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SUMMARY :

in tne current paper, some’' of tne rundanentals
of friction welding of commnercially pure Aluminun

tuves are studied.

A center lathe has peen adapted to periform tne

needed welding operation.

A special yuiding attacnment was designed to
£ix tne stationary part of the pure aluminum tune
on to the tool post during welding.

The tested variables were being tne spindle
speed, tube tnickness and the vertical cnamfering

angle of tne tube end.

Residual stresses disctributiou at tne middle
section of tne weldment were assessed via tne layer

removal technigue.

rnat tecnnigue was employed mechanically via
very sharp ortnogonal edyges in tne presence oif ample
cooling in order to minimize tne machining residual

stresses.
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" Generally, as tne spindle speed increase, the
value of the maximum tensile stress and tne depth

of the stressed layers were found to rise.

As tne wall tnicknesses of tue tube increase

so do the level oi residual stresses.

However, no significant effec. of tne vertical
chamfering angle was revealed on the residual stres-

Ses -

‘The depths of tne stressed ia&ers for all tne
tests were round to range petween libu to 13 U
microns which represent a ratio of V.4 to 0.35 orf
tne tube thickness.

»

a8 For tihne nature of tnose stresses, Lney were
tensile suriace stresses followed py compressive
then by tensile stresses. It was found tnat toe
area oif tne tensile stresses would approximate that
of the compressive stresses.

INTROWUCTIONS

In principle, friction weldinyg is a type of pressure weld=
‘ing. It may be described as a process wherein mecnanical eneryy,
througn the medium of frictional forxces, is converted to tnermal
energy which in turn neats the two mating surraces to a proper

welding t:empe.arai:ure.‘L

In practice, tnis eneryy conversion cCah De accoaaplisned by

Several metnods.

Tne least complex of tnese involves tne rotation of one of
tne two parts to be welded at a relatively hign speed, wnile main-

Coa . . . - . <
taining a compressive axial force on the two parts.

Ine mating surxfaces, tnus, receilve neat eneryy until tney

reach the welding temperature. at tnis point, the relative motion
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between the two parts is stopped-witnin a tfraction of a second-
and, wihlle malntaining or increasiny tne axial rorce, tue inter-

face 1is allowed to cuol, accomplisinlng tile weldment.

fig. (1) iliustrates tciie silmplest and most common scheme
for friction welding. iere, two cylindrical pare are axially

aligned with one bar rotating.

For steels, tne weldiny tewperature saould pe apove tne

upper transrormation temperature.

rortunately, temperatures up to. the melting point (awout
e ; ; . - .4
1480°C for carbon steelis), can be yenerated easily by friction .
Usually molten metal is squeezed out Lrom tne interface as tne

junction form.

Tne metal at, and immediately penind, tne interface is
neated to the desired temperature in a matter of seconds enabl~
ing sufficient wmetal benind tne interface, to soften peraitting
tne pieces to be joined toyether. (aution snould be exercised
for heat treated steels after welding. Such post;neat treat-
ment, if any, will be dependent on the work-piece material type,
Jeometry, and properties as well as tne particular weldinuy

cycle.

In tne course of weldiny, marked plastic deformation takes

place on the surfaces pelny weldeds

It is pelieved that a strony weldment is formed by metallic

bonds whicn arise between tne new surfaces or contact.

surface films and inclusions, that may interiere witn the
formation of tnese bonds, are pProken up by friction ana removed

. . L . . . 3
Lrom the welding area. ‘Inose filins ¢o away in radial directionss

~

fo bring apout tne necessary «erorimation, tne metal sotften
py tne frictional heat yenerated confined onto tne tnin surrace

layers.

Thne friction forces of the mating surfaces do increase as

thelir relative rotational speed rise.
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The work done to overcome those forces, usually, 1is con-~
verted into heat. ‘That energy is to be liberated at tne rubp-
ing surfaces increasing rapidly the metal temperature up to
the appropriate weldingy temperature.

The metallic layers being neated are, usually, so small
tnat tne neating cycle consume a very snort time intexval,
less than 30 seconds:

EXPERIMENTAL DETAILS

A rigid lathne (tyée DL 450/1) of the specifications yiven
in table (II-l) was emplbyed throughout tne welding tests.

fable (II-L): ‘ne main specification of tne employed

latne.
dotor Power and Speed 10.3 RaW., 3000 R.P.M.
16,45,31.5,90,22.6,63,L00,480,400,500,
Spindle speeds: 140,400,1120,800,2£440,560,L000 R.PJri.
Distance between
centers 152 c¢om.
Height over bed 225 .
Max. diameter of 450 mm.
workpiece.

feeds: Range 0.06~1.1¢ mm/rev.
Infeeds: Range 0.036~0.5 mn/ rev.

The objective behind tne use of tne lathe is to rely on
available macnine to be found in any worksnop in order to per-

form tne friction welding.

Slight modification or in otaner words some additional means

nad to be designed to ensure proper fixation of tne workpieces
during tne welding process. sany trials in vain had been made
to fulfill sucn objective. irstly, an attachment as shown in

Fig. (1) was designed and manufactured.

However, digying was noted on the surface of the work

pieces due to an unavoidaple and uncontyolable clamping forces.



-279-

rloreover, no room was left to periorim the necessary neasurements.
~an alternative attachment as outiined in fig. (£) was, nence,
desiyned. = Sucn arrangyement was found to pe inadeguate, yielding
non uniforn motion or the two workplieces to be joined by welding.
rinally,.a better sound desigin ror tnat attachnment was arrived at,
That arrangement is snown in tig. (3). ‘fnat attachment is conp-
osed mainly of two parts neld toyether via a pin.

Tne first part is shown in fig. (4). 'I'nat part serve as
a sleeve for the second part. Tne former part is fixed via

a welded flange onto tne toolpost.

ne second part snown in Fiy. (5) is a nousing to tne stat-
ionary workpiece. The end of tne second part is slotted axially
and provided by a pair of flanges at each side. Inese flanyes
are welded to the frontal portion of the second part. <They are

utilicved as a fixture of the stationary part.

All the workpleces were made of comaercially pure aluminwa
(99.6%). 'tne ingots were turned and hollowed via drilling and fine
turning tecnniques. The initial workpiece outside, diawseter was
around 42 mm. Tubes thicknesses were varied between 4 to 7 mm.
I'neir lengtns were around 50 and ©U ma. Lor the rotary and stat-
ionary work pieces respectively. as far as the measurements are
concerned, attention was directed towards the assessment of tne
residual stress distribution within the welded work piece at tue

end of the test.

friction welding tests were performed according to a novel

technnigue employed, here for tne first time.
‘'ne kBmployed Friction weldinyg 'Yecnnique:

Axis alignment for the two tupes to be welded was to pe ensured
for eacn test. While one of the tubes was fixed to its atta&nment,
at the tool post; the otner was to be neld at the lathe chnuck. ‘lne
lathe was derived at prescribed speed. The manual longitudinal feed
wheel was rotated manually about z% times toO ensure proper app-
roachment of thne two tupes.
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afterwards, external sharp cutting tools were employed to remove
tne outer upset of the welded Lriction junction. Lnat was per-—
formed upon fixing the external turning tool on its POSt. Ligyut
cuts were taken in tne very wet condition to avoid tne cowplexity

oi superimposed residual stresses.
The welded tubes was, tnen, fixed to its mandrel (see Fig.o).

In order to assess the residual stresses; tne layer removal
tecunnique was employed via macninini.

Yne wachining was perrormed via cuttilug tools nelu on tue
tool-post. Caution was exercised to minimize the additional
residual stresses caused by the machining itself. uat was done
Ly utilizing very sharp.orthogonal tool wnicn would pe cleaned
from now and then to remove the probable built-up sdge Lorilat-
ion. dacnining was done in tne presence of sultaple cuttiny
f£iluid. ‘iIhe macnining speed to remove tne work piece stressed
layers in steps was around 100 mt/min. Phne reed was cnosen to e

U.Vs un/rev. ‘fhe infeed was around u.U5 uui.
Tne welded tube was, tnen, ifixed to its mandrel (sSee rigy.v).

Lube lengtn cuaanges between tne recesses were taken as tae
average of three readings at different positions located lLau®
apart arcvund tne tube contour.  Such positions were indexed util-

izing the three jaws chuck oL tné lathe.

Later on, layers removal were repeated in order to ootain
the overall distribution of the residual stresses via tue layer
removal tecnnique. appendix (1) yives tne residual stresses

computation formula due to Padasni®.

ne tests were done in tnree sets. Ouring tuv Lirst set,
tie speed OFf rotation 1s tne variaple wnile tne others were Kept

constant.
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EXPERIMENTAL OBSERVATIONS

The utilized bars were found to be free of structural
defects. However, out of roundness were noted for tne stock.
Such irreygularities were removed by light macnining to avoid
the introduction of residual machining stresses, via the initial
preparatory turning operations. ‘luat would minimize tne poss-—
ipbility of the existence of pre-weldin, residual stresses. Iu
order to en-nallow tihe bars, drilling operations were necess-—
ary at thne initial preparatory stayes. These were carried
out, Llrstly, via large drill diameters. However, large amno-
unts of neat yenerations and higner deyrees ol material plastic
£low were noted. Thnat was thougnt to be unrecouknended, since
the reliance on large drills, at tie beginning; would lead even-
tually to nighex levels of initial residual st;essés.

Sucn”via was therefore altered and small drills were emp=-
loyed instead to avoid that serious problem. Moreover, adequate
cooling, small feed and speed were employed to ensure, to the
best, bars on the as~recieved condition-as: for the level ot res-
ldual stressses.

Pupe cnamfering was pertformed at the ordinary high cutting
speed of aluminum. Aalthough this approaci-avoid. the built-up
edge formation, alas tnis may lead to residual stress if. large
amounts of neat generation are liberated during tie macnining.
fnis was lessened via ahble flow of the cutting £luid during tne

machining operations.

Hign level of machine carriagye vipbrations was noted firstly.
‘Inat may be attributed to two main reasons, 1) nign weldinyg press-
ure at larger rotary spindle speed, 4) aAny clearance existing of
the carriage ways. ‘
Tnose reasons are hard to be removed due to the intrihsic nature
of the friction welding and to tne reliance on an ordinary latne.
Ine later reasoning was intentional since a practical available
means tor friction welding utilizing tne common machine shop lathe
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was one of the objective of tne current research.

iiowever, tne vibration oif tune carriaye was eliminated
by fixing it to tne latne bed.
Rather tanan advancing the entire carriage: the stationary
(non rotatinyg) part was advanced via the advanced compound
rest of the lathe.

AS the statlionary part touch tne rotary part at tne
peginning of tne friction welding process high level of
noise was heard. ‘This may oe attrivuted to severe rubbing

action as tne snarp edye asperities getting touch.

Later on little amount of smoke was viewed at tne welid-
ing zone.
Tnis is understandable since tae sharp edyes of the asperit-
ies of tne mating surfaces would rapidly,fraccured ana tne
actual contact area would increase leadiuy to a higner neat
yeneration, '
Ynat is to say the initial severe rubbing action of tae snarp
asperities would immediately e suwstituted by severe frict-
ion action of fractured asperities of tne mating surtfaces.
'nen one could expedt noise tfollowed Dy swmoke.

At the conclusion of tne welding, tne welded tube was to
pe removed in order to assess tne residual stresses.

Sinde flow was usually noted upon layer removal on tne
sides of the recesses wnich were prepared as references for
the lenytn changes. ‘“nat is attributed to the lack of unon
plane strain condition. Tnis violation take place in wmetal

~ cutting due to many reasons.

It was noted in the current research that violation in-
crease as the reed and infeed rise. osince tne crucial factdr
was tne infeed rate; it was decided to decrease tnat factor
. practically as much as possible keeping in mind that sucn dec-
rease would lead to more sensitivity in residual stresses

assessment.
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f£illing tne sides of those recesses, ligntly, was proven to
be useful to clean tuose recesses for lengtn change measure-

ments.

EXPERIMENTAL RESULTS AND DISCUSSION:

Followiny are tne results and tneir discussion arranged

according to tne different experimental sets.

.

First set:

in that set all factors were Kept constant except tne
spindle speed (N). Reffering to Fiy. (7) tnrough 10) it can
be seen that:

1) Tne maximun longitudinal residual stress (G;) was fbund
to ve quite close to the very surface of the welded tube and to
decrease 1in magnitude as tne rotational spéed decrease (See
fig. (1l). ‘'fnat value was found to vary between v.4 to Q.0 of
5, ' |

é) At the spindle speed decrease, tné longitudinal resid-
ual stress (Sé) vary Detween maxima and minima values.

3) Yhere are certain locations wnereas the values of the
longitudinal residual stress vanlisn. dore than one location
for each employed rotational speed (N) were encountered. The
first location of that null longitudinal residual stress was
found to be at a subsurface depta (X) of avout 0.40 mn. Gener=
ally, the other locations were found to go away deeper undex-
neath the surface of tne tube as tne rotational speed become

greater.

4) The magnitude of the minimum residual stress nas no

-~

clear correlation with the rotational speed.

5) There are more tnan one inflection location. st tnose
locations tune longitudinal residual stress comes to minima and

become compressive.
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6) At around U.5uU wn of tine outer surtface of the tube
one can get tne first location for tane minimum lonyitudinal

residual stress.

7) Generally, as the rotational speed (N) becomes yreater;
the last location of the minimun-residual stress becomes more

deeper, away of tne welded tube outer surface.

8) Rerfering to Figy. (L1): it can e seen that as the rot-
ational speed increase: thne maximwn depth of stressed layer

max

(% ) increase. Peculliar increase at tne lowest employed rot-
ational speed was noted. ’

Second Set

In that set all factors are kept constant except tue tupe
cnamier angle (). Referinyg to figs. ©3id,i3 and l4: oue can

deduce tne following:

1) as tne chamfering angle change no sighificant alteration
on neitner tine value of the maxiaum longxtudlnal residual stress

mdx) (found to be apbout 3.9 kg/mm on tne average) nor 1ts

location (found to be guite close to tne very surface) were noted

(see Fig. (15)).

4) No alteration was rfound to take place on the maximum
deptn of tne stressed layer (found to ve about l.<4<2 mm) upon tne
chamfering angle (%) chanye (see also Fiy. (15)). ‘

3) As tne chamfering angle lincrease; the location of the
first position whereas tne longitudinal residual stress vanish
become hearer to tne welded tune outer surface.

4} Generally as chanferiny anyle (o%) increase: tne locat-
ion of tne last position othzeroAlongitudinal residual scress

become nearer to the outer suriace.

5) As the chamfering angyle (k) increase from 15° to 45°
tne value of tne maximum compressive longitudinal residual -
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stress was from =3.15 hy/mun TO —-4.5 Kg/uam . Lhowever, suci
trend reverse Lor rurtuer increase of Lue chanferinyg aungyle to
oU%. at tnat angyle tne maxiinwa compressive longitudinal @ res-

idual stress is ~3.2 kg/nmf.
Third Set

In tnat set the tuve tnicknesses were varled with the rest
of the ractors were Kept coustant. Keleriny to fiy. o, Lo ana
L7, one can deduce tne following: '

1) As tne wall tnickness o0f tne tupes decrease, the maximwa
tensile longitudinal residual stress were found to ilcrease ter=-
mindously. Its value was found to vary Letween V.5 to v.8 [

Y
of the material. Tnat is pest manifested oy #ly. (18).

2) ‘tuat maximun residual stresses were Lound to e located

at tue very outer surface, nearly.

3) as for the other sets tne residual stress yoes Lrxom tel=-
sile longitudinal residual stress to compressive ones. Prat trend
reverse as tne distance from the surlface pecome yreater. rowever,
lesser valliys; whereby winimea in maghitude of compressive res-
idual stress exist.

4) mno significant cnanyes in tue location of tne first pos-
itlon wierepy no xesidual stress exist were hoted as tne wall

tnickness increase.

) nowever, as the wall thnickuess increase, tne location ox
last position ot non residual stresses, hence Lree or strain pos—
ition; becomes nearer to the outer suriace.

6) rne value of the maximum compressive longitudinal resid-
ual stresss was found to be apout V.o Gy or tne alumninium specllieii.
fhe former amount was found to oe insensitive to tne- alteration in
the tube thickness.

7) Tne depth of tne stressed layer, witnin tne welded junct-
ion, was found to increase as tne welded tuve wall tiickness
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) The depths of the overall stressed layers range between
(LL50 to 1350 microns). ‘iI'ne represent ratios petween (V.4 to
U.35) of the tupe wall thickness).
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APPENDIX (I)

ASSESSMENT OF RESIDUAL STRESSES DISTRIBUTION IN FRICTION
WELDMENTS OF ALUMINUM TUBES.

Keliance has peen made on a tneoretical treatument presented’

Ly #Misnuaura 5, for tie afore-mentioned purpose.

une oii tne problems in residual-stress, analysis nas been
tue developiment of a metnod for determining tne triaxial resid-
ual btress components in a solid par oy measurements ot cnanyes
of length

Pnat investigation (9) was carried out to develop new eguat-
ions for the calculations of axisymnetric residual stresses in

cylinders in tone radial, circumierential ana axial directions.

in that analysis optained in (Y), tne rollowing assumptions

are used:

i) the material is isotropic aud its Youuy's wodulus and

Poisson's ratio are constant.
4) ‘'‘ne deformation due to removal of layers oL iacerial is
elastic.

3) 'lue stress and strain distriputions are symnetrical about
the axis of the specinen and constant in the longitudinal dir-

ectioil.

fnese assumptions lead to relationsillps amony tne turee res-

residual~stress cowmponents.

tne equatlonb for calculating tne residual stresses are deraved oy

employlng these relationsnips and the equation relating the res-
idual stresses to tne measureg axial strain out of length chnanges

(5). .
Consider a long hollow cylinder witn an outer radius (») and

inner radius (a). Under conditions of plain streain and axial

[N STIe S AN
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sywnetry and in the apseuce of wody forces, tne eguations oi
equiiiorium in cylindrical coordinates reduce to the Lollowing
‘Lorm according to wef. (5):

a6’ 6. -6 : :
X + X e = [0} ’L. ) ,.....-.-_-g.(l)
dr x

Inis equation holds for radius as well as for . r.

Residual stresses at raaius r_ may be considerea as the sum
of two stresses when layers of material are removed Lrom radius
(b) to radius . '

\ : vul‘"
C(x) =6.(x) + 6.(x),
ﬁ;\(r) = 6 (r) +6_(x) .,
§,(x) =6,(x) +6,(x) RN 3

AY \ N . .
wnere Er,Eu and GZ are tne stresses remaining atter reamoval and
- [
Gr, Gu and 6‘2. are tne total stress changes caused by tne removal.

: N - ‘ ) .
“ne unknown stresses 6 c and Su can be related to tne oriy-

inal radial stress at radius Oy applying the formulas ror a tnick-
walied cylinder subject to unifoxrn external pressure due to
Pimosnenko and Coodier® H

2 . 24,92
& N - 4 6
(r) = b ; v (f)l
z (f: -~ a%) r: X
Y P4
6(r) = L +a ) = o (p eeeeeeeaneal3)
° (; —a‘) r‘ r/'é :

The unknown stress 2z is assumed here to be uniformly dis-
tributed over the cross sectimf(?‘t - a‘).

'y
Ine stress &, can be expressed by inteyrating the original
% 19/

axial stress present between b and ,

-

N . B
6.‘.,(1:).': 2-2_2_ /[ 6 ,r dr hecescraneesld)

‘'ne elastic strains €r and €u present initially at radius
(r) may pe chanyed to Cr(r) ana é'u(r) wnen layers or material

are reioved Lrom radius (p) to radius (P): 'Inese elastic strains
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are transformed into the stresses (5 5‘ and 3 ) by us:.ng tne
yeneralized siook's law, ana DYy supstituting eqs. (<), (5) and
(4), the rollowing expressions are OuLdlned

€ p0) = § {Gﬁ(r) R C S VAR N2
(_f a®) r :

/b‘ (r) dr

¢ _g______u:_... |
+ 6r)." (f) n-o.ooo(b)

~J[8 (xr) +

z-a‘)x

¥
_AEE_I_SiLZLi.. G'IQf)

> _1
e'vf(r) = ﬁ{su(r) - (,& - 2% f

=)
"y[&z(r) Z / 6, (r) ar
< - e .
+ er(r) -—L———-—)ﬁ- sr (/)]j ....0--(6)
| f - adet ,

Later on, Nisnimui'ab asswned, incorrectly, tnat the radial

displacewent at a new surface after removal of tane surkace layer
of tnickness. ' »

nowever, it was 'proved: tnat the axial stress component cau
be obtained by the followiny equationg

oo 5 Jaenpl e ) b Lo U -9) ey
“ 4= e . u.-e.y)/ +  af
b X k.z

"“dy‘ d‘ dy ---..-.-.(7)

[(1.-1.)’) ?+ a‘] ¢
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NOMENCLATURE 5
a, o Iuner and outer raaii.
o Young's sodulus.
ez Measured Longitudinal sStrain. ' ,
e verivative of Measured Lougitudinal Strdinf '
r arpbitrary Radius
€(r) Uriginal Elastic strain at radius (x)
y Poisson's Ratio.
Va vuter Radius of a cylinder arter Rewoval ok
a layer. , ' '
Qr) Longitudinal Residual stress.
Z(max)Maximum Lonyitudinal kesidual stress.
y Static Tensile Yield Stress.
X bDepth of tne Stressed Layer.
k(max) Total deptn Lrom tne surrace of tne stressed
Layer.
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