection can be performed using standard callipers and micrometer screw
gauge for a check of the dimensions. There are only two significant tolerances which have
to be met. There is a requirement on the distance between the small shoulders with 0.1 mm
tolerance and second there is the length of the core part, which has 0.15 mm tolerance.

The correct sizing of the internal thread shall be checked by a thread plug gauge.
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10.6 Summary

The total cutting time was estimated to 580 s, i.e. close to 10 minutes. Please note
that this value is:

e avery rough estimate,
e considering only the time when the tool is engaged in the material.

Therefore, to find the real machining time it would be necessary to add all the times,
of the tool is moving between the cuts, changing of the tool and referencing after
repositioning of the tool in the jig. Furthermore, if the whole production time would be
calculated, the time spent by the operator for adjusting and fixing of the workpiece would
have to be added as well.

The proposed machining procedure considers both constrains of the design and of the
machining process. Although it is feasible, potential areas for improvement are identified
and summarised below.

First, the procedure has 6 mounting positions, which require operator interactions
and subsequently redoing the workpiece referencing. It would be desirable to reduce this
number by optimising the clamping and also reordering of some operations. It would
shorten the whole procedure and thus provide costs savings.

Second, the 50 mm mill used for roughing operations might be replaced by 10 mm
mill used in pockets and for ribs. This would reduce costs of the tooling if it would not be
possible to use the bigger mill for other projects.

10.7 Prototype manufacturing

Unfortunately, the proposal could not be put into operation, due to lack of
manufacturing capacities. Therefore, the manufacturing of 4 prototype parts was assigned
to external company in Brno.

They used a Hermle C250 5-axis machine and machining operations more optimised
for 5-axis machine.

Their procedure used only 2 mounting positions after squaring of the stock. First,
bottom pockets, side flanges, central bore and side ribs were machined. Central and right
insert in Figure 10.29 are in the state after the first sequence operations. These operations
left a margin for the second sequence machining operations, where the boss on the central
part and the functional part were machined.
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Figure 10.29: Finished insert (left) and inserts before second sequence of operatios (centre and

right)

There was a major issue with the supplied prototypes. There were noticeable black
stains on the edges of the side ribs, as shown in Figure 10.30 and Figure 10.31. As these
were not observed on freshly machined parts it had to be a result of surface treatment. The
supplier claimed that because anodising of 7000 series aluminium is not recommended, the
defects are not a fault of their process but a fault of the chosen material.
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Figure 10.30: Defets on the ribs, right side.

Figure 10.31: Defects of the ribs, left side.
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A research was conducted to assess these claims. ECSS [16] prohibits only use of
black anodising. United States Military Standard [49] does not mention any unsuitable
alloys and states even minimal anodised layer thickness for aluminium alloy 7075-T6.
Alcoa material data sheet for 7075 alloy [50] considers its anodising response as good. A
similar statement can be found in material data sheet provided by Gleich [51]. It rates the
feasibility of the process on a scale from 1 to 6 where 1 designates “very good” and 6
designates “unsuitable”. Decorative anodising is rated 6, but technical anodising has rating
3 and hard anodising has rating 2, therefore those should be feasible. Please note, that
decorative anodising was not requested. Moreover, there are scientific studies [17] and [19]
analysing properties of anodised layer of 7075 alloy and there were not any mentions about
issues encountered while preparing the samples.

This issue was discussed independently with several design and material engineers.
They brought up the fact that there are already parts in production made from 7000 series
alloys, which are being anodised, and there are not any issues encountered with this
process. Furthermore, according to their assessments the black stains were point rather to
the fault in the anodising process, rather than a fault of the material choice.

Considering the research and the expert opinions presented above, it was concluded,
that the defects are due to the anodising process of the supplier and not due to the choice of
the material. Therefore, a complaint was filed.

As the defects were observed only on the side ribs, it was decided to use these parts
for the tests anyway, because those defects should not interfere with static failure modes.




FME BUT

ENSAM Cluny MASTER‘S THESIS Page 134

11 TESTING

The objective of the testing is to verify whether the part is compliant with the
mechanical requirements which define the maximum allowable load, specified in Table 7.6
and Chapter 9.4.2 and 9.7.2. There will be 3 prototype parts tested.

The testing will be performed in cooperation with a research institute, which
provides facilities, test machines and instrumentation.

11.1 Test definition

The tested insert is supported by a designated fixture, designed to be substantially
stiffer and stronger than the tested part. The stiffness of the fixture is designed to be
significantly higher than the stiffness of the insert, so displacement measured during the
test are only caused by deformation of the insert. There will be some play between the part
and the fixture, due to necessary clearances. The designed maximal longitudinal (z-axis
direction in Figure 11.1) clearance between the bar and holes in the blocks is 26 pum (fit
H8/h6) and between the rod and the insert there will be 20 um. In lateral direction (y-axis
direction in Figure 11.1) there is 10 um clearance.

A unidirectional tensile/compressive force in z-axis direction will be applied into the
central bore via a round bar. The load will be produced by a slow displacement of a
traverse.

The test will have three stages. First, the design loads will be reached, both maximal
force and displacement (Table 7.6 and Chapter 9.4.2). Understandably, these will not be
reached simultaneously. The test will continue to reach maximal calculated load capability.
If the insert survives these first two stages the final one is designed to find the limit load
capacity, i.e. it will run until a total structural failure of the insert.

The test will be terminated if there is:

e total structural failure of the insert,

e contact of the functional part with the bracket.
There are pass criterions for first two stages defined:

Table 11.1: Test pass criterions.

Criterion Comment

Force load is greater than or equal to the requirement.

No cracks visible by eye are allowed.

Permanent plastic deformation is not allowed, i.e. when the load is
removed the part should return to its original state.

Failure shall occur in the functional part or in an adjacent area.

The objective of the third stage is to find maximal values, therefore there are no pass
or fail criterions defined.
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11.2 Test equipment
11.2.1 Machine

A machine chosen for this test is compressive stand commonly used for compression
tests of ceramic materials, which has two plates with 136 mm diameter as interfaces.

11.2.2 Fixture

The fixture is adapted for test on a compressive stand. It was decided to use such
machine, mainly due to simplification of the fixture design. Whether the machine produces
a compressive or tensile longitudinal load (in Z-axis direction) is not important for the
insert, because it behaves equally in both cases, thanks to its symmetric design.

The concept of the fixture is shown in Figure 11.1. There are two blocks in blue with
an orange axle between. There are holes for the axle in the blocks to maximise the stiffness
of the fixture. The block on the backside of the insert has a shoulder to represent a
sandwich panel.

There were calculations done to assess whether the deflection of the axle would
interfere with the results of the test. The axle was modelled as simple beam, with a
condition of 0° bending angle at the edges. There was a uniformly distributed load
introduced to one half of the beam, as it roughly represents the load to the central bore. The
results showed that the stiffness of the axle would be more than 60 times higher than the
stiffness of the insert, thus it was concluded, that the deformation of the axle would not
interfere with the results.

The load is transferred from the supporting plate through the top of the insert via a
small red block again representing a sandwich panel.

This test setup requires small changes to the insert. The thread in the central bore
cannot be present. There has to be either a dedicated test specimen or it has to be drilled
away. As there is enough material in the central part and it is not supposed to be loaded,
such change of the structure was evaluated as acceptable.

Additionally, a larger hole or a small slot has to be prepared in the backplate to
accommodate the relative movement of the axle. Backplate is necessary part for the
assembly into the sandwich panel, not for overall structural function, therefore this change
Is again evaluated as acceptable.

Furthermore, it was necessary to verify whether this approach to the test is
representative, because there would be no support from one side of the insert, where would
be in normal operation the sandwich panel. ECSS [26] states that, in-plane loads are
carried only by the face skins of the sandwich panel. As the insert is mounted into the
panel with small clearance and it is not bonded directly to the face skins, it would load the
face skins only in compression. The tension on the other side of the insert would have to be
assured by the potting compound. But the potting transfers mainly out-of-plane loads to the
core and does not interfere significantly for in-plane loads. Moreover epoxies used for
potting, like Stycast 1090, have generally very low elastic modulus. Thus it was assumed,
that a support on one side would be sufficient.

To confirm the assumption above a FEA was carried out simulating the test
conditions by one rigid element representing the small block at the top and one rigid
element representing the axle. The results showed a slight deformation on the unsupported
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side, but it was considered as negligible for the final results and confirming previous
assumptions.

i - L'/

Figure 11.1: Test fixture, isometric view.
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Figure 11.2: Test fixture, top view.

11.3 Results

By the time of submission of this thesis, intensive technical discussions were carried
out with the test facility to ensure appropriate test setup and preparation. This is especially
important regarding the limited number of samples to be tested.

11.4 FE model correlation

There is a plan for correlation of the FE model and test results. Using optical
measurements on the exposed functional part, it would be possible to observe the
deformation of the part during the test. With the displacement of the central bore known a
deformation of the functional part will be observed. The results will then be compared with
the deformation of the FE model with the same load.

A slight difference is expected due slight differences between the model and the test
setup, especially in terms of boundary conditions, but no major deviation should be
observed.
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12 FUTURE DEVELOPMENT

The inserts, which were subject of this thesis, were developed to be directly
applicable on a spacecraft structural sub-system. Nevertheless, during the development
there were some interesting areas identified for potential future development.

12.1 Thinner panels

First design improvement would be to adapt the insert for thinner panels. The current
design works with panels 40 mm thick.

There were two possibilities identified. First the insert can be simply scaled. The size
would be reduced, while maintaining the size of the pockets and of the grooves. This
approach would reduce its capacity to bear deformation stress induced by thermal
expansion differences, because of the reduced length of beams in the functional part.
Reducing the length of the beam significantly increases its stiffness and subsequently it
increases the load applied to it, as discussed in chapter 6.2.3. But if the application does not
require large deformation compliance it is definitely a viable solution.

Second option is to keep the core part unchanged and to move the flanges connecting
to the panel. This way the capacity would remain unchanged. But the manufacturing would
be slightly more complicated as it would be necessary to reinforce the offset flanges by
additional ribs.

Figure 12.1: Concept with offset flanges.

12.2 Variable stiffness

The design was conceived with possibility to tailor the mechanical properties to a
specific project. This would be done by varying the thickness of beams in functional part.

It would be desirable to investigate behaviour of the insert with 2 mm and 4 mm
beams. The same analysis procedure, as for the current design, would be carried out. Based
on the analysis it would be decided whether it is worth to push for manufacturing and
testing of prototypes.

Having those two concepts examined would help to assess whether the intended
properties tailoring is feasible.
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12.3 Additive manufacturing

As for variety of other conventionally manufactured parts used in spacecraft
engineering a major development opportunity is the implementation of additive
manufacturing. The baseline of this thesis was to explore conventionally manufactured
design. Further, it wasn’t pursuit due to difficult qualification procedure and high costs, but
it can be considered for the future development.

Thanks to topological optimisation the mass of the insert might be significantly
reduced. At the same time the mechanical properties might be tailored even more precisely
with such an approach.

It will be necessary to assess whether the current design might serve as a rough
starting point or if it would be better to start with a blank sheet.

Furthermore, this would open a possibility to use titanium alloy for the design, which
offers the highest specific strength for metallic alloys. As was mentioned it was rejected
for current design due to possible complications during machining. Using the additive
manufacturing the need for milling of deep pockets would disappear and subsequently
would the concerns for machinability. Using titanium alloy might help reduce further the
mass, while increasing the overall load bearing capability.

12.4 Qualification

A full qualification process is being planned. This process will assess the compliance
for introduction into practice. First the inserts will be mounted into a sandwich panel
samples and fixed with the same procedure and potting compound as it would be in
industrial practice. This will verify the feasibility of the potting process and its compliance
with requirements it has to fulfil, e.g. correct filling of the volume between the core and the
insert.

The panel assembly would be mounted into a tensile or compressive test bench
where the panel would be fixed. The test campaign would evaluate the capacity of the
assembly in in-plane and out of plane directions. This test will also verify the assumption
that the insert would fail before the potting or the sandwich panel.

These tests would provide necessary data concerning main failure modes, maximal
capacities and overall stiffness of the assembly.
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13 DISCUSSION

The evaluation of the design requirements stated in Table 6.5 was carried out.
A comment was provided for each requirement as well as the final status of compliance.
Overall the requirement were fulfilled and the designed part is compliant with them. The
final status of requirements which shall be verified by a test cannot be assessed at the time
of the submission of this thesis. Therefore for RQ1 and RQ5 only the analysis verification
was carried out. As the results of analyses were satisfactory, the status of those
requirements is evaluated as compliant for this verification method. But as for the test
verification the status is in evaluation and the final compliance status will be updated after
the tests.

Table 13.1: Review of design requirements.

Requirement

D Comment Status

All FEA results have positive MoSy, i.e. yield strength is A - Compliant
not exceeded. Test was not performed yet. T - In evaluation
Hole with M6 thread is present. Compliant
Design has bottom pocket for potting compound and there Compliant
is a hole in backplate for injection of the potting compound P
According to CAD model the mass is 105 grams. Prototype .

: . Compliant
part was weighed with the same result.
FEA results show the stiffenss in longitudinal direction A - Compliant

4.2-108 N-m™, as shown in Table 9.3. Test was not

performed yet. T - In evaluation

The distance between the flanges is designed for 40 mm

sandwich panel. oLt
Linear static analyses were performed, as discussed in Compliant
chapter 7 and 9. P
Margins are positive and summarised in Table 9.5 and .
Compliant
Table 9.8.
Prototypes were manufactured using 5-axis milling. Compliant
The lateral displacement is 27 %. Compliant
Aluminium alloy 7075 with anodizing has sufficient .
Compliant

resistance to environment conditions.

Buy-to-fly ratio, i.e. ratio between the mass of the original bulk material and the final
product, is in the case of the proposed insert is 5.76, which is significantly lower, than the
current solution. Furthermore a benefit of the proposed design compared to the current
solution is substitution of titanium for aluminium and subsequently significant cost
reduction. Admittedly the cost reduction is not very significant or the whole satellite
structure which can cost millions of euros. Nevertheless it is a welcome design feature.
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14 CONCLUSION

This thesis focused on the development of a flexible insert for satellite applications.
During the development several design options were investigated, with emphasis to
feasibility of conventional manufacturing. An innovative solution was proposed. It reduces
the number of parts constituting the mechanical joint compared to the conventional
solution and at the same time it takes up less volume, which can be used by the payload or
a thermal sub-system.

The ability of the design to withstand required load was investigated using FEM. The
analyses carried out show all positive margins of safety for yield strength, therefore
according to the analyses the part should not fail during its service. The operational margin
of safety for launch is 0.58 and for orbit environment 0.25.

The maximal operating capacity was also calculated by FEM. The insert should
withstand 2710 N and 0.658 mm displacement in longitudinal direction.

Compared to the current solution, the proposed flexible insert simplifies considerably
the assembly process, by supressing the need for additional parts of the mechanical joint.
Reducing the number of part constituting the mechanical joint means reducing the number
of parts which can fail. Furthermore, it has significantly lower buy-to-fly ratio, which is in
case of the flexible insert 5.76.

A technological proposal was presented. It focused on feasibility and flexibility of
the operations to account for eventual manufacturing on a 3-axis or 5-axis milling machine.
The proposal was conceived with the use of 5-axis machine and the sequence of operations
was conceived considering constrains imposed by the design.

To demonstrate, that the design is suited for conventional manufacturing, 4 prototype
parts were machined at external supplier. The supplier managed to machine the parts
according to the provided drawings and specifications. The required anodizing resulted in
noticeable damage to the finished surface. It was concluded that this damage was caused
by some error in the anodizing process.

Furthermore, there was a test process presented. The definition of the test, a machine
which would be used and the necessary fixture is discussed. The preparations for the test
were being finalised by the time of submission of this thesis and the test itself being
planned for the nearest future.
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16 LIST OF USED ABBREVIATIONS

Abbreviation Description
One dimensional

Two dimensional

Three dimensional

Assembly, Integration and Test

Assembly, Integration and Verification

Computer Aided Design

Carbon Fibre Reinforced Polymer

Centreline

Computer Numerical Control

Degree of Freedom

European Cooperation for Space Standardization

Finite Element

Finite Element Analysis

Finite Element Method

Free-free

Factor of Safety for Yield

Geostationary Earth Orbit

High Earth Orbit

Identifier

Infrared

Low Earth Orbit

Large System Integrator

Medium Earth Orbit

Mechanical Ground Support Equipment

United States Military Standard

Multilayer Insulation

Metallic Materials Properties Development and Standardization

Margin of Safety for Yield

Radiator

Revolutions per minute

Solid Rocket Booster

Shear Web

Thermo-elastic deformation

Unitary gravitational
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Abbreviation Description

Wire Electric Discharge Machining

17 LIST OF USED SYMBOLS

Description
Acceleration

Radial engagement
Depth of cut
Width of a beam
Young’s Modulus

Young’s Modulus in longitudinal direction

Young’s Modulus in transverse direction

Force acting in point A in x-axis direction

Force acting in point A in z-axis direction

Force acting in point B in z-axis direction

Force per insert

Maximal force

Total force

Feed per tooth
Shear Modulus
Height of a beam

Linear stiffness

Local design factor

Length of a beam
Length
Moment

Moment acting in point A in y-axis direction

Moment acting in point B in y-axis direction

Bending moment
Mass of the Radiator
Number of inserts

Displacement

Cutting speed

Strain energy

Coefficient of Thermal Expansion

Coefficient of Thermal Expansion in longitudinal direction
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Description
Coefficient of Thermal Expansion of Radiator

Coefficient of Thermal Expansion of Shear Web

Coefficient of Thermal Expansion in transverse direction

Expansion

Temperature difference

Poisson’s ratio

Density

Maximal stress in a beam

Calculated stress

Yield Strength

Bending angle







